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Abstract 
 
Thermal history and apatite fission-track ages were determined for the Kaleybar, Razgah and Bozqush alkaline intrusions which 

display Eocene-Oligocene stratigraphic age. These subduction-related intrusions are located in the Alborz-Azerbaijan magmatic belt 
which is characterized by a Paleogene magmatic flare-up associated with extensional/transtensional tectonism. The mean of Uranium 
content and apparent age for apatites of the Bozqush, Kaleybar, and Razgah were obtained 21.8 (±3.8), 9.5 (±5.7), and 24.5 (±11.3) 
ppm and 29 (±1.8), 36.6 (±3.0), and 40.7 (±1.3) Ma (σ), respectively, which represented the time that the rocks of intrusions  were last 

at temperatures of 60 ˚C to 110 ˚C. The results indicate that the apatite apparent ages are in concord with the stratigraphic ages. The 
apatite fission track ages and track lengths distribution were combined to construct time-temperature history by inverse modeling, 
which represented the all samples resided in the partial annealing zone (PAZ) for a significant period of time. The apatite fission 
track analysis indicated relatively complex cooling history for the host rocks because of the magmatic activity, as it was occurred 
during Cenozoic in the Alborz-Azerbaijan magmatic belt. The time-temperature curves of the studied intrusions begun with a 
relatively rapid initial cooling and followed by long residence at the PAZ temperature (heating stage). The time-temperature paths 
indicate that the start of rapid recent cooling to the surface temperatures was occurred at 5 Myrs. 
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1. Introduction 
Fission-track chronometry is widely used to establish 

both age and thermal history in a wide variety of 

geological applications (e.g. Green et al. 1989; 

Gallagher et al. 1994; Fitzgerald et al. 1995; Carter 

1999; Kohn and Green 2002). Applicable geological 

settings include orogenic belts, rifted margins, faults, 

sedimentary basins, cratons, and mineral deposits. The 

types of geologic problems that can be addressed 

include the timing and rates of tectonic events, 
sedimentary basin evolution, the timing of hydrocarbon 

generation and ore mineralization, the absolute age of 

volcanic deposits, the effects of major climatic changes 

on the near-surface geothermal gradient, and long-term 

landscape evolution (Donelick et al. 2005). Apatite is 

widely employed in low temperature thermochronology 

studies with the apatite fission track and apatite (U–

Th)/He thermochronometers yielding thermal history 

information in the 60–110°C (Laslett et al. 1987) and 

55–80°C (Farley 2000) temperature windows, 

respectively. Apatite has also been employed in high 
temperature thermochronology studies, which 

demonstrate that the U–Pb apatite system has a closure 

temperature of ca. 450–550°C (Chamberlain and 

Bowring 2000; Schoene and Bowring 2007). Apatite U–

Pb age information can also be supplemented by low  
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temperature thermochronometric techniques on the 

same crystals to constrain the exhumation history of the 
grains. Apatite has also been used in Lu–Hf 

geochronology studies (Barfod et al. 2003) and as an Nd 

isotopic tracer (Foster and Vance 2006; Gregory et al. 

2009). 

Conventionally in the fission-track chronometry, 

uranium concentration is determined using a neutron 

activation technique to induce fission in a proportion of 
235U atoms, recording the fission events in an external 

detector to give essentially a map of uranium 

distribution (e.g. Gleadow 1981; Hurford and Green 

1982). Laser Ablation-Inductively Coupled Plasma-
Mass Spectrometry (LA-ICP-MS) is an alternative 

method for direct measurement of uranium 

concentrations for determination of single-grain fission-

track ages (e.g. Cox et al. 2000; Svojtka and Kosler 

2002; Hasebe et al. 2004; Chew and Donelick 2012; 

Hasebe et al. 2013). LA-ICP-MS has been used widely 

to measure the chemical composition of small amounts 

of solid samples in many fields (e.g. environmental, 

geological, and archeological sciences). The 

methodology does not require special sample 

preparation such as sample dissolution and carbon film 

coating, and is therefore time efficient. The subduction 
of Neo-Tethys beneath Iranian plate during the Late- 
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Cretaceous to Paleogene and following continent–

continent collision of Iranian and Arabian plate was 

responsible for developing the ribbon structural zones in 

Iran (Fig 1) (e.g. Mohajjel et al. 2003). The NW-

trending Alborz-Azerbaijan Magmatic Belt (AAMB) 

that stretches from the Alborz Mountains to Azerbaijan 

Province is separated from the Urumieh-Dokhtar 

Magmatic Arc (UDMA) to the south by the Tabriz Fault 

(Alavi 1996). The AAMB has a complex successive 

extension and collision history during Cenozoic. 

Thermal history studies of the AAMB are rare (Axen et 

al. 2001; Guest et al. 2006; Rezaeian et al. 2012; Ballato 

et al. 2013). Axen et al. (2001) have been indicated that 

the Alam Kuh region from Late Eocene to Late Miocene 

time was tectonically stable and the Akapol suite had 

0.7 km/m.y. exhumation between 6 and 4 Ma. Rezaeian 

et al. (2012) suggested enhanced exhumation ca. 35±5 

Ma, minor exhumation between ca. 30–20 Ma and an 

increase in exhumation thereafter for the Alborz 

Mountains. 

  

 
Fig 1. A part of the Tectonic Map of Middle East (Alavi 1991) showing the location of studied area in the important Iranian 

structural-magmatic zones. Inset: A simplified structural map showing the main geological units of Iran, the rectangle represents the 
situation of studied plutons. 
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The apatite fission track (AFT) of the Kaleybar, Razgah 

and Bozqush (KRB) feldspathoid syenites has been 
studied with the aim of determining the cooling history 

and the apparent age. They are located in East 

Azerbaijan province of Iran and the geological zone of 

the AAMB (Fig 1 and 2). The KRB sub-volcanic 

intrusions were formed by the Eocene-Oligocene 

magmatism, which was dominant in volume in NW Iran 

(Babakhani et al. 1990). Mineralogy, petrology, and  

 

geochemistry of the KRB intrusions have been studied 

by some researchers (e.g. Moine-Vaziri 1999; Ashrafi 
2004; Ashrafi 2009; Tajbakhsh et al. 2012). However, 

there is no data on thermochronology and 

geochronology of the KRB. These intrusions were 

selected for AFT studies because they were related to a 

same magmatic cycle, i.e. Eocene-Oligocene 

shoshonitic cycle; also they had abundant and proper 

apatite grains for fission track analysis. 

 

 
Fig 2. Map of Eocene-Oligocene plutonism in NW Iran with location of the Kaleybar, Razgah, and Bozqush plutons, shown as 

squares (simplified and modified from Aghanabati, 1990). 
 

2. Geological setting 
Extensive magmatism activity has occurred in the NW 

Iran from Cretaceous to Quaternary that can be divided 

to four main cycles (Stöcklin and Nabavi 1973; Alberti 

et al. 1976; Didon and Gemain 1976; Comin-

Chiaramonti et al. 1979; Ghorbani 2011):  
The first from Late Cretaceous to Early Eocene, this is 

mainly characterized by volcanic rocks as well small 

sub-volcanic intrusions. The magmatism was first 

submarine and then subaerial (e.g. Comin-Chiaramonti 

et al. 1979). It has limited areal extent and was 

characterized by a strong explosive activity. The second 

from Eocene to Oligocene, this magmatic (shoshonitic-

alkaline) cycle is characterized by many granitic-

syenitic-gabbroic stocks/batholiths (e.g. Castro et al. 

2013; Mollai et al. 2014; Nabatian et al. 2014). The 

 

most abundant volcanic rocks are Ne-normative 

tephritic lavas in which the foids are mainly represented 

by analcime (analcime-bearing tephritic phonolites). 

The third magmatic cycle from Miocene to Pliocene, 

which is characterized by moderately alkaline and foid-

free volcanic rocks (9-11 Ma; Alberti et al. 1976) and 

small intrusions; Products of this volcanism range from 
latitic rocks to alkali-quartz trachytes (Comin-

Chiaramonti et al. 1975, 1978; Jahangiri 2007). Limited 

occurrences of Miocene analcime/leucite-bearing 

alkaline volcanics are also reported from the NW Iran 

(Shafaii-Moghadam et al. 2014). The fourth magmatic 

cycle, Plio-Quaternary volcanism, displays sub-alkaline, 

high-K calc-alkaline and alkaline affinities (e.g. 

Ahmadzadeh et al. 2010; Dabiri et al. 2011). 
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The KRB shallow-level intrusions were formed by the 

second magmatic cycle. The Kaleybar pluton intruded 

into Late-Cretaceous limestones and intermediate to 

acidic lava flows. There are distinct contact 

metamorphism areoles and chilled margin around the 

Kaleybar pluton. The Kaleybar pluton mainly consists 

of nepheline syenite and gabbro. A gradual change from 

nepheline syenite to gabbro is observed locally. Also, 

pyroxenite as enclave and lenticular small body in 

and/or near the gabbro occurred in the southern of the 

pluton. Furthermore, small intrusions with syenite and 

quartz monzonite compositions took place in the 
northern and center of the Kaleybar pluton. Based on the 

field evidences such as the enclaves, intrusive contacts, 

and apophyses within the Kaleybar pluton, the 

pyroxenite and gabbro are older than the nepheline 

syenite and quartz monzonite. The general textures of 

the main rocks are coarse-grained granular and 

porphyritic. They have been mostly cut by abundant 

pink-coloured aplitic and pegmatitic dykes. Also, 

gabbroic and phonolitic dykes were occurred in the 

Kaleybar pluton (Ashrafi 2009). 

The Razgah pluton is in contact with Quaternary 
sediments. However, there are Eocene and Miocene 

basaltic andesite and gypsiferous marl in the vicinity of 

the Razgah pluton. The Razgah pluton composition 

varies from pseudoleucite syenite to monzo-

diorite/syenite. The contact between the pseudoleucite 

syenite and monzo-diorite/syenite is typically controlled 

by faulting, however a gradual change is observed 

locally. The pseudoleucite syenites have porphyritic 

texture with pseudoleucite megacrysts, whereas monzo-

diorites/syenites have coarse-grained texture. They have 

been cut by abundant pink-coloured micro-syenitic, 

micro-granitic, and pegmatitic dykes as well dark grey 
phonolitic dykes up to 4 meters in thickness. Also, the 

Razgah pluton is cut by aplitic and silicic dykes in the 

west margin, where copper mineralization is associated 

with the dykes.  

The Bozqush pluton intruded into the Eocene mega-

porphyry andesite, analcime trachy-andesite, trachyt, 

and tuff. The slight contact metamorphism areole and 

chilled margin are observed in the eastern and the 

western of the Bozqush pluton respectively. The main 

rocks of the Bozqush pluton consist of biotite nepheline 

syenite and pseudoleucite syenite. The pseudoleucite 
syenite forms a small part and occurs in the southern of 

the pluton. The Bozqush pluton is mostly cut by 

abundant aplitic and pegmatitic dykes up to 5 meters 

thickness. The dykes vary from syenite to granite in 

composition and are light pink to light grey in colour. 

Also dark grey basaltic dykes occur scarcely. 

 

3. Petrography 

3.1. Kaleybar intrusion 
According to the recommendations of the International 

Union of Geological Sciences (IUGS) (Le Maitre et al. 

2002), the Kaleybar intrusion consist of nepheline-

bearing alkali-syenite, nepheline-bearing syenite, 

nepheline syenite, nepheline-bearing monzonite, 

nepheline-bearing monzodiorite, nepheline-bearing 

diorite/gabbro, quartz monzonite, quartz-monzo diorite, 

monzo-diorite, quartz-alkali syenite, and 

clinopyroxenite. The rock forming minerals are alkali-

feldspar, nepheline, plagioclase, amphibole (up to 10%), 

clinopyrocene (up to 5%), melanite (up to 5%), biotite, 

apatite, titanite, zircon, spinel, Fe-Ti oxide, quartz, and 

secondary minerals (including sericite, muscovite, 

sodalite, analcime, cancrinite, zeolite, epidote, chlorite, 
quartz, calcite, iron oxide, and clay minerals). Melanite 

and feldspathoids, including nepheline, analcime, and 

sodalite, take place in the silica-undersaturated rocks. 

Quartz occurs in the silica-oversaturated rocks. Spinel 

only appears in clinopyroxenite with a Fe-Ti oxide 

margin. 

 

3.2. Razgah intrusion 
The Razgah pluton consists of pseudoleucitolite (more 
than 60% pseudoleucite), pseudoleucite monzo-syenite, 

and pseudoleucite/nepheline monzo-diorite, and 

nepheline monzo-syenite. The pseudoleucite syenite and 

nepheline monzo-syenite constitute the main bulk of the 

pluton. The pseudoleucitolite and pseudoleucite syenite 

are coarse-grained and porphyritic with pseudoleucite 

megacrysts up to 5 cm across. The rock forming 

minerals of the main rocks are pseudoleucite, alkali-

feldspar, plagioclase, clinopyroxene (up to 10%), 

nepheline, olivine (up to 5%), biotite, apatite (up to 2%, 

Fig 3a), zircon, Fe-Ti oxide, and secondary minerals 
(including zeolite, calcite, iron oxide, sericite, 

muscovite, analcime, iddingsite, chlorite, quartz, and 

clay minerals). 

 

3.3. Bozqush intrusion 
The Bozqush intrusion consists of nepheline-bearing 

biotite syenite, nepheline monzo-syenite, nepheline-

bearing monzo-syenite, nepheline-bearing monzo-

diorite, and pseudoleucitolite. The rock forming 
minerals are alkali-feldspar, plagioclase, biotie (up to 

10%), clinopyrocene (up to 5%), nepheline, amphibole, 

melanite, olivine, apatite, titanite, zircon, Fe-Ti oxide, 

pseudoleucite, and secondary minerals (including 

sericite, muscovite, analcime, zeolite, epidote, quartz, 

calcite, and clay minerals). The alkali-feldspar generally 

shows microperithitic and poikilitic texture. The 

plagioclase occasionally shows a distinct compositional 

zoning. The biotite is the main hydrous mineral and 

occurs as individual grains and/or around the Fe-Ti 

oxides. However, the amphibole happens at the margin 

of some clinopyroxene grains. Fine-grained melanite 
garnet (up to 1%) only appears in a sample from the 

margin of the pluton. 
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Fig 3. Photomicrographs of the apatite crystals from the Razgah pluton. (a) The elongated and abundant apatites in pseudoleucite 

syenite. (b) Etched fission tracks in the apatite under plane transmitted light. (c) Measurement of confined fission track length and its 
angle to the c-axis. 

 

4. Materials and Methods 
After the petrography studies, rock samples in weight 

500 g to 2.5 kg from the intrusions of Kaleybar 

(nepheline syenite), Razgah (pseudoleucite syenite) and 

Bozqush (nepheline syenite) were collected for mineral 

separation. Fission track analysis was accomplished in 

Geochronology group, Kanazawa University, Japan. 

The following steps were carried out to separate the 

minerals required for analysis: (1) samples crushing to 
achieve grains <0.5 cm in diameter; (2) using the 

method of sieving separation to obtain particles <250 

µm; (3) separation of ferromagnetic and non-

ferromagnetic minerals (e.g. magnetite, biotite, 

hornblende, pyroxene, ilmenite, epidote); (4) The non-

magnetic fraction that contains datable minerals such as 

apatites and zircons (plus feldspar, feldspathoid, etc) is 

then subjected to heavy liquid separations; therefore, a 

mixture of minerals was placed in the separatory funnel 

with the heavy liquid of LST (density= 2.85±0.02 

g/cm3); and (5) In this step, 450 proper apatite grains 
were achieved through hand-picking individual grains 

using an optical binocular microscope (Nikon SMZ  

 

645). Small fraction of the handpicked apatite grains 

was spread on a silica glass slide and embedded in 

epoxy resin. Next, the exposed surface of grains were 

ground and polished with a sand paper and diamond 

paste using standard techniques. The separated apatites 

were etched chemically in 5M HNO3 at 20 ± 1°C for 

20s (Fig 3b, 3c). Then, track lengths and densities were 

determined using digital camera Focus Studio 2100 

connected with an optical microscope (NIKON 

ECLIPSE E600). 
Uranium measurements were carried out using LA-ICP-

MS. Analysis was made at the Agilent 7500s ICP-MS 

facility, Kanazawa University, using a MicroLas 

GeoLas Q plus (wavelength 193 nm) laser. Repetition 

rate and pit diameter were 5 Hz and ~20 µm, 

respectively. 238U concentrations were calibrated against 

NIST 610 and NIST 612 standard glasses (Pearce et al. 

1997). In total six datasets were provided for a whole 

measurements. One dataset contains three measurements 

for each standard glass. Data reduction was carried out 

in Microsoft Excel. 44Ca was used as an internal 
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standard using chemical data obtained previously (e.g. 

Jarvis and Williams 1993; Barbarand et al. 2003). 

The fission-track age equation for using in the LA-ICP-

MS method has been extracted as following (Hasebe et 

al. 2004): 

Total uranium concentration of apatites (µg/g) was 

calculated from measured 238U content (µg/g) and 

natural isotope abundance ratio of uranium (235U: 

0.71%/238U: 99.29% in weight), making the reasonable 

assumption of a natural 235U/238U ratio in all apatite 

samples. Therefore 

U= 238U/238A                                     (1) 
where U = sample total uranium content (µg/g), 238U = 

uranium-238 content (µg/g) obtained from LA-ICP-MS, 

and A238 = abundance of 238U in weight (0.9929). 

The general age equation is: 

   
  

  
    ( 

     )                   (2) 

where Dt = number of decay events of 238U during time t 

in a unit volume (cm-3), λf = 238U spontaneous fission 

decay constant (8.46×10-17 year-1 Spadavecchia and 

Hahn 1967), λD = 238U total decay constant 

(1.55125×10-10 year-1 Jaffey et al. 1971), N238 = current 

number of uranium-238 atoms in a unit volume (cm-3), 

and t = FT age (years). Because the number of fission 

decay events is observed as a spontaneous track density, 

the equation is changed to: 

 
 
 

λ 

λ 
    ( 

λ    )              (3) 

where  s = spontaneous FT density at the observed 

surface (cm-2), Rsp = a registration factor by which 238U 

in a unit volume would leave spontaneous tracks on an 

observed surface (cm), and k = a constant, which would 

be variable depending on experimental factors such as 

etching and observation conditions. Here N238 (cm-3) is 

calculated using the content of uranium-238: 

        
           

 
                         (4) 

where NA=Avogadro’s number, 238U= uranium-238 

content measured by LA-ICP-MS (µg/g), d = apatite 

density (taken as 3.19 g/cm3), and M= the mass of 238U. 
Therefore, 

  
 

  
  (  

     

                 
)       (5) 

In this study we adopted as Rsp a half of the mean 

etchable spontaneous fission-track length in apatite from 

geologically rapidly cooled samples without subsequent 

thermal disturbance (7.5 µm= 7.5×10-4 cm; Gleadow et 

al. 1986b), and k is set as 1. The error of a grain age is 

given by 

√
 

  
   

  
                                           (6) 

where Ns = the number of counted spontaneous tracks, 

and   = uncertainties in uranium concentration (10% = 
0.1). The depth of the ablated trench is estimated 25±5 

µm by microscopic observation. 

 

5. Results and discussion 
As described above, by comparing the density of fission 

tracks with the U content of the mineral, an apparent 

fission track age can be calculated. The mean of U 

content for the apatites of Bozqush, Kaleybar, and 

Razgah are 21.8, 9.5, and 24.5 ppm, with the standard 
deviation of 3.8, 5.7, and 11.3, respectively. The 

densities of spontaneous tracks in the apatite grains vary 

from 0.2×106-0.5×106 cm-2. Based on the measured data 

and using the above described method, the mean 

apparent age for the apatites from the Bozqush, 

Kaleybar, and Razgah intrusions were calculated 29 

(±1.8), 36.6 (±3.0), and 40.7 (±1.3) Ma (σ), respectively. 

Also, a summary of the measured and calculated data is 

presented in Table 1. 
 

Table 1. Fission-track apatite ages calculated by LA-ICP-MS method. 

σ t, Ma P (χ
2
), % U, SD U, ppm Ns ρs, ×10

6
 cm

-2
 No. of grains Apatite sample 

1.8 29.0 17.69 3.8 21.8 267 0.3 14 Bozqush 

3.0 36.6 1.88 5.7 9.5 145 0.2 18 Kaleybar 

1.3 40.7 1.82 11.3 24.5 1021 0.5 27 Razgah 

Abbreviations:  s = densities of spontan=eous tracks cm
-2

; Ns = numbers of tracks counted for spontaneous measurements; U= average uranium 

content; SD= standard deviation; P(χ
2
) probability of χ

2
 for (n-1) degrees of freedom, n = number of grains (Galbraith 1981); t = weighted mean of 

grain ages; σ = error of ages 

 
In addition to the fission track age, the apatite fission 

track method also yields information on the nature of 

the cooling path. This information is obtained from the 

distribution of confined fission track lengths in a sample 

(Gleadow et al. 1986a). Confined fission tracks are 

horizontal (or <10° from horizontal) tracks that lie in a 

c-axis prismatic section, such that both ends of the track 

are visible entirely within the polished and etched 

apatite crystal without altering the focal depth. The 

studied apatite grains exhibits a fission track population 

with mean track lengths 11±1 μm (Table 2). 

Unannealed, spontaneous fission track lengths in natural 

apatite grains typically range between ~14.5 and 15.5 

μm depending on its chemical composition (Gleadow et 

al. 1986a). Long mean confined track lengths (>14 μm) 

and narrow track length distributions indicate rapid 

cooling through the PAZ, whereas shorter mean values 

(<14 μm) or a wide range of track lengths generally 

indicate slower cooling or a complex cooling path 

(Gleadow et al. 1986b). 
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The fission track ages provide an estimate of the time 

that have elapsed since the mineral cooled through a 

specific temperature window (referred to as the partial 

annealing zone or PAZ). The apatite PAZ is estimated at 

60–110°C although this varies with apatite composition 

(Green et al. 1986; Carlson et al. 1999; Barbarand et al. 

2003). At temperatures higher than the PAZ, there is 

sufficient energy to completely anneal (or remove) 

fission tracks via thermally activated diffusion of the 

relocated ionic species in the lattice. At temperatures 

lower than the PAZ, there is insufficient energy to cause 

significant repair of fission tracks. Fission tracks are 
partially annealed at temperatures within the PAZ.  

The apatite fission track age and track length 

distribution can be combined to construct time– 

temperature paths by inverse and/or forward modeling 

of the fission track age and length data (e.g. Gallagher 

1995; Ketcham 2005). Forward modeling is resulted in 

model age based on relating fission-track length to 

fission-track density, whereas inverse modeling 

represents the range of possible thermal histories that 

are consistent with the measured data. There are a 

number of the modeling software, such as AFTSolve 

and HeFTy (Ketcham et al. 2000; Ketcham 2005), that 

implements one or more of the thermochronometer 

systems. These programs vary not only in how they 

implement their forward and inverse modeling 

calculations, but in their overall approaches to problem-

solving as well. We used HeFTy v1.8.3 to construct 

time– temperature paths of the plutons. The Monte 

Carlo inversion search method and Ketcham et al. 

(2007)’s annealing model were used. The zeta 

equivalent calibration was put as ζ = 1586.7, σ = 26.1. 

Figures 4-6 show the Time–Temperature History 
window in HeFTy containing the results of inversion 

modeling that successfully found 1000 acceptable 

thermal histories. The measured and modeled track 

length of the studied samples are short (<14 μm) giving 

a relatively narrow distribution and are not bimodal. The 

time-temperature path of the Bozqush samples shows a 

relatively rapid initial cooling followed by long 

residence at the PAZ temperature (~60 to ~95 °C) (Fig 

4).  

 

 
Fig 4. Monte Carlo inverse thermal history models for the Bozqush pluton using HeFTy (v1.8.3). The left panel shows time-

temperature paths explored by the 1000 acceptable paths, green curves. The purple, black, and blue curves show ‘good paths’, ‘best 
fit line’, and ‘weighted mean path’, respectively. The numbers of total and good paths are 13112 and 434, respectively. The right 

panel shows the measured length histograms. See text for details. 

 

The modeled time-temperature path show a rapid recent 
cooling from ~95 °C to the surface temperature, which 

was occurred about 5 Myrs. The time-temperature curve 

of the Kaleybar samples begins with a rapid initial 

cooling (Fig 5). The Figure (5) shows that the studied 

apatites were spent long time through the PAZ and 

slightly undergone heating from ~55 to ~95 °C. The last 

part of the curve shows a rapid recent cooling from ~95 

°C to the surface temperature, which was started about 5 

Ma ago. The time-temperature path of the Razgah 

samples exhibits a rapid first cooling followed by long 

residence between ~55 to ~90 °C (Fig 6). The latest 
stage of cooling for the Razgah samples was occurred 

about 6 Myrs.  

The first cooling ages can be corresponding to intrusive 

event (based on the good paths, 40-55 Ma for the 

Bozqush pluton, and 55-65 Ma for the Kaleybar and 

Razgah plutons), while the apparent ages closely 

approximates the mean time of the heating stage (Fig 4-

6 and Table 2). 
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Table 2. Measured and modeled age and track length of the 

studied apatites using HeFTy (v1.8.3) software with GOF, 
goodness of fit. 

 

Razgah Kaleybar Bozqush  

32.1 33.0 22.8 Model age 

32.1±1.2 33.0±2.9 22.8±1.5 Measured age 

1.00 1.00 1.00 GOF 

61.1 62.3 50.6 Old age 

12.11±1.22 12.09±1.27 11.94±1.32 Model track length 

11.91±1.16 11.76±1.04 11.74±1.26 Measured track length 

0.76 0.95 0.99 GOF 

 

The resulting time-temperature history needs to be 

considered in conjunction with the available geological 

data. The KRB alkaline plutons were probably intruded 

at 30-50 Ma (based on dating of the shoshonitic 

magmatism, second magmatic cycle in NW Iran), which 

is consistent with the first cooling ages. Regionally 

consistent AFT ages most likely indicate the time of 

final cooling and exhumation rather than later 

perturbations from volcanic activity or other thermal 

events. If the samples in question are in an active 

magmatic province, the AFT age and track length 

characteristics and the pressure–temperature–time 

history of the rocks can be compared with known 

parameters (age, thickness, and location of volcanic 

deposits or intrusions) to assess quantitatively whether 

magmatic reheating was likely, or whether reheating 

was associated with reburial (Fayon and Whitney 2007).  

Based on the present data such as the thermobarometery 
of clinopyroxenes and amphiboles, the occurrence of 

pseudoleucite, and the formation of porphyritic texture, 

the KRB plutons intruded into the Late Cretaceous and 

Eocene sedimentary and volcanic rocks at shallow 

levels of the crust and formed as sub-volcanic intrusions 

rather than deep plutonic bodies (Ashrafi 2009; Ashrafi 

et al. 2014). Therefore, the cooling of samples was 

possibly complex, as the short mean track lengths of 

samples showed. 

 

 
Fig 5. Monte Carlo inverse thermal history models for the Kaleybar pluton using HeFTy (v1.8.3). The left panel shows time-

temperature paths explored by the 1000 acceptable paths. The legend of curves is the same as Figure 4. The numbers of total and 

good paths are 12726 and 159, respectively. The right panel shows the measured length histograms. See text for details. 

 

The AFT ages are possibly affected by the recent 

exhumation of the KRB rocks. The amount of 
exhumation may vary locally reflecting different 

materials to be eroded (Hasebe and Hoshino 2003).The 

younger AFT age of the Bozqush pluton can be related 

to its totally igneous cover becuase the Kaleybar pluton 

and probably the Razgah pluton had the sedimentary-

igneous cover (a differential exhumation). However, to 

understand the effect of different geology on the 

exhumation, the surrounding rocks of the KRB 

intrusions should be dated by the AFT method.  

The studied samples are located in magmatically and 

tectonically active region. Thus, apatite fission tracks 
can be annealed and the ages reset, by a variety of 

thermal events such as tectonic activity (faulting, 

burial), and magmatism (volcanism, hydrothermal 

activity, intrusion). According to the stratigraphic age of 

the intrusions, the AFT ages were not probably reset at 

least for the Razgah and Kaleybar intrusions. Though, 

more data, such as absolute age of KRB rocks, detailed 

radiometric data, and dating by other 

thermochronometric system, is needed to constrain of 
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the precious time of final cooling and exhumation and the possibility of later perturbations by thermal events. 

  

 
Fig 6. Monte Carlo inverse thermal history models for the Razgah pluton using HeFTy (v1.8.3). The left panel shows time-

temperature paths explored by the 1000 acceptable paths. The legend of curves is the same as Figure 4. The numbers of total and 
good paths are 14568 and 108, respectively. The right panel shows the measured length histograms. See text for details. 

 

6. Conclusion 
The obtained AFT ages, ~29- 40 Ma, approximately in 

concordance with the shoshonitic magmatic cycle of 

NW Iran, indicate cooling of the KRB rocks to 

temperatures 110–60 °C, although the geological 

processes associated with this cooling may be open to 
question.  

The KRB rocks are situated in a region with younger 

magmatisms, and were formed as sub-volcanic 

intrusions. Thus, the cooling of samples was probably 

complex. However, the time-temperature graphs show 

that the studied samples were spent long time through 

the PAZ and slightly undergone heating. The first 

cooling ages can be corresponding to intrusive event 

(40-65 Ma), while the apparent ages closely 

approximates the mean time of the heating stage. The 

start of rapid recent cooling, from ~95° C to surface 

temperature, was occurred about 5 Ma ago. The AFT 
age of Bozqush pluton is younger (~29 Ma) than the 

others, which can be related to differential exhumation. 

Based on the geological evidence, totally igneous cover 

of the Bozqush area versus sedimentary-igneous cover 

of the Kaleybar and Razgah area, it infers a slower 

exhumation rate for the Bozqush area. 
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