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1-Introduction

Tietz (1887) and Stahl (1911) first mentioned the metamorphic rocks in the South of Gorgan, and Gansser
(1951) determined that the Gorgan schist contains amphibolite, Hornblende Gneiss, Chlorite schist,
Metadiabase, and Quartz veins of Devonian age. Stocklin (1974) believed these rocks were of Jurassic age
and named the Gorgan Spor Zone in the northern limb of the Alborz Mountains. Berberian and King (1981)
concluded that the metamorphic facies of these metamorphic rocks are low grade as Barrovian greenschists
(Sericitic to chlorite schists). These rocks, located in the northern limb of the Alborz Mountains, are
bounded by the Khazar fault to the north and the North Alborz fault to the south. Many researchers
(Stocklin, 1974; Hubber, 1957; Berberian and King, 1981; Jenny, 1977; Alavi, 1996; Allen et al., 2003;
Nazari, 2006; Shahidi, 2008; Djamour et al., 2010; Safari et al., 2013) believed that these rock outcrops
(middle Paleozoic in age) were metamorphosed in Cimmerian Orogeny and subsequently, moved
southward to recent locations by low-angle thrust faults in a ductile to semi-ductile condition. Along the
Laramide orogeny, which formed the Proto-type Alborz Mountains, these metamorphic rocks were thrust
northward by the Khazar faults. In this research, we aim to investigate the geometrical and kinematic
analysis (as deformation analysis) and determine the different stages of movement in the South of Gorgan
using Remote sensing techniques, GIS capabilities, and field surveying.

2-Material and methods
The adopted research methodology in this research includes nine steps, which are summarized as follows:

1. Preparation of collected available data.

2. Surface geological studies using remote sensing techniques such as enhancing Landsat 8 TM image
and complementary field investigations.

3. Determination of outcropped structures using remote sensing techniques, such as directional filters
on Landsat 8 TM image, and finally, digitizing extracted faults using GIS functions (Fig. 1).

4. Field surveying of determined structures and collecting structural data

5- Geometrical analysis of data contains: (a) preparation of Rose diagram (as the study of fracture
population); (b) calculation of main fault attitudes and; (c) calculation of fold axes and axial planes

6- Kinematic analysis as calculation of different stages of P-axes

7- Preparation of Bulk structural map from different parts of the studied area (Fig. 2)

8- Preparation of three structural cross sections for Eastern, Central, and Western parts (Fig. 3)

9- Investigation of subsurface data such as Aerial Geophysics and Magnetic Lineament map

10- Interpretation of extracted results and, finally, determination of different steps of deformation
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Figure 1: The procedure of extraction of Lineaments with using of different techniques and their digitization and
categorization

3-Results and discussions

Four main faults were determined by using semi-automate Remote sensing techniques and complementary
field surveying, containing Khazar, North Alborz (Derazno and Radkan) and Balazarandin thrust faults as
bi-vergent thrust movements (Fig. 2). The geometrical analysis showed that: (a) the fault population was
correlatable with main fault strikes; (b) the subsurface fault attitudes were calculated as Khazar fault: N70-
90/45-60S, Derazno fault: N70-90/ 45S, Radkan fault: N75-90/ 45N and Balazarandin fault: N70-90/ 45N;
(c) the calculation of axial surfaces of folds was shown the correlatibility of them with fault surface in deep.
The calculation of kinematic axes revealed three stages of movement, corresponding to the Cimmerian,
Laramide, and late Alpine Orogenies. The first-stage movement is southward, only in Paleo-Tethyan
remnants in ductile to semi-ductile conditions along low-angle thrust faults. The second stage, with a
northward direction, took place in the studied area along main thrust faults in the upper Cretaceous; some
back-thrusts were formed, which caused the establishment of a Pop-up structure and crumpling in the
Alborz Mountains. This phenomenon is shown in the three structural cross-sections that were prepared.
The last movement stage occurred along the Khazar fault in Quaternary time, with a Northeastward
direction in a brittle condition.

705000 720000 735000 750000 765000 780000 795000

4080000

4065000

4050000

Major fault —A Reverse Fault

" -
Main faults == Strike Slip Fault

= Minor fault

Figure 2: The prepared Structural map of the studied area based on Remote sensing processing and Field surveys
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The investigation of available subsurface data, particularly the aerial geophysical map, reveals that a
thickening has occurred in the central part of the studied area, which is attributed to the uplift of the
basement resulting from the activity of the main reverse faults. This phenomenon is evident in the three
structural cross-sections prepared (Fig. 3). Additionally, the intrusion of a dioritic body (probably of
Devonian age) is indicated by subsurface studies. The control of the magnetic lineament map shows that
the basement was raised to sea level along the North Alborz (Derazno and Radkan) fault.
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Figure 3: The prepared structural cross sections from different parts of the studied area, (a) the locations of sections
and surveyed stations; (b) sections A-B from Eastern part (Kordkuy-Radkan); (¢) Section C-D from Central part
(Pasand-Rudbar) and (d) Section E-F from Western part (Galugah- Niala)

Therefore, the results of this research indicate that the main rock outcrops in this area are metamorphic
rocks transported from north to south (to approximately their current locations) by low-angle thrust faults
in a ductile to semi-ductile condition along the Cimmerian orogeny in the late Triassic. This result is
correlatable with some results obtained by other researchers (Hubber, 1957; Stocklin, 1974; Jenny, 1977,
Berberian and King, 1981; Alavi, 1996; Allen et al., 2003; Nazari, 2006; Shahidi, 2008; Djamour et al.,
2010; Safari et al., 2013). After emplacement, these rock outcrops were covered by progressive Alborz
sedimentation during the Jurassic period. With the onset of the Laramide orogeny and the formation of
proto-type Alborz (Alavi, 1996; Allen et al., 2003), these metamorphic rocks underwent a second stage of
deformation in the late Cretaceous, in a semi-ductile condition, within the interval of Khazar and North
Alborz (Safari et al., 2013). This deformation stage resulted in northward movements and the formation of
faults and major folds, such as the South Gorgan and South Galugah folds. Finally, with the occurrence of
Late Alpine orogeny (in Quaternary), all of the studied areas suffered the other main phase, which caused
deformation in a brittle condition and forming of populated fractures and also underwent the recent NE-
ward movement along the Khazar fault (Abbaszade et al. 2013; Safari et al., 2013; Allen et al., 2003; Nazari,
2006; Vernant et al., 2004; Shahidi, 2008; Djamour et al., 2010).

4-Conclusion

The metamorphic outcrops in the South of Gorgan, deposited in the Middle Paleozoic and metamorphosed
in the Early Cimmerian with low-grade facies, are Palaeco-Tethyan remnants that were transported
southward by low-angle thrust faults in a ductile to semi-ductile condition as the first-stage movement and
finally emplaced in the northern limb of the Alborz Mountains. Then, these rocks underwent two stages of
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deformation and movement during the Laramide (Late Cretaceous in age) and late Alpine (Quaternary to
recent in age) orogenies. During the Laramide orogeny, which formed proto-type Alborz, these
metamorphic suffered northward movement in the interval of Khazar and North Alborz faults in a semi-
ductile condition. Finally, with the onset of the Late Alpine orogeny in the Quaternary (to recent), the third
stage of deformation and movement occurred in a brittle condition, which caused the Northeastward
movement along the Khazar fault.
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Fig. 2. (a) Corrected Landsat satellite Image, (b) Applying of directional filter on satellite image, (c) Digital Elevation

Model (DEM) of study area, (d) Applying of sun-shade filter on satellite image, (¢) Basement Magnetic Map (for control
of subsurface structures), (f) Extraction of Lineaments by interpretation of satellite image and other data, and (g) Fault

determination and categorization.
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Fig. 3. The geological map of studied area, prepared based on interpretation of satellite image, field surveys and available

stratigraphic data (Aghanabati, 2005)
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Fig. 4. The prepared Structural map (the important faults and other fractures) of studied area on the based on Remote

sensing processing and Field surveys
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Fig. 9. The calculation of fold axes and axial planes in different stations in studied areas, (a) Eastern part (Kordkuy-
Radkan), (b) Central part (Pasand-Rudbar), and (¢) Western part (Galugah- Niala)
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Fig. 10. Some views of surveyed micro-folds for geometrical and kinematic investigations, (a) Galugah forest, (b)
Derazno area, (c)Vizvar area, (d) Niala area, (¢) South of Radkan and (f) Balazarandin area
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