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Abstract 

The Makran Accretionary Prism (MAP) is one of 

the largest accretionary prisms in the world. It is the 

result of convergence, initiated during the Late 

Cretaceous, between the Arabian and Eurasian plates. 

The MAP has grown seawards by frontal accretion and 

underplating of trench-fill sediments since the Miocene. 

Today, the system is characterized by a shallow dipping 

slab (<2°), great sediment thickness (>7 km) in the 

foreland of the Oman Sea and a wedge width of >500 

km, >300 km of which are exposed onshore. New 

mapping and structural sections document the 

stratigraphic and structural developments of the central 

Makran Accretionary Wedge (MAW) in southern Iran. 

Four main tectono-stratigraphic provinces were 

distinguished, which are from north to south: North-, 

Inner, Outer and Coastal Makran. North Makran is 

dominated by mafic to intermediate igneous rocks and 

tectonic mélanges in which igneous rocks and 

Cretaceous deep-water marine sediments are involved. 

Locally, Upper Cretaceous shallow-water limestone 

unconformably covers deformed Cretaceous sediments 

and igneous rocks. In addition, the first turbiditic 

sequences containing mafic fragments were deposited 

during the Late Cretaceous. To the south, above the 

Ghasr Ghand Thrust (Inner Makran), turbiditic 

deposition of sandstone and shale took place during the 

Early Eocene and Early Miocene with an upward 

thickening and shallowing trend. Younger sediments, 
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Early–Middle Miocene, crop out mainly in Outer 

Makran, between the Ghasr Ghand and Chah Khan 

Thrusts. They consist of shallow-water carbonates with 

Burdigalian (ca. 20–17 Ma) sandstones and marls. 

Coastal Makran, to the south, represents a wedge-top 

basin with a shallowing-upwards sequence from slope 

marls to coastal and continental deposits. All the 

provinces, Coastal Makran excepted, are covered 

unconformably by a large olistostrome including giant 

blocks of igneous and sedimentary rocks from North 

Makran and of sediments from Inner 

Makran. This olistostrome was emplaced during the 

Tortonian (11.6–9.6 Ma). The main tectonic activity took 

place during the Early to Middle Miocene as 

documented by unconformities and growth structures. 

Shortening was accommodated by regional-scale E-W 

trending thrusts. The Outer and Coastal Makran are 

much less deformed than the inner region. The typical 

structures in this area are open synclines with long (>20 

km) wavelength and low amplitude alternating with 

tighter anticlines. Recent normal faults are common in 

Coastal Makran. Low temperature thermochronology 

(apatite and zircon fission-track ages) provides new time 

constraints on the evolution of the MAW. All apatites of 

Late Cretaceous to Miocene age have undergone partial 

annealing (60º–110º) after sedimentation. This implies 

that these sediments were never buried to temperatures 

reaching the full closure of the apatite fission-track 

system. The presently outcropping sequences were 

exhumed above a major décollement, possibly along the 
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Upper Oligocene shales, at a depth of about 5–6 km. In 

agreement with the burial temperatures estimated from 

apatites, the zircon ages were nowhere reset and hence 

yield detrital grain ages. Combining the new 

stratigraphic data and the apatite fission-track ages, a 

general progression of deformation is revealed passing 

from north to south, from <23 Ma in North Makran to 

about 7.9 Ma in Outer Makran. Out of sequence 

thrusting is due to post-olistostrome reactivation of older 

thrusts. 

Introduction: 

General Background 

 

The Makran is one of the largest accretionary 

wedges on Earth. Located in SE Iran and South Pakistan, 

it extends ca. 1000 km from the Strait of Hormuz in the 

west to near Karachi in the east. The width of the wedge 

is 300-350 km from the offshore front of deformation to 

the depressions of Jaz Murian in Iran and Mashkel in 

Pakistan. More than half of the wedge is exposed on 

land. The other half, the active, frontal one, is below sea 

level. The Makran Accretionary Wedge (MAW) is an 

excellent example to study the geology and structures of 

an active convergent plate boundary involving 

subduction of the oceanic lithosphere. The elevation of 

the east-west trending mountain range rises from the 
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coast up to 1800m in the north, along the southern border 

of the Jaz Murian Depression (Figure 1), which is about 

350 m a.s.l. in its central part. The vegetation and the 

human population of the area are mostly concentrated 

along the rivers and the coast. 

 

Figure 1: Geographic location of the Makran accretionary 

wedge in the frame of the surrounding mountain ranges. 

(background image, from ETOPO 5, 

http://www.ngdc.noaa.gov/mgg/global/etopo5.thml) 

Geodynamic setting 

Geodetic measurements indicate that the active 

convergence rate between Arabia and the Makran coast, 
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measured between Mascat, in Oman, and Chabahar, on 

the Iranian Coast, is ca. 1.9 cm/year (Figure 2). The 

present-day convergence rate between the Makran coast 

(Chabahar GPS) and stable Eurasia is ca. 8 mm/year 

(e.g. Vernant, et al. 2004) (Figure 2). 

 

Figure 2: Horizontal velocity of the Middle East region 

superimposed on topography. The reference point is fixed in 

Eurasia (after Vernant et al. 2004). 

The oceanic lithosphere of the Arabian plate is 

subducting northward under the Iranian Lut block and 

the Afghan/Helmand (also named Farah in old literature) 

Block (e.g. Stoneley 1974; Jacob and Quittmeyer 1979; 

McCall and Kidd 1982; Dercourt et al. 1986). The east–
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west-trending Makran is located between two, nearly N–

S transform fault systems. To the west, the dextral 

Minab Fault separates the Makran subduction zone from 

the Zagros continent–continent collision zone (e.g. 

Stöcklin 1968; Bird et al. 1975). To the east, the sinistral 

Chaman–Ornach–Nal fault system and its offshore 

continuation, the Owen fracture zone, separate Makran 

and the Arabian plate from the Indian continent (Figure 

3), which moves northward at 4–5 cm/a with respect to 

Eurasia (e.g. Paul et al. 2001 and Molnar 2009). 

 

Figure 3: Tectonic setting of the Makran Accretionary wedge. 

Square: study area (background image, from ETOPO 5, 

http://www.ngdc.noaa.gov/mgg/global/etopo5.thml). 

The magnetic anomalies of the Arabian oceanic 

crust in the Oman Sea are insufficiently clear to estimate 

its crustal age. Models of thermal cooling based on the 

mean surface heat flux of 42.6±3.6 mW m-2 suggest an 
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age of 70–100 Ma (Hutchison et al. 1981). These authors 

noted that this age is consistent with the sediment-

corrected basement depths of 5.5– 6.0 km and would 

place formation of the oceanic crust into the Cretaceous 

quiet zone. 

The age of the Makran volcanic arcs (Bazman in 

Iran and Chagai Hills in Pakistan) suggests that 

subduction started in the Late Cretaceous (e.g. Arthurton 

et al. 1982; Berberian et al. 1982). 

The Quaternary Baluchistan volcanic arc, which 

stretches from north of the Chagai Hills at the 

Pakistan/Afghanistan border into SE Iran, is associated 

with the ongoing Makran subduction zone (Figure 3 and 

Figure 4). Three major volcanic centres, Bazman, Taftan 

and Kohi-Sultan form a ca. 300 km long belt (e.g. Jacob 

and Quittmeyer 1979; Berberian et al. 1982). The two 

large depressions to the south of Bazman and Koh-i-

Soltan, Jaz Murian and Hamun-I-Mashkel, have been 

interpreted as forearc basins (Farhoudi and Karig 1977). 

The 

relatively large, 400–600 km gap between the trench and 

the volcanic arc suggests that the subducting plate dips 

only 1-2º to the north (Figure 4). Shallow subduction is 

consistent with seismic data (e.g. White and Klitgord 

1976; White and Louden 1982) and earthquake focal 

mechanisms (e.g. Jacob and Quittmeyer 1979; Byrne et 

al. 1992; Engdahl et al. 2006; Alinaghi et al. 2007). 
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Figure 4: N–S section across Western Makran (60°E) after 

Jacob and Quittmeyer (1979). Lower shaded band = upper 

boundary of the descending oceanic lithosphere of the 

Arabian plate. The subduction slope increases below the Jaz 

Murian depression, interpreted as forearc basin. Circles 

represent events projected from up to 200 km to the east of the 

section line, triangles from up to 200 km to the west. Filled 

symbols = events for which depth is constrained by at least 

one depth phase; open symbols = events whose depth is 

determined by minimizing the residuals of first P arrivals. 

Tension axes (small arrows) of events A and B are calculated 

from focal mechanisms. 

Seismic tomography images also a shallow slab 

below the Eurasian continent (Bijwaard et al. 1998 and 

Hafkenscheid et al. 2006) (Figure 5). 
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Figure 5: Interpolated tomography (background image, from 

Hafkenscheid et al. 2006) and earthquakes (white circles, after 

Engdahl et al. 2006) with subducting slab (thick white line 

drawn after Jacob and Quittmeyer 1979). Number -100 

indicates the approximate location of the trench. Tomography 

section located Figure 3. 

Seismic data across onshore Iranian Makran are 

not available but profiles across the coastal Pakistani 

Makran (e.g. Harms et al. 1984; Ellouz-Zimmermann et 

al. 2007) and the offshore Makran (e.g. White and 

Klitgord 1976; White and Louden 1982; Minshull et al. 

1992; Kopp et al. 2000; Figure 6 and Figure 7) are 

available. Wide angle seismic lines show an oceanic 

crustal thickness of ca. 9 km to the south of the trench 

(Fig. 1-6). The oceanic crust is covered by >7000 m of 

undeformed sediments at the front of the wedge. The 
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total thickness of deformed and undeformed sediments 

reaches >10 km near the coast line (e.g. White and 

Louden 1982; Harms et al. 1984; Kopp et al. 2000; Fig. 

1-6). Interpretation of wide-angle and reflection seismic 

data place a décollement at a depth of ca. 3-4 km near 

the deformation front (Figure 6). Sediments above the 

décollement are folded and thrust (e.g. White and 

Klitgord 1976; Harms et al. 1984 ; Grando and McClay 

2006; Ellouz-Zimmermann et al. 2007; Figure 7). The 

sediments below the décollement move with the 

subducting oceanic crust (underplating of Platt, 1985) 

beyond at least the coast line (Kopp et al. 2000). 

 

Figure 6: (a) Wide-angle seismic velocity model of offshore 

Makran (Kopp et al. 2000). Sediment thickness is 4-5 km in 

front of the Makran wedge and > 10 km near the coast line. 

Cross-section located in Figure 3. (b) Seismic interpretations 

across the wedge placing underplated sediments below a 

shallow dipping décollement. 

The main accretion phase of the emerged wedge 

produced growth structures of Late Miocene to Early 

Pliocene age (Figure 7). Since the Late Pliocene, the 

coastal Makran and the mid-slope area have experienced 

surface uplift, normal faulting, shale extrusion and 

shortening (Harms et al. 1984; Grando and McClay 

2006; Figure 7). 
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Figure 7: (a) N–S seismic profile across offshore Makran. In 

front of the prism, the M unconformity separates the fan 

deposits of Himalayan turbidites from the shelf–slope 

sediments of Makran sands. a´ = interpretation after Grando 

and McClay (2006) of seismic line in a, located in Figure 3. 

The recorded seismicity in Makran is very low 

compared to the adjacent areas and most other 

subduction zones (Figure 8). Byrne et al. (1992) suggest 

two seismically different segments. The western segment 

does not record any large historic event, nor has modern 

instrumentation detected any shallow event for the past 

25 years: most earthquakes occur at about 70 km depth, 

within the down-going plate. In contrast to the west, 

earthquakes are common in the costal eastern segment 

and one large event (MW 8.1, November 1945) 

occurred at a depth of 30 km and propagated eastward 

along approximately 200 km of the length of the 

subduction zone (e.g. Page et al. 1979; Byrne et al. 1992 

and Page et al 1979). Byrne et al. (1992) suggest 

segmentation of the subduction zone below central 

Makran where two seismic events showed dextral strike-

slip motion (Figure 8). 
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Figure 8: Major focal mechanisms over the MAW and 

adjacent areas. Hypocenters in 4 depth intervals: 0–30 km 

(black shaded); 30–60 km (dark grey shaded); 60–100 km 

(light grey shaded); and >100 km (very light grey shaded) 

compressive quadrants. Two dextral strike-slip events 

(arrowed) occurred on the boundary between the western 

(shaded) and eastern (non-shaded) segments. Data compiled 

from Quittmeyer and Kafka 1984; Laane and Chen 1989; 

Jacob and Quittmeyer 1979; Byrne et al.1992 and the Harvard 

CMT database. 

A temperature gradient of about 20ºC km-1 was 

measured in wells in the onshore Pakistani Makran 

(Harms et al. 1984; Khan et al. 1991). 

Motivation of this thesis and methods employed 

The main goal of this project was to study the 

rheology of the accretionary wedge, especially the 

deformation behaviour of fluid saturated, porous rocks, 

and to investigate the interaction between deformation of 

the lithosphere and erosion and deposition on the 
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surface. As discussed by Platt and Sathyendranath 

(1988), theories on the internal dynamics of wedges need 

to be confronted with observation, but actual tests are 

lacking because most active examples are submerged 

and ancient wedges have been affected by later tectonics. 

Most of the recent accretionary wedges (Barbados, Costa 

Rica, Nankai, Western Mediterranean) are submarine. 

Their large-scale characteristics are interpreted 

from seismic profiles (e.g. Westbrook et al. 1988; 

Fruehn et al. 2002) and many sand-box experiments have 

simulated their bulk behaviour and growth (e.g. 

Westbrook et al. 1988; Schott and Koyi 2001; Kukowski 

et al. 2002). This study examines the on-shore MAW, 

which escaped collision. Excellent exposures allow 

placing any particular structure in its geological and 

regional context, which is difficult in submarine or less 

well exposed wedges like Taiwan. One aim was to 

evaluate the past and current deformation rates and total 

shortening associated with passed and active faulting, 

folding and penetrative deformation. We were 

particularly interested with two parameters of the 

dynamic equilibrium: 1) the internal 

deformation/rheology and 2) deformation/erosion 

coupling. Results were used to evaluate the variability 

and shifts in the style (compression versus extension) 

and location of deformation. Additionally, and key to 

this thesis, the project was also to produce a modern 

transect across the Makran to understand its role among 

the Tethys suture zones. First reconnaissance surveys 
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have revealed that previous geological maps are less 

reliable than we expected. Consequently, basic fieldwork 

including the re-evaluation of stratigraphic ages and 

standard structural geology were necessary. The main 

objectives of this work are therefore (1) field geological 

studies and mapping to understand the internal 

deformation and stratigraphy of the inland Makran 

wedge and (2) low-temperature thermochronology to add 

a time framework to the studied structures and to 

quantify exhumation rates and erosion-denudation. 

Geology 

The main field studies were performed and 

geological maps of the MAW published more than 30 

years ago. More recent studies are based on these 

previous geological maps, which were found to include 

important stratigraphic and structural errors. We 

surveyed detailed sections with systematic sampling for 

stratigraphy, geochronology and thermochronology 

purposes in order to draw a new geological map of the 

central part of the on-shore MAW. Field data, digital 

elevation models, analysis of multi spectral satellite 

images, biostratigraphic information and radiometric 

dating (U/Pb) on ash layers yielded significant 

information forcing to change fundamentally the existing 

maps. 

Four main structural units with different 

lithostratigraphic and deformation histories are separated 

by major thrust zones (Figure 9): 
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- North Makran contains Lower–Upper 

Cretaceous deep-marine sediments and volcanic 

rocks, in part assembled in tectonic mélanges. Ultramafic 

rocks were attributed to a JurassicPaleocene ophiolitic 

complex (McCall 1982). North Makran is weakly 

deformed. 

- Inner Makran: consists of siliciclastic Eocene to 

Upper Oligocene and Miocene turbidites. Usually 

upward-thickening and –coarsening of the sedimentary 

layers indicate progradation of submarine fans. Close-

tight folds and faulting/thrusting developed during 

Miocene, N–S compression. 

- Outer Makran exposes mostly Lower-Middle 

Miocene sediments including sandstones, marls and 

locally shallow-water limestones. Open and large folds 

with a weak axial plane cleavage indicate lesser 

shortening than in Inner Makran. 

A widespread Tortonian olistostrome covered the 

three previous units. 

- Coastal Makran comprises sediments younger 

than Late Miocene. They are typical of shelf deposition 

which persisted in places up to Pleistocene times. 

Coastal Makran is only weakly deformed but exposes 

normal faults not seen in other units. 
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Figure 9: New geological map of the study area. 

Coastal Makran 

Coastal Makran forms the footwall of the Chah 

Khan Thrust Sheet and extends to the coast of the Gulf 

of Oman. Observed structures are essentially folds and 

faults. 

Folds 

Measurements and sections across Coastal 

Makran show open-gentle, rounded-blunt folds with very 

long wavelengths (>10 km) and low amplitudes (Figure 

10, Sections C to F). These folds are essentially 

symmetric, except south-vergent folds below the Chah 

Khan Thrust (Section B–C). Folds become relatively 

wider and more gentle southward (Figure 10). Absence of 
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axial plane cleavage and open folds indicate very weak 

deformation. 

 

Figure 10: Sections across Coastal Makran; Dar Pahn (Dp), 

Metesang (Me) and Chabahar (Ch) Units. Folds are wider in 

the south. Measurements in grey were borrowed from the 

published geological maps of the area. 

 

Fold axis measurements define nearly E–W folds 

exposed for several kilometres show fold axes plunging 

shallowly in either direction (Figure 11). Layer 

measurements are consistent with the trends of the fold 

axes. 

 

Figure 11: Fold axes (a) and layer measurements (poles) in 

Coastal Makran. 
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Paleostress regimes from brittle faults 

Introduction 

Several brittle fault zones were found in the 

studied part of MAW. The faults can be classified into 

three main populations (Appendix B): (1) Almost E–W 

striking thrusts; (2) NE–SW sinistral and NW–SE dextral 

strike slip faults; (3) nearly E–W striking normal faults 

occurring mostly near the coast. Paleostress tensors were 

calculated for all fault zones in order (1) to characterise 

the different sets and (2) to define the related stress 

tensors by inverse calculation. 

Method 

Many fault planes were measured throughout the 

mapped MAW. The shear sense was determined using 

classical kinematic indicators (e.g. Petit, 1987), such as 

the growth direction of mineral fibres, which usually are 

calcite. Isolated measurements were discarded, keeping 

963 fault-slip data that represent 64 sites (Figure 12 and 

Table 1). These fault sites are mainly located in major 

thrust zones, usually within uniform lithologies; they are 

usually observed over less than 200 m (at two sites over 

more than 200 m) but over a distance sufficient to ensure 

a reliable kinematic analysis. Each site comprises ten to 

twenty fault data with orientations measured to be 

varying as much as possible. The rake is according to the 

slip direction of the hanging wall with respect to the foot 

wall. It is measured from the strike direction and is 



Stratigraphy, structural geology and low-temperature thermochronology across the 

Makran accretionary wedge in Iran 
 

19 
 

positive counter clockwise (e.g. sinistral movement has a 

rake value of 180º, normal -90º and reverse +90º). 

 

Figure 12: a) Principal stress axes projected onto the Figure 9 

geological map. Locations (numbers) are given in Table 1. 

Inward and outward pointing arrows are maximum and 

minimum principal stress directions, respectively. Bars 

indicate the intermediate principal stress direction. Strike, dip 

and rake (b, c and d) defined in the text for the 963 fault data 

from the 64 locations. 
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The principal stress directions, S 1 (longest, 

compression), S 2 (intermediate) and S 3 (smallest, 

extension) were first approximated from bisecting and 

intersection directions of conjugate faults found in the 

field. This quick and simple estimate helped controlling 

the computer results. Paleostress inversion methods (e.g. 

Angelier, 1984; Etchecopar and Malavieille 1984, Burg 

et al. 2005) rely on the assumption that shear stress is 

parallel to the slip direction (Wallace, 1956; Bott, 1959), 

which is in turn given by fault striations. This 

assumption is acceptable, except when faults closely 

interact (Angelier, 1994; Dupin et al. 1993). Inversion 

methods seek principal stress directions, S 1, S 2 and S 3 

with the S 1 direction as close as possible to that of the 

measured slicken lines (Appendix C) and calculate 

magnitude ratios r0= (σ1-σ2)/(σ1-σ3) characterizing the 

shape of the stress ellipsoid. This approach is very 

successful in regions where finite strain is moderate 

because the requirement that a homogeneous state of 

stress has activated a significant subgroup of data is 

more likely to hold in such situations. In regions where 

the total strain is large, as in North and Inner Makran, a 

global analysis probably exceeds the limits of the 

method. However, faulting and folding typify 

deformation localized in space and time since these 

faults and folds are diachronous mechanical instabilities 

(e.g.; Cowie and Scholz, 1992). Therefore, separate sites 

may reflect juxtaposed episodes of moderate 

deformation for which the analytical method remains 
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valid. Then, each result should be a reasonable solution 

documenting a local and temporal stage or state of stress. 

Data processing was carried out with the Fault Slip 

Analysis (FSA) software of Célérier (1999). An effective 

stress tensor, with principal orientations S 1, S 2 and S 3 

was separately calculated for each locality. This tensor, 

selected by random search trying 5000 tensors, had 

to accept an angular error smaller than 30º for 60% of 

the local fault-slip data. Any tensor obtained from less 

than 5 fault data was rejected. The 64 sites are those that 

yielded single tensors compatible with an adequate 

proportion of data. Data and geographic information 

about each site are listed in Table 1. 

 

Table 1: Fault sites from the studied MAW. Lab, label of site; 

az, Azimuth; pl, plunge; Mahaz, maximum horizontal stress 

axis; SV vertical stress axis; n, number of measured fault data; 

Exp, number of selected faults with angular error smaller than 

30º from the calculated stress tensor; Str. stratigraphic age; Cr. 

Cretaceous; Eo. Eocene; Ol. Oligocene; E.M. Early Miocene; 

M.M. Middle Miocene; L.M. Late Miocene. 
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Results 

Most of the maximum principal stress directions 

( S 1) plunge shallowly towards NNE or SSW (Figure 13 

a). This nearly horizontal compression is consistent with 

fold orientations, which suggests that folds and faults 
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formed in the same stress field. Eight sites yielded 

vertical to subvertical maximum principal stress (Figure 

13 a & b), defining extension. 

 

 

Figure 13: Plots of the 64 stress tensors of sites listed in Table 

3-1. a) Equal area, lower-hemisphere projection of the 

principal stress axes S 1 , S 2 and S 3 . b) Triangular 

classification (Frohlich, 1992) of stress axes. c) Tectonic 

regime plot (Armijo et al. 1982; Philip, 1987; Célérier, 1995). 

S 1 , S 2 and S 3 are unit vectors with no magnitude; r0 =(σ1– 

σ2)/(σ1–σ3) where σi stands for principal stress magnitude. 
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The intermediate and minimum principal stress 

directions S 2 and S 3 scatter more than S 1. Stereoplots 

of principal stresses and the triangular diagram of 

Frohlich (1992) show few vertical principal stress 

directions (Figure 13 a & b). This could be due to fold- or 

faultrelated rotation after the measured fault planes were 

activated by the calculated stress tensor. 

The tectonic regime plot (Figure 13 c) confirms two 

faulting regimes: (1) compression to transpression and 

(2) extension. 

The horizontal principal stress-direction map 

(Figure 12) was produced by projecting two 

of the principal stress axes S 1, S 2 or S 3 onto the 

horizontal plane and so approximately fitting the 

Anderson assumption (Anderson, 1905), for which one 

stress axis is vertical. 

Compression and transpression 

Both compressional and transpressional regimes 

show subhorizontal to shallow plunging (<30º) S 1 , in 

either NNE or SSW direction (Figure 14 a). Stress 

components S 2 and S 3 are scattered on a subvertical 

plane perpendicular to S 1 (Figure 14 a). Details for each 

site are presented in Appendix C. Site 40 and Site 8 are 

chosen to illustrate the compressional and 

transpressional tectonic regimes, respectively, because 
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they are representative of a large number of fault data 

and document the quality of the results. 

 

 

Figure 14: Plots of stress tensors for the compressional and 

transpressional regimes. Plot explanation in Figure 13. Data 

listed in Table 1. 

 

- Compressional tectonic regime: Site 40 
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This site is in the direct hanging wall of the 

Ghasr Ghand Thrust, to the NE of Nikshahr. N- to NE-

dipping reverse faults and conjugate S-dipping reverse 

faults are dominant (Figure 15 a). Nine of fourteen 

measurements define the calculated paleostress tensor. 

This tensor has a NNW, subhorizontal maximum 

principal stress axis S 1 and a subvertical minimum 

stress axis S 3 (Figure 15 b). S 1 is nearly perpendicular to 

the Ghasr Ghand Thrust zone (Figure 12). 

A measure of how well the tensor explains the fault-slip 

data is given by the Mohr and angular error diagrams 

(Misfit) (Figure 15 c & d). The stress state of each fault is 

plotted in the Mohr circle representing the calculated 

stress tensor, along with the friction lines S0. The 

slope of the friction line is defined by S0=μ/(τ-μ(σnr-1)), 

the required stress difference ratio to activate a fault 

plane. τ is shear stress and σnr the normal stress 

computed from the reduced stress tensor (considering a 

standard friction coefficient μ=0.6, S0 =(σ1–σ2)/σ1). In 

these diagrams, one can see that the calculated stress 

tensor can activate 6 fault planes with a stress 

difference ratio 0.68≤ S0 ≤0.8 (Figure 15 c). The Misfit 

angle plot (Figure 15 d) shows that this tensor actually 

explains 9 faults with an angular error < 30º. The r0 

value (0.81) indicates σ2 being close to σ3. This difficult 

identification explains scattering of the calculated S 2 

and S 3 in the plane perpendicular to S 1. Thus, this site 

clearly records NNE–SSW compression. 
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Figure 15: Fault and tensor data of Site 40 (location on Fig. 3-

72). Stereographic, equal area lower hemisphere projections 

of a) fault-slip data (circles: normal slip and pentagons: 

reverse slip). b) Principal stress axes of the best tensor 

solution. c) Mohr-diagram (explanation in text). d) Misfit plot 

(explanation in text). 

 

- Transpressional tectonic regime: Site 8 

The site is located in the boundary zone between 

the Jaz Murian depression and the Imbricate Zone, east 

of Espakeh. Ten out of 18 fault-slip data are subvertical 

NE–SW sinistral strike slip faults (Figure 16 a). The best-

fit tensor obtained after inversion yields subhorizontal S 

1 and S 3 shallowly plunging toward SSW and WNW, 
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respectively, and a subvertical S 2 (Figure 16 b). Ten 

faults have an angular error < 30º (Figure 16 d). Nine of 

these ten faults can be activated by the calculated tensor 

with a stress difference ratio 0.68≤ S0 ≤0.8 (nine faults 

plot between the friction lines S0 =0.68 and S0= 0.8 in 

Figure 16 c). This site reveals a wrench tectonic regime 

with well defined NNE–SSW-directed compression, 

hence transpression consistent with r0=0.68. 

 

Figure 16: Fault and tensor projections for Site 8 (location 

Fig.3-72). Stereographic projections, Mohr-diagram and 

Misfit plot as in Figure 15. Data in Table 1. 
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Extension 

Eight of the investigated sites yielded stress 

tensors with predominantly steep (>50º) stress 

components S 1 indicative of an extensional regime 

(Figure 17). This regime is dominant in Coastal Makran 

and less obvious to the north of Fannuj, but again along 

the boundary of Jaz Murian (Figure 12). Coastal Makran 

shows both E–W and N–S extension directions; the Jaz 

Murian boundary shows mostly N–S extension (Figure 

12). All details are given in Appendix C. The well 

constrained Site 15 is chosen to illustrate the extensional 

tectonic regime. 
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Figure 17: Extensional stress tensors. Plot explanations in 

Figure 13. Data in Table 1. 

 

- Extensional tectonic regime: Site 15 

This site of sixteen fault measurements (Figure 18 

a) is located in the contact zone between the Jaz Murian 

depression and the Imbricate Zone (Figure 12). The best-

fit tensor yields a vertical S 1 and subhorizontal S 2 and 

S 3 which plunge toward W and S, respectively (Figure 

18 b). The r0 value of 0.34 implies a well defined N–S 

extension direction. 
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Figure 18: Extensional stress tensor at Site 15. Plot 

explanation in Figure 15. 

Interpretation 

The distribution and orientation of calculated 

paleostress tensors indicate regional NNE– SSW 

compression. This direction is consistent with mapped 

fold trends and major thrusts (Ghasr Ghand, Gativan, 

Pishamak and Lashar) as well as with the present-day 

convergence direction between the Arabian and Iranian 

plates (e.g. Nilforoushan et al. 2003; Reilinger et 

al. 2006). NE–SW compression is dominated in the 

north-northeastern part of the study area. Since it was 

obtained from faulted rocks older than Oligocene, this 

compression direction might represent an early event 

related to the N–S Sistan Suture Zone (Figure 3), which is 

located next to the north of the study area. Paleostress 

calculations additionally substantiate the relative 

importance of wrenching besides thrusting in North 

Makran, especially in the Imbricate Zone and in northern 

Inner Makran (Figure 13). r0 values close to 1 (>0.80) for 

both compressional and wrench regimes suggest a 

flattened stress ellipsoid with subhorizontal σ1. This 

ellipsoid shape may reflect shallow burial at the time of 

faulting. 

Extension appears in two main areas: 

Coastal Makran: The inland part contains well 

defined N–S extension with r0 values of 0.5-0.6 that 
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suggest prolate shapes of the stress ellipsoid with a 

vertical σ1. Near the coast, extension is nearly E–W with 

rather large (0.66 - 0.73) r0 values. Since σ2 and σ3 are 

almost equal, the sub-radial extension has a weakly 

defined direction. This tectonic regime is regional since 

normal faults also exist in the Pakistani Makran (e.g. 

Harms et al. 1984). Planar and bookshelf geometries 

with few meter displacements along individual faults 

indicate near surface faulting. However, seismic profiles 

exhibit large listric normal faults and planar small 

normal faults (e.g. Grando et al. 2007; Figure 19). Some 

authors (e.g. Kopp et al. 2000; Grando et al. 2007) 

suggested that underplating caused uplift and extension 

in coastal and off-shore Makran. 

 

Figure 19: Normal listric fault on a seismic line in the Iranian 

off-shore Makran, near to the coast (Grando and McClay, 

2006). 

 

(2) North Makran yielded two extension 

directions, NW–SE to N–S and E–W. The site 
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with N–S extension has a small r0 value (0.34), which 

indicates that the extension direction is well constrained. 

Larger r0 (0.57 - 0.69) at other sites define weaker 

extension directions. We could not clarify the time-

relation between N-S extension and compression there. 

The area with E–W extension, to the east of Espakeh, is 

associated with a NE–SWtrending sinistral strike-slip 

fault. Where strike of the fault changes to almost N–S, 

the resulting fault geometry led to a local and small pull-

apart basin. The subhorizontal S 3 plunging to the east 

could be a local effect in the releasing bend. 

Recent stress field 

Earthquake focal mechanisms were used to 

constrain the present-day stress field (Figure 20). Twenty-

eight focal mechanisms (Table 2 and Table 3), scattered 

over and around the area, between longitude 58ºE and 

64ºE and latitude 24ºN and 27ºN, were gathered from the 

literature and world-wide-web data bases (Byrne et al. 

1992; Chandra 1984; Jackson and Mckenzie 1984; 

Quittmeyer and Kafka 1984 and Harvard CMT 

database). 

 

Table 2: Earthquake focal mechanisms with defined P, B and 

T axes. az: azimuth and pl: plunge. Data from Harvard CMT 

database. 
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Table 3: Earthquake focal mechanisms with inferred fault 

plane, based on preferred orientation relative to local 

tectonics. References: Byr, Byrne et al. (1992); Ch, Chandra 

(1984); Qu, Quittmeyer and Kafka (1984); JM’ Jackson and 

McKenzie (1984). 

 

 

The P, B and T axes of focal mechanisms provide 

an acceptable indication of the active principal stress 

directions (Burg et al. 2005 and Célérier 1988) with P 

axes replicating S 1and T axes S 3 directions. In parallel, 

the tensor map of the area (Figure 21) can be extracted 

from the calculated tensors (Table 1) and compared with 

that of the earthquake focal mechanisms (Figure 20). 
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Figure 20: Focal mechanisms in central MAW. References 

and data in Table 2 and Table 3. Square = study area. Filled 

quadrants are compressional, empty quadrants are tensional. 

 

Several focal mechanisms are located within the 

northern part of the studied area. They indicate nearly 

N–S compression, comparable with that obtained from 

the fault analysis. Similarly, some focal mechanisms on 

the border of the Jaz Murian depression indicate 

strike-slip faulting, as paleostress calculations (Figure 

21). 
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Figure 21: Focal mechanism type representation of calculation 

tensors of the study area. The tensor data are presented in 

Table 1. Compressional and extensional quadrants as in 

Figure 20. 

 

Focal mechanisms in Coastal and off-shore 

Makran indicate compressional thrusting and strike-slip 

faulting, in contrast to the extension obtained from 

paleostress calculations (Fig. 3-80). All earthquakes 

related to active compression have depths >18 km (Table 



Stratigraphy, structural geology and low-temperature thermochronology across the 

Makran accretionary wedge in Iran 
 

37 
 

2 and Table 3). Two earthquakes related to normal 

faulting (Table 3-3, numbers 6 and 15) occurred at 26 

and 5 km depth. These relationships indicate that 

extension occurs in a crustal regime while compression 

is deep-seated, perhaps closely related to the subducting 

slab (Engdahl et al. 2006; Byrne 1992, Jacob and 

Quittmeyer 1979). It is worth noting that the extensional 

focal mechanisms show radial extension like the 

calculated tensors in Coastal Makran (Figure 20 and 

Figure 21). 

 

Conclusion 

The calculation of paleostress tensors is an 

important structural tool if the relationships to the 

regional tectonics are defined. This study is the first 

paleostress analysis in MAW. It shows that the 

regionally distributed and dominant compressional to 

tranpressional regimes are consistent with the orientation 

of folds, thrusts and strike-slip faults in all lithologies, 

from the Cretaceous to the Upper Miocene. NNE–SSW 

compression is also consistent with the active stress field 

obtained from focal mechanisms. We conclude that the 

structural development of MAW evolved under a quite 

stable stress field, with a compression direction coherent 

with the direction of convergence between the Arabian 

and Iranian plates (e.g. Vernant et al. 2004). 
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Extension characterizes a more complex and 

timelier less stable system. Coastal Makran seems to 

register regional, radial extension. Our field observation 

and seismic data from offshore Makran (e.g. Ellouz et. 

al. 2007; Grando and McClay, 2004) indicate the activity 

of normal faults during Pleistocene to present times. 

Local extensional events are recorded in the North 

Makran area, for example in releasing bends of strike-

slip faults. 

The excellent fit between calculated stress 

tensors and focal mechanisms data should help 

predicting the types of earthquakes one may have to face 

in the region. 

 

Discussion and conclusions 

The most recent geological maps of the study 

area were published in the 1970ies. They revealed to be 

untrustworthy because of many stratigraphic and 

structural misinterpretations. This study provides a new 

geological map and cross sections of the central onshore 

Makran Accretionary Wedge, in Iran. The most 

important results concern the stratigraphy, the tectonics 

and detailed structure and the evolution of the wedge 

through time. 
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Stratigraphy and structure 

1- Four main structural and stratigraphic 

provinces are separated by major thrusts. They are, from 

north to south: North-, Inner, Outer and Coastal Makran. 

a- North Makran comprises mainly Cretaceous 

sediments and volcanic rocks, in part juxtaposed within 

tectonic mélanges. The Lower Cretaceous (Berriasian to 

Barremian) sediments, mainly marl and hemipelagic 

limestones, were deposited in a deep-marine 

environment with contemporaneous volcanic activity 

(base of Fannuj Unit). This sedimentary environment 

lasted, in places, up to the Late Cretaceous (Campanian– 

Maastrichtian, Takht-e-Malek and Fannuj Units). 

However, this oceanic assemblage was 

locally affected by thrusting, eroded and unconformably 

overlain by Upper Cretaceous shallow-water limestones. 

During Late Cretaceous-Paleocene times, turbiditic 

sequences were deposited while the volcanic activity 

continued. Clasts of mafic to ultramafic rocks (Fannuj 

Unit) in the Upper Cretaceous–Paleocene sediments 

(Maskutan Unit) suggest erosion of ophiolites and 

oceanic sediments at this time. The unconformity 

between Upper Cretaceous shallow-water limestone and 

Lower Cretaceous deep-marine sediments and volcanic 

rocks may reflect this tectonic event. 

Open and rounded folds with a very weakly 

spaced cleavage and the fault distribution indicate weak 

deformation postdating mélange formation. Folding 
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becomes more pronounced southward, towards the N- to 

NE-dipping Bashakerd Thrust Zone. 

b- Inner Makran, between the Bashakerd Thrust 

in the north and the Ghasr Ghand and Kahorkan Thrusts 

in the south, contains Lower Eocene to Mid Miocene 

successions with different sedimentary facies. The 

Lower Eocene deep-marine sediments and volcanic 

rocks grade upward into Eocene and Lower Oligocene, 

deeper marine turbiditic sequences, which show a 

general upward thickening and coarsening trend. Well 

preserved Nummulite faunas in turbiditic sandstones 

indicate shallow-water carbonate deposition north of the 

turbidite basin. The turbidites become more terrigenous 

and proximal (channelized) during the Oligocene, which 

suggests progradation of submarine fans (Markan and 

Pirdan Units), followed by the deposition of base-of 

slope shales and turbidites during the Late Oligocene 

(Rask Unit). Northeast of Rask, Upper Oligocene pro-

Delta turbidites grade up-section into sandstones 

deposited on a shelf dominated by waves and tidal 

currents. During the Early Miocene, marls with gypsum 

(Ghasr Ghand Unit) were deposited in basins with 

restricted circulation. These deposits grade laterally into 

bioclastic sandstones and marls (Pishamak Unit). Plant 

remains suggest an emerged source area, somewhere to 

the north. The Middle Miocene sediments are turbiditic 

sequences, deposited in an outer fan environment. The 

passage between the Middle Miocene turbidites 

(Peersohrab Unit) and older units is not clear. Growth 
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structures within the unit indicate deposition in a 

tectonically active basin. 

Asymmetric, S-vergent, closed to tight folds with 

a well developed axial-plane cleavage in the Eocene and 

Oligocene turbidites of Inner Makran indicate intense 

shortening. In contrast, the folds in the Miocene 

sediments are symmetric, round and open-gentle with 

large wavelength (>500m) and a weak, spaced axial-

plane cleavage, which suggests weaker deformation. The 

parallel trends of folding in Miocene and older rocks 

suggest a consistent compression direction during these 

period. The major Thrusts dip to the N. Large box folds 

and flat-and-ramp fault systems are evidence of large-

scale décollement leading to pronounced fault-

propagation folds. 

c- Outer Makran, between the Ghasr Ghand Thrust 

in the north and the Chah Khan Thrust, to the south, 

consists of Lower Miocene marls with gypsum that 

grade laterally into bioclastic sandstones and marls 

(Roksha Units) and coral limestones (Vaziri Unit). 

Again, plant remains document an emerged area to the 

north. The passage from the Lower Miocene to the 

Middle Miocene has not been observed. The Middle 

Miocene starts with deep-marine turbidites that grade up-

section into shallower facies. 

Essentially symmetric, open to gentle, rounded 

folds with a large wavelength (>500m). are dominant in 

the Lower and Middle Miocene series with very weak, 
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spaced axial-plane cleavage indicating a rather weak 

deformation in this area. 

North, Inner and Outer Makran are covered 

unconformably by a widespread olistostrome attributed 

to a catastrophic event of Tortonian age. It includes 

blocks derived from North Makran and reworked chunks 

of sediments, mainly turbidites from the Inner and 

Outer Makran. Exotic blocks of Eocene shallow-water 

limestone, which were not observed in other outcrops, 

Cretaceous volcanic rocks, radiolarites, limestones and 

ophiolites, indicate derivation from the north, where 

ophiolite mélanges have been exposed and overlain by 

Eocene shallow-water limestones. 

d- Coastal Makran is the lowermost tectonic unit. 

It includes shallow-marine sediments mostly younger 

than Late Miocene. The lower part of Upper Miocene 

successions includes fanglomerates becoming finer up-

section and grading into marls. The youngest shallow 

marine deposits, Pliocene–Pleistocene in age (Chabahar 

Unit), occur only along the coast. 

E–W folds are symmetric, open-gentle and 

rounded-blunt with very long wavelengths (>10 km) and 

low amplitudes. They become relatively wider and more 

gentle southward which reflects southward propagation 

of deformation. Normal faults cut sediments younger 

than Upper Miocene. 

The calculation of paleostress tensors indicates 

general compressive to transpressive regimes. They are 
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consistent with folds, thrusts and strike-slip faults in all 

formation, from the Cretaceous to the Upper Miocene. 

NNE–SSW compression is also consistent with the 

active stress field documented from focal mechanisms of 

earthquakes. 

Extension characterizes a system more complex 

and less stable over the time. Coastal Makran seems to 

register regional, radial extension. Local extensional 

events are recorded in North Makran, for example in 

releasing bends of strike-slip faults. 

 

Geochronology 

Two different sets of data were obtained. Low-

temperature thermochronology is documented by zircon 

and apatite fission track data and volcanic ash layers 

could be radiometrically dated by the U-Pb, SHRIMP 

technique. 

From the apatite fission track (AFT) data and 

tectono-stratigraphic observations, the timing of thrust 

movements could be constrained. It reveals a general 

progression of thrusting and folding from north to south, 

from <23 Ma to about 7.9 Ma (Figure 22). This is 

consistent with models of growing accretionary wedges 

(e.g. Dahlen et al., 1984). The 11.6-9.6 Ma olistostrome 

seals some thrust contacts and likely controlled younger 

out-of-sequence activity of the Ghasr Ghand Thrust. 

Smit et al. (2010) discussed the consequences of 
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instantaneous deposition of a large olistostromes that 

triggers changes in the deformation pattern in the wedge. 

Their model explains how thrusts in Inner Makran 

become inactive or reactivated with the emplacement of 

the olistostrome. The emplacement of the olistostrome 

is probably also responsible for a southward jump of 

accretion to the front of the active, submarine wedge. 

 

Figure 22: Schematic cross section through the onshore 

MAW. Timing of the activity of the individual thrusts is 

indicated. Abbreviations of thrust sheets: Bashakerd (BTS), 

Imbricate Zone (I.Z) Chanf/Lashar (C.T.S), Pishamak/Kajeh 

(P.T.S), Ghasr Ghand (Q.T.S), Kahorkan (K.T.S), Gativan 

(G.T.S) and Chah Khan (C.T.S). Vertical scale exaggerated 

3x. 

 

None of the AFT samples has undergone full 

annealing. This implies temperatures in the range of 

60ºC–110ºC and may suggest that the presently 

outcropping rocks were uplifted and exhumed above a 

flat décollement and a blind stacking zone. The 

décollement would be ca. 5–6 km deep in accordance 

with the ca. 20ºC/km geothermal gradient of the region 

(Harms et al. 1984 and Khan et al. 1991). If we assume, 

in view of the low burial temperatures of the exhumed 

sediments, a relatively shallow décollement horizon, the 
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Upper Oligocene and Middle Miocene shales are likely 

candidates. The estimated depth and stratigraphic 

attribution suggest that important décollement levels 

exist within the wedge, at variance with usual wedge 

models that accept one major décollement at the top of 

the subducting slab. 

Zircon fission track (ZFT) data indicate 

continued volcanic input into the Makran sedimentary 

basins from the Cretaceous through to the Eocene and to 

the present. The ZFT age population suggests that the 

Sanandaj-Sirjan Belt, to the north, is the probable source 

for zircon with a Cretaceous or Eocene ZFT age. The 

repeated occurrence of Cretaceous to Oligocene ZFT age 

populations in younger sediments points to recycling and 

reworking of the wedge sediments, especially in 

Miocene times. This implies surface uplift and erosion of 

the various thrust sheets, which then supplied the 

recycled sediment. 

General discussion 

It is generally said that the MAW has one of the 

lowest (2-3°) taper angles (e.g. Minshull and White 

1989; Kukowski et al. 2001; Schlüter et al. 2002). In 

items of bulk geometry, the accretionary wedges most 

similar to MAW are the Southern Antilles, Burma and 

Andaman, which have taper angles of about 3.5º (e.g. 

Moore et al. 1982; Brown and Westbrook 1988; 

Lallemand et al. 1994; Saffer and Bekins 2006). It is 

argued that pore pressure strongly influences the taper 
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angle by modifying basal and internal shear strength. On 

this basis, increasing sediment thickness in the trench 

and decreasing permeability of the sediments in 

the wedge would, together, lead increased pore pressure 

in the wedge and thus to a lower taper angle. Active 

margins with sediment thickness of > 4000 m are 

characterized by small (<4º) taper angles. The 7000 m 

sediment thickness recorded in the MAW possibly 

explains its very small taper. However, an influence of 

the age of the oceanic lithosphere and convergence rate 

on the subduction angle cannot be discarded. Old, dense 

lithosphere readily sinks and results in relatively steep 

subduction zones (Mariana type), whereas subduction of 

young lithosphere is buoyant and characterises shallow 

subduction zones like in Chile (Jarrard 1986). In the 

Marianas, a strong extensional regime developed in the 

back arc basin, due to weak coupling between the two 

converging plates. However, in contrast to the Chilean-

Andes, the subduction zone is strongly compressive. 

Jarrard (1986) subdivided subduction zones into seven 

strain classes from a strongly extensional class 1 to a 

strongly compressional class 7. Makran does not appear 

in this kinematic classification. Indeed, comparison of 

oceanic lithosphere ages in active margins (Muller et al. 

1996) indicates that the old (100–70 Ma) oceanic 

lithosphere of Makran subducts at a shallower angle than 

the younger oceanic lithospheres of Andaman (ca. 55–47 

Ma) or south Antilles (ca. 67–55Ma). This apparent 

paradox points to the complexity of subduction zones. In 

Makran, fluids entrained in the subduction zone may 
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play an important role in allowing important sediment 

underplating below the mid-wedge décollements. 

Outlook 

Our work leaves several questions open. Future 

work should include: 

- Detailed mapping of North Makran to better 

understand its tectonic evolution and the structural 

relationship of MAW with Jaz Murian as a potential 

backstop zone. 

- Investigations as to whether the Imbricate Zone 

in the north of Fannuj and that East of Espakeh belong to 

the same or different units. 

- Heavy mineral and paleocurrent analyses in the 

clastic successions in order to specify the source areas. 

- Detailed measurements of sections and 

definition of the facies evolution in the turbiditic 

sequences in order to understand the dynamics and the 

tectonic evolution of the sedimentary basins. 

- Defining the stratigraphic boundaries between 

Eocene and Oligocene, Lower Miocene and Middle 

Miocene formations. 

- Understanding the extension in North and in 

Coastal Makran. 
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