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1-Introduction

The sequence of moderate to large earthquakes in California without surface rupture revealed the
importance of identifying seismic sources related to hidden faults in seismic hazard analysis. Naturally,
blind thrust systems are created in the margins between active orogenic belts and young sedimentary basins
(less than 5 million years) (Lin and Stein, 1989). They appear by the growth of folds on the surface. Without
exaggeration, the most dangerous faults in the world are reverse faults and active folds associated with
blind thrusts, which are often located near urban areas and unfortunately neglected (Stein and Yeats, 1989;
McCalpin and Carver, 1996). The study of historical and instrumental earthquakes from 839-2008 AD in
Iran shows that many destructive earthquakes resulted from the activity of blind thrusts (Berberian, 2014).
In the east of Iran, following the earthquakes of recent decades, the study of the blind thrusts of Sefidabeh
(Berberian et al., 2000; Parson et al., 2006; Copley and Reynolds, 2014), the Tabas active fold (Berberin,
1979; King et al. al., 1981; Walker et al., 2003-2015; Copley, 2014), the blind thrust of Ferdows (Walker
et al., 2004) and the Birjand anticline (Walker and Khatib, 2006). Previous studies investigated the
coseismic deformations after the earthquake using the focal mechanism of the earthquake, satellite images,
and field observations. To assess seismic hazards of blind thrusts and to know the location of the fault, the
capability to generate the largest earthquake of its nature and its recurrence are important (McCalpin and
Carver, 1996). This study uses geomorphological indicators to assess seismic hazards of the Kheyrabad
anticline in the north of Birjand city.

2-Material and methods

Kheyrabad fold is located north of Birjand city and on the southern Shekarab mountain range. Field
measurements from a structural cross-section through the Kheyrabad anticline indicate fault-propagation
folding above a 38° northeastward-dipping blind thrust fault, which probably reaches into a horizontal
detachment at a depth of ~500 meters. In this study, to know the features of Kheyrabad blind thrust in-
depth, the area balance method has been used. Assuming that the lateral transport of material on the
horizontal decollement at depth reaches equilibrium by a material rise at the surface, it is possible to
approximate slip rate and crustal shortening measurements using area balancing. This method is used in
determining the long-term slip rate in the blind thrusts system of California (Shaw and Suppe, 1996; Rivero
et al.,, 2000) as well as determining the rate of horizontal shortening in the north of Neyshaboor
(Hollingsworth et al., 2010) and Tabas blind thrusts (Walker et al., 2015) has been used. In this research,
42 topographic sections have been drawn perpendicular to the axial trace of the Kheyrabad anticline.

3-Results and discussions
Based on mapped profiles, the average depth of the detachment is 533 meters, and the shortening of 1.1%
has been calculated. By choosing the Pleistocene period (12,000-1,650,000 years), the average slip rate on
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the Kheyrabad fault system is estimated to be 0.006-0.75 mm per year. The empirical relations of Wells
and Coppersmith (1994) were used to determine the magnitude of characteristic earthquakes and the
average displacement to assess the characteristics of the blind fault of Kheyrabad. Also, the relation of Aki
(1966) was used to determine the seismic moment. The area of the rupture surface, if the total length of the
fault ruptures during an earthquake, is:

(Equation 1) R.=R,,xS;, R,= H/sinc

Rw: Downdip rupture width, Ra: Rupture area, S1: Segment length, H: Depth to detachment, c: Dip
(Equation 2) M,,=4.33+0.9Log (R,)

(Equation 3) Log(AD)=0.08 M_-0.74

(Equation 4) My=pxR,xAD (p=3x10'""N/m?)

Mw: Moment magnitude, Ra: Rupture area (Km?), AD: Average displacement (m), Mo: Seismic moment,
u: crustal rigidity

In the above relationships, the dip of the fault plane is assumed 38 degrees, the length of the rupture is
3 km, and the depth of the seismic layer is 0.533 km using field survey data. Therefore, the seismic
characteristics of Kheyrabad blind thrust will be according to Table 1.

Table 1. Seismic characteristics of Kheyrabad blind thrust.

Seismic moment Average Moment magnitude
(N.m) displacement (m) (Mw)
3.37x10% 0.43 4.7

Also, earthquake recurrence has been estimated using the fault coseismic's long-term slip rate and
displacement.

i —AD
(Equation 5) RI= TS

RI: recurrence (in years), AD: average displacement (m), and LTS is the long-term slip rate (m/yr)

If we assume the long-term slip rate of Kheyrabad blind thrust to be 0.75 mm per year, the recurrence
of an earthquake with a magnitude of 4.7 is estimated to be 577 years. In this study, to investigate the
amount of strain related to the Kheyrabad fault system, the amount of crustal shortening was calculated
using the balance of marl layers (along eight faults). In the north of the Birjand trench, reverse faults and
thrusts in a distance of 612 meters have caused bending and displacement of sedimentary units. As a result
of the activity of these faults, an overlap is created between the shifted layers, which can be used to calculate
the amount of shortening.

Table 2. Determining the deformation parameters in the Kheyrabad thrust system.

Fault F1 F2 F3 Fa Fs Fe F7 Fs Sum

Dip 20 35 35 26 55 35 35 50

Offset (cm) 300 300 65 80 330 55 125 70 1325
Overlap (cm) 282 246 532 72 189.3 45 1024 45 1035
Uplift (cm) 1026 1722 372 351 2703 315 717 53¢ 7744

It is possible to estimate the uplift, horizontal shortening, and slip rate of the Kheyrabad fault system in
the Pleistocene period (1650000-12000 years) and compare it with the values obtained from the area
balance, using the information in Table 2.
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4-Conclusion

In assessing the seismic risk of blind thrusts, finding the exact location of the fault and slip rate and
determining the characteristic or maximum earthquake (Mmax) and its recurrence is essential. Since
paleoseismological studies are difficult and expensive, the area balance method is suitable for determining
the seismic parameters of blind thrusts, which can be used in the first step of seismic risk studies of such
faults and lead to relatively accurate and quick estimates. In this method, the fault slip, horizontal
shortening, and uplift rates have been estimated as 0.75, 0.59, and 0.46 mm/year, respectively, which shows
that the fault activity rate is average. According to the amount of slip (0.75 mm//yr), the activity rate of the
fault is medium, and based on the displacement (0.43 m), the risk of the Kheyrabad fault zone is considered
moderate. Therefore, only low and medium-importance buildings in the fault zone will be allowed to reduce
the seismic hazard, provided that effective engineering methods are used and the fault boundary is
respected.
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Table 1. Historically and instrumentally recorded earthquakes from the east of Iran region mentioned in the text (Engdahl
et al., 1998; Berberian et al., 2000; Walker et al., 2004; Berberian, 2014).

Fault Rake Dip Strike Mw Depth Lon. Lat. Date
Brijand Thrust 6.7 59.33 32.84 15490215
Ferdows 85 54 115 6.2 8 58.21 34.03 19680901
Tabas 155 16 355 7.2 9 57.38 33.25 19780916
Sefidabeh 96 29 143 6.1 9 60.55 30.90 19940223
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Fig. 3. (2) Google earth satellite image of Kheyrabad anticline, topographic cross-sections are plotted along the white
lines, (b) 1-42 topographic cross-sections used in the area balancing method, (c) Parameters of the area-balancing method

to assess the seismic risk of blind thrusts (River et al., 2000; Groshong, 2006) and (d) Simplified cross-section showing
the main components of the area-balancing slip-rate estimation.
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Table 2. Determining the seismic parameters of Kheyrabad blind thrust in the cross sections drawn in Figure 3b.

Profile  Original With of Excess Depth  Horizontal ~ Shortening  Uplifting  Contractional
length (Lo)  structure area(S) (H)m  shortening (%D) slip (C) m
m (W)m m? (D)m Um
1 595.0 590 4236.3 461.0 9.2 -15 7.2 11.7
2 586.2 582 3907.3 454.7 8.6 -1.5 6.7 10.9
3 587.6 585 2755.9 457.1 6.0 -1.0 4.7 7.7
4 582.0 580 3774.7 453.1 8.3 -1.4 6.5 10.6
5 580.5 578 5009.8 451.6 111 -1.9 8.7 14.1
6 587.3 582 6877.0 454.7 15.1 -2.5 11.8 19.2
7 576.3 570 7440.5 445.3 16.7 -2.8 13.1 21.2
8 587.7 582 8164.0 454.7 18.0 -3.0 14.0 22.8
9 589.6 583 4737.3 455.5 10.4 -1.8 8.1 13.2
10 587.2 582 4837.3 454.7 10.6 -1.8 8.3 135
11 596.2 590 5048.4 461.0 11.0 -1.8 8.6 13.9
12 598.3 591 4126.2 461.7 8.9 -1.5 7.0 11.3
13 592.3 589 2861.7 460.2 6.2 -1.0 4.9 7.9
14 592.0 588 3082.8 459.4 6.7 -1.1 5.2 8.5
15 593.1 589 1396.1 460.2 3.0 -0.5 2.4 3.9
16 595.3 501 1324.9 461.7 2.9 -0.5 2.2 3.6
17 594.4 589 3713.4 460.2 8.1 -1.4 6.3 10.2
18 591.8 588 4162.3 459.4 9.1 -1.5 7.1 115
19 590.8 588 2139.2 459.4 4.7 -0.8 3.6 5.9
20 765.7 761 3260.3 594.6 55 -0.7 4.3 7.0
21 760.5 757 2500.0 591.4 4.2 -0.6 33 5.4
22 758.3 756 1587.5 590.7 2.7 -0.4 2.1 3.4
23 760.3 758 1347.0 592.2 2.3 -0.3 1.8 2.9
24 760.7 758 2007.3 592.2 3.4 -0.4 2.6 43
25 766.3 761 1718.4 594.6 2.9 -0.4 2.3 37
26 771.2 764 3110.7 596.9 5.2 -0.7 41 6.6
27 772.2 764 3958.0 596.9 6.6 -0.9 5.2 8.4
28 773.7 767 4469.4 599.2 7.5 -1.0 5.8 9.5
29 772.9 766 4661.3 598.5 7.8 -1.0 6.1 9.9
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30 767.9 762 5174.5 595.3 8.7 -1.1 6.8 11.0

31 768.2 764 5224.9 596.9 8.8 -1.1 6.8 111

32 765.0 760 2933.9 593.8 4.9 -0.6 3.9 6.3

33 770.2 765 3936.7 597.7 6.6 -0.9 51 8.4

34 769.2 764 3662.7 596.9 6.1 -0.8 4.8 7.8

35 768.2 763 29445 596.1 4.9 -0.6 3.9 6.3

36 763.2 759 2824.7 593.0 4.8 -0.6 3.7 6.0

37 762.2 759 3190.3 593.0 54 -0.7 4.2 6.8

38 761.9 759 3891.8 593.0 6.6 -0.9 51 8.3

39 772.0 766 6008.9 598.5 10.0 -1.3 7.8 12.7

40 769.9 764 2115.9 596.9 3.5 -0.5 2.8 4.5

41 762.2 760 1135.1 593.8 1.9 -0.3 1.5 24

42 766.6 763 1365.9 596.1 2.3 -0.3 1.8 2.9

Mean 532.7 7.1 -1.08 55 9.0

Rate (mm/y) in 0.004-0.59 0.003-0.46 0.005-0.75
Pleistocene
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Table 3. Seismic characteristics of Kheyrabad blind thrust.

Seismic Average Moment
moment (N.m) displacement (m) magnitude (Mw)
3.37x10% 0.43 4.7
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.(Berberian, 1979)
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Fig. 4. (a) Uplift and displacement of the marl unit along the branches of Kheyrabad blind thrust (F1 and (b) The amount
of shortening is related to the overlap and dip angle (o) of the thrust fault (Davis et al., 2012).
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Table 4. Determining the deformation parameters in the Kheyrabad thrust system

Fault F1 F2 Fs Fa Fs Fe F7 Fe Sum
Dip 20 35 35 26 55 35 35 50
Offset (cm) 300 300 65 80 330 55 125 70 1325
Overlap (cm) 282 246 53.2 72 189.3 45 102.4 45 1035
Uplift (cm) 102.6 172.2 37.2 35.1 270.3 315 71.7 53.6 774.4
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Table 5. Comparison of movement parameters of Kheyrabad blind thrust in the method of area-balancing and balancing

marl layers.
Method Uplift(mmly) Shortening(mm/y) Slip rate(mm/y)
Area balancing 0.003-0.46 0.004-0.59 0.006-0.75
Layer balancing 0.005-0.64 0.006-0.86 0.008-1.1
Area balancing (Pi-s) 0.004-0.56 0.005-0.72 0.007-0.91
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