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1- Introduction

During the evolution of orogenic belts in collisional zones, rock units undergoing deformation.
Deformation is the transformation from an initial to a final geometry using rigid body translation, rigid
body rotation, strain (distortion), and/or volume change (Dilation) (Ramsay and Huber, 1983). Folding,
faulting, and layer-parallel homogeneous shortening are three mechanisms for the deformation
(shortening) of layered rocks in orogenic belts (Dixon and Liu, 1992).

The amount of shortening involved can be calculated in various scales, from microscopic to regional
ones. On the regional scale, shortening can be calculated by restoration deformed structures to its
original pre-deformational state. When two convergent plates colliding symmetrically each other (with
the pure shear state), expects during active folding, symmetrical folds forming, but in conditions which
the convergence rates (CR) of two plates are unequal:

Have asymmetrical folds (and structures) been forming?

Do faults transfer mass rocks from hinterland to foreland?

Are the number of vergence movements in the plate with lower CR, is more than the other plate?

2- Methodology

For calculation of kinematic convergence vectors (KCV), based on surface structures, no investigation
performed in Sistan suture zone (SSZ) in Eastern Iran, so through analysis of folds and faults, the
amount of shortening involved, and KCV measuring in this region.

2-1-Calculation of shortening in folds

Based on precisely geological cross-section map (Guillou et al., 1983) which prepared from the studied
region, restored structures to its original state. Aim to this purpose, a cross-section with trending N60° in
the northern part of Sistan suture zone has been prepared (Figures 1 and 2).

Using Move software, the amount of shortening for 26 anticlines and synclines along the section
calculated which the average of shortening is 27.3 percent (Table 1).

2-2-Calculation of vergence in folds

Vergence concept using for structures which show the direction of movements in orogenic belts (Bell,
1981). The amount of vergence can be measured by tilting of axial planes of folds (angular shear, V).
Shear strain (Y') has a simple relation with angular shear: Tan ¥ = Y.
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By equation 1 and 2 (Ramsay and Huber, 1983), we can measure quadratic stretch and strain ratio
(Ellipticity), and with equation 3 (Ghassemi et al., 2010), the amount of vergence (stretch) can be
calculated:

2 I| 2
Y 4+24Y (Y4 4) Equation 1
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e = (J_ﬁ - 1) x* 100 Equation 3

Based on the calculation, the amount of vergence for SW and NE directions are 11.6 and 7.4 percent,
respectively (Table 1).
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Figure 1. (a) Location of the north Sistan orogenic belt (black square) and main Iranian belts. The
Zagros belt is made up of the Lorestan, Dezful, and Fars provinces. Arrows show GPS motions relative
to stable Eurasia (Vernant et al., 2004), (b) Geological, and structural map of north Sistan domain
(Jentzer et al., 2017).
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Figure 2. (a) Revised geological map of studied section in Fig.1b, (b) Cross section map of studied area with reconstructed of folds geometry.
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Table 1. Specifications of folds and its measurements.

| ot L | [ SRR | oo | v | AT
Fold 1 2977 2266 16 N158, 74NE 23.9 13.3 Ku Ih, Ku ab
Fold 2 2647 1900 1 N148, 89SW 28.2 0.9 Ku lc
Fold 3 1184.1 1037 4 N150, 86SW 12.4 3.4 Ku ssh
Fold 4 353.4 290 1 N149, 89SW 17.9 0.9 Ku ssh
Fold 5 584.9 451 7 N145, 83NE 22.9 6.0 Ku ssh
Fold 6 1522.7 1172 5 N147, 855W 23.0 43 Ku ssh
Fold 7 1373 934 15 N153, 75NE 32.0 12,5 Eo ssh
Fold 8 586.8 408 17 N151, 73NE 305 141 Eo ssh
Fold 9 861.5 607.3 7 N150, 83NE 29.5 6.0 Eo ssh
Fold 10 7185 507.9 1 N147, 89SW 29.3 1.0 Eo ssh
Fold 11 671.2 389 0 N150, 90 420 0.0 Eo ssh
Fold 12 570.6 354.3 4 N149, 86SW 37.9 3.4 Eo ssh
Fold 13 918.9 579 5 N154, 85NE 37.0 43 Eo ssh
Fold 14 2632 2109 2 N149, 885W 19.9 1.7 KUK;b’SSQl'J .
Fold 15 920 682 10 N148, 8ONE 25.9 8.4 Pel
Fold 16 2139.7 1835 10 N160, 8ONE 14.2 8.4 Ku ssh
Fold 17 1189.8 1001.5 4 N153, 86NE 15.8 34 Kul
Fold 18 866.5 633.7 3 N151, 87SW 26.9 2.6 Kul
Fold 19 669.2 402.5 23 N150, 67SW 39.9 19.0 Ku ssh
Fold 20 990 548.5 39 N152, 5INE 44.6 326 Ku ssh
Fold 21 725 4455 24 N153, 77SW 38.6 19.8 Eors, Eorc
Fold 22 656.3 493.2 20 N158, 66SW 24.9 16.6 Eors, SES% rc, Eo
Fold 23 452.7 303.9 13 N154, 77SW 32.9 10.9 Eorc
Fold 24 765.7 643.3 14 N152, 765W 16.0 117 Eorc
Fold 25 1248.6 1047 14 N153, 765W 16.1 11.7 Eors
Fold 26 12965 941.9 8 N154, 82SW 27.4 6.8 Eors
27.3 Average

2-3-Calculation of shortening in faults

For irrotational strain conditions, the principal stress axes are parallel with principal strain axes (PSA),
so, with determination of PSA and equation 4 (Krantz, 1988,1989), we can estimate the amounts of
shortening in the onset of faulting.

Cos?o = .1 Equation 4
X R

The angle a is measured between the Y-axis and the intersection of the fault plane with the YZ plane

(the strike of the fault with the Z-axis vertical).

When fault slip data are too complex to be interpreted by a single stress tensor, because of a mechanical

incompatibility, generally due to superimposed tectonic events, we separated homogeneous fault subsets
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based on both fault orientation and striation. So, for separation of fault subsets, we use Wintensor
software (Delvaux, 2018). Based on the collection of fault slip data, the stress regime has been
determined by using an inversion method (e.g., Angelier, 1984).

The central aspect of this approach is to solve an inverse problem, according to Wallace - Bott’s
principle (Yamaji, 2005). This inverse problem is to determine the stress tensor knowing the direction
and the sense of slip on a statistically relevant number of faults.

Here we used TectonicFP (Ortner et al., 2002) software in direct inversion mode. This method assumes
that the striation occurs in the direction of the resolved shear stress (the tangential stress, i.e., the
projection of the applied stress on the fault plane) on each fault plane, the fault plane being the
preexisting fracture.

60 striated fault planes were examined and measured along the section, and results show three various
stress regime in the studied region :

First phase in ophiolite domain: Z=61,192 Y=29,9 X=1,100
Second phase in ophiolite domain: Z=3 ,115 Y=84,241 X=5,24
Sedimentary domain: Z=4,268 Y =84,108 X=1,358

2-4-Measurement of net slip on faults

In collisional zones, lots of shortening involved with faulting and through specific markers (like
bedding, dykes, ...) net slip on faults can be measured (Ghosh, 1993). Net slip on faults for many of
them which cross the section measured but for some of them (because of lacking any markers) no
measurements had measured, therefore, with using artificial neural network (ANN) net slip for faults
without any markers have been predicted. The amounts of net slip on all faults show in Table 2.

3- Result and discussion

In indention tectonics like Himalaya belt, we can see transferring mass rocks for the hinterland to
foreland (Kearey and Vine, 2006), but in two mobile convergence plates how the orientations of KCV
changed. For instance, two mobile Lut and Afghan blocks after separating from Gondwana, how
variations on KCV had occurred during its evolutions. Whether collision of two blocks with pure shear
state and equal CR or simple shear state and unequal CR had occurred. So, by analysis of the vergence
of structures, we can recognize which plates have more CR respect to the other plate.

Expected during the collision of two mobile blocks, the block with more CR causes transferring mass
rocks from active margin to passive margin and show tectonic transfer direction. Based on previously
studied in the SSZ, the vergence direction has to trend toward southwest (e.g., Tirrul et al., 1983) and
direction of subduction has to trend toward northeast (e.g. Camp and Griffis, 1982; Tirrul et al., 1983;
Babazadeh and De Wever, 2004; Fotoohi Rad et al., 2005; Saccani et al., 2010 ; Brocker et al., 2013).

4- Conclusion

Our results show that the amounts of shortening involved, for folds and faults, are 27.3 and 13.6 percent
respectively. The amounts of vergence for folds and faults in the direction of SW are 11.6 and 22.82
percent respectively. Likewise, the amounts of vergence for folds and faults in the direction of NE are
7.4 and 19.38 percent respectively.

As a result, at least 7.7 percent the amount of CR of Afghan block is more than CR of Lut block, which
confirming the studies mentioned in the discussion.
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Table 2. Specifications of faults and its measurements.

No. Strike Dip Shorg/i ning Leznm%th Slz\é(z:n) Calculation Ve;?r:e)nce o fD \i/rgfég:le
Fault 1 N 01 88 E 1.7 26500 6800 Measured 2874 SW
Fault 2 N 145 85 NE 2.7 5100 169 Predicted 29 SW
Fault 3 N 05 B5W 1.7 18000 1340 Measured 650 NE
Fault 4 N 175 80 W 2.3 14000 1755 Measured 543 NE
Fault 5 N 01 60 W 9.3 3650 2066 Predicted 1126 NE
Fault 6 N 110 75 NE 5.8 800 86 Measured 86 NE
Fault 7 N 115 70 NE 6.2 550 117 Measured 100 NE
Fault8 | N 165 | 75SW 4.6 3500 2053 Predicted 462 NE
Fault 9 N 170 75 NE 7.8 3500 1049 Predicted 248 SW
Fault10 | N170 | 75NE 7.8 11000 799 Predicted 258 SW
Fault11 | N 170 75 NE 7.8 11500 1100 Measured 321 SW
Fault 12 | N 160 80 NE 2 2900 473 Predicted 175 SW
Fault13 | N120 | 80NE 0.5 3600 421 Predicted 26 SW
Fault 14 | N 140 75 NE 1.7 2600 406 Predicted 9 SW
Fault15 | N 155 | 88SW 7 19500 2642 Predicted 639 SW
Fault 16 | N 155 70 SW 11.3 4100 3002 Predicted 7 NE
Fault17 | N 145 | 70 SW 10.8 11500 1100 Measured 292 NE
Fault18 | N 145 | 55SW 15.2 9300 3136 Predicted 2402 NE
Fault19 | N 135 60 SW 9.5 3500 3372 Predicted 873 NE
Fault20 | N 135 | 88 NE 3 3000 1694 Predicted 10 SW
Fault21 | N 160 70 NE 12.6 25000 2235 Measured 491 SW
Fault 22 N 20 70 NW 15 3600 440 Measured 342 NE
Fault 23 | N 130 70 SW 15.2 11900 2815 Predicted 2260 SW
Fault24 | N 145 30 NE Inferred
Fault25 | N 155 | 80 NE 9.8 2700 1637 Predicted 1164 SW
Fault 26 N 10 60 NW 6.5 1500 88 Measured 53 NE
Fault27 | N110 | 65NE 3.6 3300 479 Measured 348 SW
Fault 28 | N 130 75 NE 8.8 13000 365 Measured 74 SW

Fault29 | N 110 60 NE 5.7 2100 1981 Predicted 232 NE
Fault30 | N100 | 88SW 2.2 7100 1780 Measured 930 SW
Fault31 | N 110 80 NE 2 3600 500 Measured 289 SW
Fault32 | N110 | 70 NE 49 1750 14 Measured 9 SW
Fault 33 | N 150 70 SW 5 4600 3901 Predicted 524 SW
Fault34 | N20 55 NW 12.3 2000 39 Measured 32 NE
Fault 35 | N 165 70 NE 153 8000 2527 Predicted 988 NE
Fault 36 | N 145 60 NE 143 2200 150 Measured 65 SW
Fault 37 | N 150 65 SW 11 10000 1045 Measured 141 NE
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Table 1. Specifications of anticlines and synclines along the cross section, including strike and dip of axial plane, Intial length,

Final length, shortening, affected rock units, amount and sense of vergence.
Fold Intial Final g o Strike_and Dip | Shortening | S Shape | Z Shape Affectegl
Length(m) Length(m) of Axial Plane (%) % % Rock Units
F1 2960 2254 16 N158, 74NE 239 13.3 Ku Ih, Ku ab
F2 2647 1900 1 N148, 89SW 28.2 0.9 Kulc
F3 1184 1037 4 N150, 86SW 12.4 34 Ku ssh
F4 353 290 1 N149, 89SW 17.9 0.9 Ku ssh
F5 585 451 7 N145, 83NE 229 6 Ku ssh
F6 1523 1172 5 N147, 855W 23 4.3 Ku ssh
F7 1373 934 15 N153, 75NE 32 12.5 Eo ssh
F8 587 408 17 N151, 73NE 30.5 14.1 Eo ssh
F9 861 607 7 N150, 83NE 29.5 6 Eo ssh
F10 719 508 1 N147, 89SW 29.3 0.9 Eo ssh
F11 671 389 0 N150, 90 42 - - Eo ssh
F12 571 354 4 N149, 86SW 379 3.4 Eo ssh
F13 919 579 5 N154, 85NE 37 4.3 Eo ssh
F14 2632 2109 2 N149, 88SW 19.9 1.7 Ku ssh. Ku ab, Ku ¢
F15 920 682 10 N148, 80NE 25.2 8.4 Pe |
F16 2140 1835 10 N160, 8ONE 14.2 8.4 Ku ssh
F17 1190 1002 4 N153, 86NE 15.8 3.4 Kul
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F20 990 549 39 N152, 51INE 44.6 32.6 Ku ssh
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F24 766 643 14 N152, 76SW 16 11.7 Eorc
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F26 1297 942 8 N154, 82SW 27.4 6.8 Eors
Average 27.3% 11.6 % 74 %
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Fig. 6. (a) Faults intersect with cross section, (b) faults in Ophiolite domain, (c) faults in Sedimentary domain
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Fig. 7. Separated faults related to defferent deforming phases, based on observation and inversion analysis along the
studied area,

(a) First phase of stress field in Ophiolite units Z= 3,115 Y = 84 241 X= 5,24
(b) Second phase of stress field in Ophiolite units = 61,192 Y = 29 '3 X = 1,100
(c) stress field in Sedimentary units Z= 4 268 Y = 84 108 X= 1,358
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Table 2. The amount of shortening, sense of verganece and affected rock units of 38 faults which intersect the cross section.

Fault Shortening(%) | Vergence Rock Units Fault Shortening(%) Vergence Rock Units
F1 1.7 SW Ophiolite F20 3 SW Sedimentary
F2 2.7 SW Ophiolite F21 12.6 NE Sedimentary
F3 1.7 NE Ophiolite E22 15 SW Sedimentary
F4 2.3 NE Ophiolite F23 15.2 NE Sedimentary
F5 9.3 NE Sedimentary | F24 Inferred ¢ Sedimentary
F6 5.8 sw Sedimentary F25 9.8 sSwW Sedimentary
F7 6.2 sw Sedimentary F26 6.3 sSwW Sedimentary
F8 4.6 NE Sedimentary | F27 3.6 SW Sedimentary
F9 7.8 NE Sedimentary | F28 8.8 NE Sedimentary

F10 7.8 SW Ophiolite F29 5.7 SW Sedimentary

F11 7.8 SW Ophiolite F30 2.2 NE Sedimentary

E12 2 SW Ophiolite F31 2 NE Sedimentary

F13 0.5 SwW Ophiolite F32 49 NE Sedimentary

F14 1.7 SwW Ophiolite F33 5 NE Sedimentary

F15 7 NE Ophiolite F34 12.3 sSwW Sedimentary

F16 11.3 NE Ophiolite F35 15.3 NE Sedimentary

F17 10.8 NE Ophiolite F36 14.3 NE Sedimentary

F18 15.2 NE Ophiolite F37 11 SW Sedimentary

F19 9.5 NE Sedimentary F38 Inferred N Sedimentary

i. Fault 36

h. Fault 29

g. Fault 30
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Fig 8. Fault planes with its striation which intersect the cross section. (a) fault 1 in Ophiolite unit, view NW, (b) fault 4 in upper
cretaceous hippuritic limestone unit, view SW, (c) fault 7 in upper cretaceous hippuritic limestone unit, view SE, (d) fault 14 in

Ophiolite unit, view NW, (e) fault 20 in upper cretaceous conglomerate unit, view SW, (f) fault 26 in Paleocene-Eocene limestone
unit, view SW, (g) fault 26 in Paleocene-Eocene limestone unit, view N. (h) fault 29 in Paleocene-Eocene limestone unit, view NE,

(i) fault 36 in Paleocene-Eocene limestone unit, view NW.
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Table 3. Specifications of 17 faults have intersection with cross section including: strike, dip, dip direction, length, strike
separation and Affected Rock Units.

Fault Strike Dip Affected Rock Units Length(m) | Net Slip(m)
F1 NO 88E Ophiolite 26500 6800
F3 N5 75W Ophiolite 18000 1340
F4 N 175 80W Ophiolite 14000 1755
F6 N 110 75NE Ku hl 800 86
F7 N 115 TONE Ku hl 550 117
F11 N 170 75NE Ophiolite 11500 1100
F17 N 145 70SW Ophiolite 11500 1100
F21 N 160 70NE Ku cl 25000 2235
F22 N 20 TONW Ku ssh 3600 440
F26 N 10 60NW Pel, Kuhl 1500 88
F27 N 110 65NE Pe I, Ku hl, Ku ab, Ku ssh 3300 479
F28 N 130 75NE Pel, Kuhl 13000 365
F30 N 100 88 SW Pe |, Ku hl, Ku ab, Ku ssh 7100 1780
F31 N 110 80 NE Ku ssh 3600 500
F32 N 110 70 NE Ku ssh 1750 14
F34 N 20 55 NW Ku I, Ku ssh 2000 39
F36 N 145 60 NE Ku I, Ku ssh 2200 150
F37 N 150 65 SW Ku ssh, Pe | 10000 1045
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Table 4. The amounts of correlation and errors for the result calculated from artificial neural network analysis for learning, test,

validation and all data.

R square | MAPE | RMSE MSE | VARE | MEDAE | VAF | MAE
All 0.97 175 221 48942 17.17 -29.47 97 176
Train 0.98 187 201 40456 | 22.68 -55.7 98 165
Test 0.78 197 313 97856 7.68 -26.9 77 252
Valid 0.73 45 103 10517 0.11 715 65 96
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Table 5. Specifications of faults with its net slip which calculated with artificial neural network.
Fault Strike Dip Affected Units | Length(m) | Net Slip(m)
F2 N 145 85 NE Ophiolite 5100 169
F5 NO 60 W Ku hl 3650 2066
F8 N 165 | 75SW Ku hl 3500 2953
F9 N 170 75 NE Ku hl 3500 1049
F10 N 170 75 NE Ophiolite 110000 799
F12 N 160 | 80 NE Ophiolite 2900 473
F13 N 120 | 80 NE Ophiolite 3600 421
F14 N 140 | 75NE Ophiolite 2600 406
F15 N 155 | 75SW Ophiolite 19500 2642
F16 N 155 | 70 SW Ophiolite 4100 3002
F18 N 145 | 55SW Kucl 9300 3136
F19 N 135 | 60SW Kucl 3500 3372
F20 N 135 88 NE Kucl 3000 1694
F21 N 130 | 77SW Kucl 11900 2815
F24 N 145 30 NE Ku ssh 3810 3014
F25 N 155 80 NE Ku ssh 2700 1637
F26 N 110 60 NE Ku ssh 2100 1981
F30 N 150 | 70 SW Pel, Kuhl 4600 3901
F34 N 165 70 NE Kul 8000 2527
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Table 6. The amounts of double vergence for faults along the cross section.
Vergence to Horizontal Vertical Vergence Horizontal Vertical
S Vergence(m) Vergence(m) to NE Vergence(m) Vergence(m)
F1 2874 1180 F3 650 647
F2 29 29 F4 543 580
F9 248 428 F5 1126 1370
F10 258 264 F6 86 34
F11 321 363 F7 100 39
F12 175 197 F8 462 344
F13 26 376 F16 77 965
F14 9 34 F17 292 353
F15 639 0 F18 2402 1968
F20 10 294 F19 873 2529
F21 491 1350 F22 342 0
F23 2260 1305 F24 Inferred ¢
F25 1164 1103 F26 53 28
F27 348 198 F29 232 637
F28 74 227 F34 32 7
F30 930 1143 F35 988 1711
F31 289 199 F37 141 324
F32 9 1 F38 Inferred ¢
F33 524 207 Total 9109
F36 65 112
Total 10743
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Fig 9. Schematic map of a subduction zone and tectono-sedimentary elements in two convergent plate tectonics. Modified after
Allen and Allen (2005).
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