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1. Introduction

ABSTRACT

This paper presents the results of a field study aiming to describe and to interpret origin of the
vein network in the south of Birjand. Adjacent to Birjand ophiolite in eastern Iran, the Paleocene-
Eocene flysch facies was deposited in the Birjand foreland area concomitant with the Alpine orogeny
(Laramide). The sandstone unit of this facies contain two orthogonal sets of quartzite veins. The
N310-340 striking veins (set 1) are arranged parallel to the Bagheran Kuh range front and perpendicular
to the vein set 2 (N215-240). The paleostress reconstruction in the Paleocene-Eocene shows that the
regional compression direction N240 is perpendicular to the Bagheran Kuh range front. Structurally, to
create orthogonal veins, 6, should be perpendicular to the layering and o, and o, should be horizontal.
This situation was created in the middle Eocene-Oligocene. The post-collision extensions of this period
caused a decrease in regional pressure in the region. As a resault, the maximum principal stress (o,),
was changed to a vertical state and intermediate stress (c,) was parallel to the orogenic pressure. In these
conditions, orthogonal tensile openings (state I) were formed as a result of the local inversion of stress

and fluid pressure in the flysch facies.

In the last hundred years, there have been many studies
about joints and veins. The characteristics of the tectonic
veins have been investigated as structures related to
folds (Berghauer and Pollard, 2004; Maeder et al., 2014;
Eckert et al., 2014), faulting (Petit and Laville, 1987,
(Maltman, 1988;
Fossen et al., 2017), and especially sigmoid veins (Ramsay
and Huber, 1983; Bons et al., 2012; Lisle, 2013). The analysis

of vein systems is important in revealing tectonic events. So

VanLoon, 2002), shear zones

that the direction and internal structure of the veins provides
information about the paleostress field, deformation type
(simple or pure shear) and fluid pressure. During the process
of orogeny, joints caused by fluid pressure, faulting and
folding are created. In these areas, the usual patterns of
fracture systems are network or ladder-shaped, which in
some cases appear as orthogonal veins (Rives et al., 1994).
The sandstones of the flysch facies south of Birjand were

studied, which include a system of almost orthogonal
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quartzite veins of mode I fractures. Previously, sigmoidal
veins in Zirooji, Bushad and Behlgerd shear zones located
in the Birjand mélange ophiolite and Paleocene flysches
have been used to calculate paleostress, determine stress
variables and provide deformation patterns of the region.
This study helps to know the pattern of vein formation and
the dominant direction of the tension spaces created in the
region. It can help in the identification and exploration of

minerals.

2. Research methodology

In order to understand the formation of orthogonal
planar veins and their geometrical relationship with the
tectonic events of the region, Surg, Bushad, Jimabad,
Esfahrud, Mezeg and Zirooji stations were selected in
the Flysch units (Figure 4- a). In cases where the veins
were measured in folded layers, the veins were returned
to their approximate orientation before folding by
rotating the limbs around the fold axis. In the sandstone
unit of flysch facies, two sets of quartzite veins are
oriented along N310-340 (set 1) and N215-240 (set 2).
After drawing the stereo plot of the veins, their mean
orientation was obtained at each station and for the
entire region. This mean for the region is N335,53 (set 1)
and N224,71 (set 2). In the field observations, attention
has been paid to the features of the vein and the cross-
cutting relationships between them. Since the texture of
the veins is often without crystal form and mass, it was
not possible to confirm the left-handed cut at the time
of the formation of the veins. In the field observations,
fibres quartzes were rarely observed, and in all cases,
opening perpendicular to the layer was detected.

In order to determine the role of local stress in the
creation or deformation of veins, the paleostress has
been reconstructed in south Birjand flysch. In 6 stations,
orthogonal veins were selected and the directions of
stress axes were determined using T-Tecto software. The
intersection line of two sets of veins is considered parallel
to the o, axis. To achieve the initial state of the veins at
the time of formation, the o, axis was made vertical, and
the 6, and o, axes were rotated around the vertical axis as
the complement of its inclination angle. In this way, the o,
and o, axes approached the horizontal state. In the studied
stations, the trend of o, axis is between N228-244 and the
trend of o, axis is between N294-323.

3. Discussion

Two sets of orthogonal quartzite veins have been identified
in the sandstones of the Flycsh facies located on the
northern edge of Bagheran Mountain. During loading,
the maximum stress due to the weight of sediments (o))
is considered perpendicular to the layer and o, and o, are
considered horizontal. If it is assumed that two sets of joints
are formed on the main surface perpendicular to o, then
the orientation of the orthogonal veins can be explained
by the small difference created between the values of the
horizontal stresses ¢, and 6,, during the local inversion of the
stress. (Hancock and Bevan, 1987; Dunne and North, 1990;
Rives et al., 1994; Van der Pluijm and Marschak, 2004;
De Joussineau et al., 2005; Maeder et al., 2014). Most of
the quartzite veins in the region have a mass texture and no
crystal shape. This texture indicates that they were formed in
the depths. Considering the high thickness of veins in some
areas of the studied area, it seems that a high-pressure fluid
caused their formation. The nature of quartz comb structure
in the veins also indicates the sudden opening of the vein
due to fluid pressure. The compressional tectonic regime has
dominated the east of Iran from the late Cretaceous to the
late Eocene - early Oligocene (Berberian and King, 1981).
The formation of the eastern mountains of Iran is the result
of this convergence and the collision of the continental part
of the Lut block in the west and the Afghan block in the
east. The result of collision in the studied area (foreland of
Birjand), folding and faulting in Birjand mélange ophiolite,
Shekarab Mountain and its uplift from the surrounding
parts. A thick succession of flysch sediments of Paleocene-
Early Eocene age was deposited in the subsiding basin on
the edge of the orogenic belt of the region. In the studied
from Paleocene to Oligocene, the direction of maximum
> V240, has been estimated.

Simultaneously with the sedimentation of flysch facies in

tectonic horizontal stress (S

Birjand foreland area, a fracture set (set 2) was formed in line
with its regional pressure direction N240 and perpendicular
to Baghran mountain. At this time, the local inversion of the
horizontal stresses due to the stress drop caused another set
of fracture (set 2). It seems that the first stage of propagation
of the orthogonal system was in the direction of regional

compression.

4. Conclusion

In this study, structural studies were carried out with the
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aim of obtaining the origin and structural relationship
of tensile fractures in the flysch facies south of Birjand.
The results of paleostress analysis using orthogonal veins
and its validation with previous studies showed that from
Paleocene to Oligocene, the direction of the maximum

tectonic horizontal stress (S, ) in the region was N240.

hmax
The results of structural analysis of veins also show two
different stress directions; a) Veins of set 2 is almost
aligned with the direction of maximum horizontal stress
(N240) and perpendicular to the forehead of Bagheran

mountain and b) Veins of set 1 is aligned with N335 and

113

perpendicular to veins of set 2. The results of this research
show that the following factors played a role in creating
orthogonal veins:

a) Fluid pressure: the opening of type I fractures in the
depths of the crust, b) Paleocene-Eocene compressive
tectonic stress: creation of set 2 fractures, ¢) Local inversion
of horizontal stresses: creating orthogonal veins of set 1,
d) Stretching due to the bending of Birjand ophiolite: the
development of veins in the direction perpendicular to
Bagheran mountain e) Stress phases after the Miocene:

sinistral shearing in direction veins of set 2.
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Figure 1. Simplified structural and geological map of part of eastern Iran, modified after the 1: 250,000 scale geological map area. The case study

in the south of Birjand is shown with a rectangle.
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Figure 2. a) Orthogonal veins of white quartz with massive texture; b) Fibrous quartz vein with crystal growth perpendicular to the wall; ¢) The growth of quartz

crystals by forming a comb structure in open spaces.
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Figure 3. Examples of Orthogonal vein sets in stations. a) Surg; b) Bushad; ¢) Jimabad; d) Esfahrud; e) Mezg; f) Zirooji. The 215- 260°-striking

veins (set 2) to a small amount cut and displacement 315 -345°-striking veins (set 1) with sinistral shearing component.
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Figure 4. a) Simplified geological map of the Birjand area modified after the 1: 250,000 scale geological map of Birjand (Vahdati Daneshmand et al., 1991)

with location of structural data collection stations; b) Stereoplats for 6 stations showing the mean orientations of Orthogonal vein sets in the flysch facies in

the southern parts of the Birjand; c) Palaeostress reconstructions by Orthogonal veins in this study.
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Figure 5. Mohre-Griffithe-Coulomb failure (Bons et al., 2012). The fluid pressure (P) shifts the Mohr circle to failure envelope

and effective stress (o, -P,) causes rock failure. Tensile fractures (mode I) are created when the Moore»s circle touches the failure

envelope at point a. In the flysch sequence, the sandstone has a higher differential stress than the shale, as a result, tensile fracture

often occurs in the sandstone.
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Figure 6. The pattern of tectonic evolution of the flysch basin in south Birjand. a) Emplavement of Birjand Ophiolite mélange in late Cretaceous;

b) Syn-orogenic flysch deposits and initiation of orthogonal veins in Paleocene-Eocene.
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