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Abstract 

The southern Makran fold-thrust belt, Pakistan, displays unique outcrop examples of well-

exposed, kilometre-scale, listric growth faults that displace Miocene-age deltaic growth strata 

by several hundreds of metres to kilometers. The largest growth faults are counter-regional 

(landward-dipping), bounding major clastic depocentres exposed over areas > 1000 km2. 

Stratal offset along these faults can exceed 1.5 km. Fault-zone thicknesses range between 

ca. 100 and 400 m, and average fault thickness-displacement ratios are around 1:10. High-

resolution satellite data show in unprecedented detail the faults and the stratigraphic 

architecture of associated growth sequences, which comprise kilometre-scale progradational 

clinoforms, thick mudstone units and basinwards wedging sandstone-shale deposits. The 

true vertical thickness of the syn-kinematic record is, in places, up to 8 km, making the 

outcrop examples equivalent to major growth faulted successions known from seismic data 

of large deltas, and at least an order of magnitude larger than other outcrop examples. A 

comparison of the Makran outcrops with seismic-reflection examples offshore NW Borneo 

reveals distinct similarities in the gross depocentre geometries and internal architecture. The 

key control for growth faulting is interpreted to result from sedimentary loading, with rapid 

sedimentary progradation causing the development of rollover synclines by differential 

compaction and fluid expulsion, and counter-regional growth faults preferentially forming on 

the basinward side of these synclines. The data and interpretations presented can be used to 

assess the key parameters that contribute to the development of growth faults and growth 

successions above shale, reinforcing structural and stratigraphic observations from seismic 

interpretation and modelling studies in demonstrating their occurrence in exposure. 
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1. Introduction 

In the broadest sense, the term growth fault applies to any fault that displays a syn-kinematic 

expansion of the hanging-wall section. However, the original meaning concerns basement-

detached, gravity-driven, syn-sedimentary normal faults that typically die out into a 

detachment zone located within the sedimentary section (e.g. Bruce, 1973; Edwards, 1976; 

Lowell, 1985; Ellis and McClay, 1988; Mauduit and Brun, 1998, Hodgetts et al., 2001). This  

more restricted definition of the term growth fault is employed in this paper. The most 

common types of growth faults dip basinwards (Cloos, 1968; “regional faults” sensu Ocamb, 

1961; “contemporaneous normal faults” sensu Hardin and Hardin, 1961), although major 

landward-dipping growth faults (“counter-regional faults” sensu Evamy et al., 1978) are also 

common. Both fault types form above ductile lithologies (commonly mudstones, 

overpressured shales or salt). The thicknesses of sedimentary units increase abruptly on the 

hanging walls of these faults, and a general progressive downward increase in displacement 

along much of the fault profile is common (Lowell, 1985).  

 

The rapid accumulation of syn-kinematic deltaic sediment is thought to activate or re-activate 

growth faults by differential loading (e.g. Lundin, 1992; Damuth, 1994; Corredor et al., 2005; 

Back et al., 2006). However, once triggered, growth faulting influences depositional systems 

by forming fault-controlled depocentres (Thorsen, 1963; Bruce, 1973; McCulloh, 1988; 

Cartwright et al., 1998; Imber et al. 2003; Jackson and Larsen, 2009; Fazli Khani and Back, 

2012; Fazli Khani and Back, 2015a). Consequently, both fault movement and the deposition 

of syn-kinematic sediment leads to internal structural-sedimentary feedback processes that 

ultimately contribute to a self-organized development of depositional systems. 

 

Growth-faulted continental margins are known from many parts of the world from seismic-

reflection data (Fig. 1), including:  the US Gulf of Mexico (e.g. Lopez, 1990; Cartwright et al., 

1998; Brown et al., 2004), NW Borneo (e.g. Sandal, 1996; Van Rensbergen and Morley, 

2000; Hodgetts et al., 2001; Imber et al., 2003; Hiscott, 2003; Saller and Blake, 2003; Morley 

et al. 2003; Back et al., 2005; Back et al., 2008; Sapin et al., 2012), Namibia (DeVera et al., 

2010; Butler and Paton, 2010), the Nile delta (e.g. Sestini, 1989; Beach and Trayner, 1991), 

and the Niger delta (e.g. Doust and Omatsola, 1989; Morley and Guerin, 1996; Rouby and 

Cobbold, 1996; Ajakaiye and Bally, 2002; Hooper et al., 2002; Pochat et al., 2004; Back et 

al., 2006; Fazli Khani and Back, 2012; Sapin et al., 2012). In these settings, the range of 

gravity-driven structures includes extensional syn-sedimentary faults of various shapes and 

scales, rollover anticlines with significant internal deformation, and mobile shale occurring 

layers, lenses, and diapirs. At the very basinward edge of the systems, contractional fold-

and-thrust belts can develop. Yet, despite the widespread occurrence of growth faults and 
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their longstanding recognition as important petroleum traps (e.g. Jackson and Galloway, 

1984; Doust and Omatsola, 1989), there are still open questions regarding their initiation, 

development and decay. For example, in deltas, rapid progradation of the sedimentary 

wedge, gravitational failure of the delta-front and gravitational gliding down delta slopes is 

commonly interpreted to control growth-fault initiation and development (Terzaghi, 1956; 

Bruce, 1973, Winker and Edwards, 1983; Garfunkel, 1984; Schlische, 1991; Gawthorpe et 

al., 1994). However, sand-loading on shale (Bruce, 1973), differential compaction and fluid 

escape (Carver, 1968; Bruce, 1973; Taylor et al., 2008; Van Rensbergen and Morley, 2000), 

footwall collapse above rising shale (Ocamb, 1961; Morley and Guerin, 1996), or the lateral 

and vertical linkage of faults (Cartwright et al., 1995; Rykkelid and Fossen, 2002; Walsh et 

al., 2003; Sapin et al., 2012; Tvedt et al., 2013; Rotevatn and Jackson, 2014) can also lead 

to the initiation of growth faults and contribute to their development through time. In 

numerical models of large prograding deltas, highly overpressured (90-95% lithostatic) 

shales are required for typical delta gravity tectonics to commence (Ings and Beaumont, 

2010). In these models, the landward side of the extensional province develops regional 

faults, whereas counter-regional faults develop on the oceanward side.   

 

The base of growth-faulted deltas or continental margin successions is usually deeply buried 

(> 5 km) and therefore difficult to image in seismic-reflection data. Consequently, the way in 

which deep-seated tectonic or stratigraphic features influence the development of younger 

overburden faults remain underexplored. Outcrops can provide further insights into the basal 

parts of deltas, but the enormous scale of growth-faulted successions makes them difficult to 

identify on usually restricted, in most cases tectonically overprinted outcrops. There are only 

few examples of well-exposed, outcropping growth faults, such as those exposed in Svalbard 

(Presthol and Walderhaug, 2000; Osmunsen et al., 2014), Utah (Bhattacharya and Davies, 

2001; Fielding, 2015), the East Kentucky Coalfield, (Lewis et al., 2000), Ireland (Martinsen, 

1989; Wignall and Best, 2004), Italy (Zecchin et al., 2004; 2006), France (Bouroullec et al., 

2004), Chile (Shultz and Hubbard, 2005), Ischigualasto Provincial Park, Argentina (Albrecht, 

2005) and onshore Borneo (e.g. Burhanudinnur and Morley, 1997; Morley et al., 2003; Back 

et al., 2005; van der Zee and Urai, 2005). However, these outcrop examples in tens to a few 

hundreds of meters scale are substantially smaller than the large, kilometre-scale growth 

faults imaged in seismic data of large deltaic provinces. Additionally, most of these 

exposures exhibit growth faults dipping basinward in the direction of sedimentary 

progradation, and only few counter-regional growth faults have been described (e.g. 

Bhattacharya and Davies, 2001; Shultz and Hubbard, 2005). 
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This study describes regional and counter-regional, kilometre-scale growth faults that offset 

associated growth strata by several hundreds of metres to kilometres. The faults are 

exposed in folded and rotated Miocene to Pliocene deltaic units of the Talar Formation in the 

foreland of the Makran fold and thrust belt, coastal onshore SW Pakistan (Fig. 2). The syn-

sedimentary faults are imaged on medium-resolution Landsat ETM+ (15 m resolution) and 

high-resolution SPOT (2.5 m resolution) satellite data, permitting remote sensing-based 

geological analyses over hundreds of square kilometres with a resolution down to a few 

metres. Coupling of the satellite data with published sedimentological and stratigraphic data 

allows to differentiate between the tectonic signatures resulting from early syn-sedimentary 

faulting and post-sedimentary folding, supporting analyses of the original architecture of syn-

sedimentary faults and syn-kinematic deposits prior to folding and exhumation. This analysis 

is finally compared to seismic subsurface growth-fault examples from offshore northwest 

Borneo and Nigeria. 

 

2. Geological framework  

The Pakistan part of the Makran coast is approximately 500 km long and extends from the 

Dasht River between Chabahar and Gwadar to the Sonmiani Bay northwest of Karachi (Fig. 

2). The Cenozoic Makran fold and thrust belt formed during subduction of the Arabian plate 

below the Eurasian plate (Harms et al., 1984). Sediments within the fold and thrust belt are 

largely recycled erosional products of the India–Eurasia collision belt (Fruehn et al., 1997). 

Subduction probably started in the Paleocene (Platt et al., 1988), and accretion associated 

with thrusting and folding started in the Eocene (Byrne et al., 1992). The Oligocene is 

characterized by deposition of thick clastic sequences in a deepwater basin between SW 

Pakistan and SE Iran (Fruehn et al., 1997). The modern Makran accretionary prism initiated 

in the Late Miocene (Platt et al., 1985, 1988). The accretionary prism not only grew seaward 

by accretion of trench-fill sediments, but also by progradation of the slope, shelf and coastal 

plain (Grando and McClay, 2007). Accretion caused successive uplift of its landward portion 

above sea level, and subsequent erosion and re-sedimentation provided new material for 

continued accretion (Harms et al., 1984). During Miocene and Pliocene times, a major east-

west oriented palaeo-delta (southwestern continuation of the Katawaz system of Quayyum et 

al., 1996; Carter et al., 2010) accumulated up to 10 km of sediment, occupying a large part of 

the present-day Makran region (e.g. CPCP, 1958; Hunting Survey Corporation, 1961; 

Ahmed, 1969; McCall and Kidd, 1982; Bannert et al., 1992; Figs. 2 and 3). Contractional 

deformation, uplift and exhumation of the palaeo-delta occurred in late Pliocene to recent 

times (Page et al., 1979; Snead, 1993). Since the Middle Pleistocene, the coastal part of the 

Makran has experienced significant uplift (1.5 mm/yr; White, 1983), associated with a 

pronounced seaward migration of the shoreline. 
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Today, the coastal areas of the Makran fold and thrust belt expose spectacular folds, faults, 

and intensively folded and faulted strata (Fig. 3). Structural and stratigraphic features of the 

Katawaz palaeo-delta have been rotated and exposed in map view, providing a multitude of 

natural cross-sections, some of 100’s of kilometres extent. In the arid environment that 

characterises this region, satellite images reveal large-scale geological features such as 

major east-west trending progradational clinoforms, syn-sedimentary down-to-basin 

(regional) growth faults, kilometre-scale landward-dipping (counter-regional) growth faults, 

and internally deformed rollover anticlines. It is these features that form the focus of this 

study. 

 

The geological map in Figure 3A and the stratigraphic column in Figure 4 shows a 

subdivision of the Neogene to Recent sedimentary succession of the Makran foreland into 

four major lithostratigraphic units: 1) the Panjgur Formation (ca. Oligocene-Middle Miocene), 

2) the Parkini Formation (ca. Middle to Late Miocene), 3) the Talar Formation (ca. Late 

Miocene to Pliocene), and 4) the Chatti, Ormara and Jiwani formations (ca. Pliocene-

Pleistocene). In various regional publications, the Parkini, Talar and Chatti formations, or 

parts of these, are combined as the Hinglaj or Makran groups (see Vredenburg, 1909; 

Ahmed, 1996; Cheema et al., 1977; Raza et al., 1990; Bannert et al., 1992; Snead, 1993; 

Bender and Raza, 1995; Delisle et al., 2002; Ellouz-Zimmermann et al., 2007). The Panjgur 

Formation, which occurs at the base of the succession, consists of mudstones intercalated 

with calcareous and micaceous, medium- to fine-grained sandstones (Ahmed, 1996; Critelli 

et al., 1990). Ellouz-Zimmermann et al. (2007) report abundant channels with mud-clasts at 

the base, current ripples, flute cast at the base of individual sandstone beds and Zoophycus-

tracks, indicating a deepwater depositional setting (cf. Harms et al., 1984). The succession is 

either Oligocene to Early Miocene (CPCP, 1958; Ahmed, 1969) or Middle Miocene in age 

(NN5 to NN6, Ellouz-Zimmermann et al., 2007; see Fig. 4). Locally unconformably overlying 

this succession is the Parkini Formation, which is a calcareous mudstone unit interbedded 

with thin siltstones (Ahmed, 1969; Delisle et al., 2002) and occasional sandstone layers. 

These coarser clastics are generally a few centimetres thick, with abundant ripple marks 

(Ahmed, 1969). The coarser-grained intercalations increase in frequency upward towards the 

transitional contact with the overlying sandstones of the Talar Formation (Ahmed, 1969). 

Ellouz-Zimmermann et al. (2007) state that the Parkini Formation is generally rich in 

nanofossils of Zones NN9 to NN11 (Late Miocene), and interpret a generally shallowing-

upward depositional trend for the succession (upper slope to outer shelf sedimentary 

environment). The partly time-equivalent Talar Formation (Fig. 4), on which this study mainly 

focuses, is dominated by medium- to coarse-grained sandstones, interbedded with shales 
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and mudstones (Ahmed, 1969). Individual sandstone beds are up to a few meters thick and 

are commonly characterized by cross-bedding, ripples marks and ichnofossils (Hunting 

Survey Corporation, 1961). In comparison to the underlying Parkini Formation mudstones, 

the Talar Formation sandstones seem relatively resistant to weathering, and the most 

sandstone-prone parts of this unit thus form the highest ranges in the study area. Ellouz-

Zimmermann et al. (2007) report that the Talar Formation is rich in reworked species of 

Cretaceous to Upper Miocene ages, with rare autochthonous fossils. Critelli et al. (1990) 

assume a Late Miocene to Pliocene age for the Talar Formation (Fig. 4). At the top of the 

Neogene succession, the Talar Formation is overlain by the Pliocene (Ahmed, 1969; Critelli 

et al., 1990) to Lower Pleistocene (Ellouz-Zimmermann et al., 2007) Chatti Formation, which 

is a mudstone-dominated unit containing thin, interbedded siltstone layers and fine-grained 

sandstones. In places, thin, argillaceous and fossiliferous limestone beds are present 

(Hunting Survey Corporation, 1961; Ahmed, 1969). Within this unit, calcareous nanofossils 

are common, indicating a middle-outer shelf depositional environment (Ellouz-Zimmermann 

et al., 2007). The youngest deposits of the study area are shales, sandstones and 

conglomerates of the Ormara Formation and the coastal units of the Jiwani Formation (Fig. 

3A), comprising limestones, conglomerates and sandstones (Ahmed, 1969). 

 

3. Data and methods 

The satellite data used in this study comprised 15 m resolution Landsat ETM+ panchromatic 

data and 2.5 m resolution SPOT 5 monochromatic images. As a standard procedure, the 

satellite images were overlain on ASTER digital elevation models (DEM) with a 30 m lateral 

resolution and a vertical accuracy (root-mean-squared-error) between 10 and 25 m 

(Tachikawa et al., 2011). Because the study area is composed of weathering-resistant 

sandstones alternating with highly weathered mudstones, the surface topography strongly 

resembles – at different scales - the general lithological trend. The combined analysis of 

DEM and high-resolution satellite data reveals many geomorphological elements related to 

surface lithology and lithological change, providing at ubiquitous locations links between 

topography, stratigraphy and tectonic elements. All remote-sensing-based interpretations 

were compared with the geological map of West Pakistan (CPCP, 1958) and the results of 

field studies (e.g. Vredenburg, 1909; Ahmed, 1969; Cheema et al., 1977; Raza et al., 1990; 

Critelli et al., 1990; Snead, 1993; Bender and Raza, 1995; Delisle et al., 2002; Ellouz-

Zimmermann et al., 2007). At many sites, these studies permitted ground-truthing of satellite-

based lithology predictions, tectonic interpretations and stratigraphic analyses, as well as 

providing local chronostratigraphic information (Fig. 3A). Estimates of the true stratigraphic 

thickness provided for all target locations was based on integrating dip data from aerial and 

surface surveying (CPCP, 1958; Hunting Survey Corporation, 1961), geological mapping 
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(Ahmed, 1969), ASTER DEM elevation and dip-measurements of large exposures, and 

qualitative stratigraphic interpretations based on the SPOT and Landsat ETM+ satellite data. 

Conversions of SPOT satellite data into pseudo-seismic images were finally applied at 

selected locations by using greyscale-coded surface-lithology estimates as relative 

impedance estimate (mudstone-dominated areas = light colors; sandstone-dominated areas 

= dark colors). Stratigraphically downward mudstone-sandstone contacts were defined by 

phase rotation as a relative impedance increase (trough, zero-phase, European polarity, 

indicated by red color). In turn, stratigraphically downward sandstone-mudstone contacts 

were defined as a relative impedance decrease (soft kick), corresponding to a seismic peak 

(zero-phase, European polarity, indicated by black color). The pseudo-reflectivity images 

were filtered to a synthetic frequency of 10 to 40 Hz to approximate the dominant frequency 

encountered in moderate-resolution industry-standard seismic-reflection data, deteriorating 

the initial 2.5-m-scale resolution of the input SPOT satellite image to a resolution of ca. 20 m. 

 

4. Makran growth faults 

The Landsat ETM+ satellite images of Figure 3B depict two areas in which major syn-

sedimentary normal faults displace the westwards prograding deltaic units at the transition 

between Parkini Formation mudstones and the overlying sandstone-dominated Talar 

Formation. Figure 3B shows the western part of the Talar Syncline; folded strata north of the 

syncline axis dip towards the south and southeast, whereas bedding in the southern part of 

the syncline dips towards the northwest. Figure 3C shows the Buzi Range of the Hingol 

region. The Buzi Range forms the northern flank of the coastal Hinglay Syncline, with folded 

strata north of the syncline axis dipping in southeastern direction. The following paragraphs 

describe the geology exposed along the Buzi Range and in the Talar Syncline along the 

sediment transport direction from east to west.  

 

4.1 Buzi Range 

Figure 5 is a 200° counterclockwise (CCW) rotated and horizontally mirrored monochromatic 

SPOT satellite image of the central part of the Buzi Range blended with an ASTER digital 

elevation model (Fig. 5A), overlain by a fault and horizon interpretation (Fig. 5B), and the 

geological image interpretation (Fig. 5C). The rotation and mirroring places the satellite data 

into stratigraphic order (old deposits = bottom; young deposits = top), displaying the regional 

westward-oriented transport direction of the sedimentary system on the left side of the figure. 

All satellite data presented in the following are plotted the same way. The NW-SE trending 

sandstone-shale succession of the Buzi Range is exposed over a length of 20 km at 

elevations between 100 and 450 m; the outcrop-width perpendicular to the bedding is over 6 

km, which equals approximately 4 km of true stratigraphic thickness (TST) after dip and 
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topography correction. The central part of the section is deformed by four large, listric, 

counter-regional (landward dipping) normal faults F1 to F4, each with an expanded 

sedimentary record (increase of layer thickness, in places additional layers; cf. Hodgetts et 

al., 2001) in their hanging walls. Stratal offset along the syn-sedimentary faults is generally 

highest at the lower fault tip below horizon 2 with 300 m (~150 m TST-corrected) at faults F2 

and F4, 400 m (~200 m TST-corrected) at fault F1, and 1000 m (~500m TST-corrected) at 

fault F3. The upper tips of faults F1 and F2 terminate at horizon 5, whereas faults F3 and F4 

terminate above horizon 8 (Figs. 5, 6). The four major counter-regional faults are 

accompanied by numerous secondary synthetic and antithetic faults with (TST-corrected) 

stratal offsets < 100 m. Some of these secondary faults form conjugate pairs in the hanging 

walls of the main growth faults F1 to F4. The chronostratigraphic chart of Figure 6 indicates 

that the location of the conjugate fault pairs shifts through time from the hanging-wall domain 

of the westernmost fault F1 against the main sediment-transport direction stratigraphically 

upwards into the hanging wall of faults F3 and F4. This shift seems associated with a general 

backstepping of counter-regional faulting towards the NW (Fig. 6) and subtle hanging-wall 

bending and collapse through time (Figs. 5, 6). Significant stratal bending at the level of 

horizon 8 in the hanging wall of fault F4 (Fig. 5) can be likely attributed to late-stage 

depositional loading of the sandstone-shale succession with massive, amalgamated 

sandstones. This loading affects only the hanging wall of faults F3 and F4; the older faults F1 

and F2 remain unaffected by late-stage loading. 

 

A multitude of small-scale synthetic and antithetic faults in the Buzi Range exposures west 

(basinwards) of fault F1 (Fig. 5B; also see Fig. 3C) displace the distal sandstone-shale 

succession between a few metres (offset detectability on the SPOT data ca. 5 m) up to ca. 

60 m (TST-corrected). Neither depositional thickening within individual fault blocks nor 

preferential thickening across these faults was observed. Many of these fault are rooted in 

the shale and mudstone base of the Buzi Range succession (Figs. 5B, C), and differential 

compaction above this mud-rich substratum, possibly combined with fluid escape and hdro-

fracturing can be interpreted to generate these structures. The base of the succession in the 

NE around horizon 1 is characterised by thick, internally deformed, partly chaotic 

sedimentary packages possibly deposited as slumps. These basal units are intersected by 

several eastward dipping, slightly listric structures, which may pass upward into faults F1, F3 

and F4. Fault F2, however, is laterally offset by 400 m from an inferred deep-seated structure 

below (Figs. 5B, 5C).  

 

4.2 Northern Talar Syncline 
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Figure 7 is a rotated (200° CCW) and horizontally mirrored monochromatic SPOT satellite 

image of the northwestern part of the Talar Syncline blended with an ASTER digital elevation 

model (Fig. 7A), overlain by a fault and horizon interpretation (Fig. 7B), and the geological 

image interpretation (Fig. 7C). The WSW-trending sandstone-shale succession is imaged 

along a > 60 km long section that lies at elevations between 50 and 800m. The oldest rocks 

at the base of the succession are mudstones of the Parkini Formation located in the north 

(base of figure), the youngest sedimentary units are mudstones of the Chatti Formation in the 

south (top of figure). The outcrop-width of the Talar Formation inbetween is – perpendicular 

to bedding – more than 14 km in the western part of the section, which equals > 8 km of true 

stratigraphic thickness (TST) after dip and topography correction. In the eastern, proximal 

part of the succession, the Talar Formation is exposed over ca. 7.5 km, which equals ca. 4 

km of true stratigraphic thickness (TST). The Talar Formation thus forms a major westwards-

thickening sedimentary wedge that terminates at the Dasht river in the vicinity of 

unstructured, massive Parkini Formation mudstones (Fig. 7B). Bedding dips within the Talar 

Formation are generally to the south, ranging between 60° at the basal contact to the Parkini 

Formation near horizon 1  to 5° at the transition to the Chatti Formation near horizon 10 (Fig. 

7C). The base of the Talar Formation is characterized by kilometre-scale, sandstone-rich 

clinoforms that prograde from the east to the west and shale out in a major depocenter. Up 

section, sandstone-dominated units alternate with shale intervals of up to a few hundreds of 

meters thickness. The coarsest sediments characterise the middle part of the Talar 

succession, with massive, amalgamated sandstone units of over 1000 m thickness 

associated with depositional packages showing a maximum of westward progradation. In the 

proximal eastern part of the system, these units form a mountain range up to 950 m high. 

The youngest part of the Talar Formation is characterized by a pronounced retrogradation of 

the sedimentary system (Figs. 7A, B) and a conformable transition into the overlying Chatti 

Formation mudstones. 

 

The sharp contact between the Talar Formation sedimentary wedge and the Parkini 

Formation in the vicinity of the Dasht river valley is interpreted to occur due to the presence 

of a kilometre-scale counter-regional growth fault accommodating the > 8 km (TST) 

expanded sedimentary record in the western depocentre. This fault displaces the massive 

sandstone units of the middle Talar Formation by 250 m near its upper termination. Stratal 

offset in the lower part of the fault is unclear due to the lack of a correlateable Talar 

Formation record on the footwall. At its very top, this major counter-regional fault is 

superseded by a younger, basinward-dipping normal fault. The few minor synthetic and 

antithetic faults that displace the hanging-wall succession of this major structure are probably 
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related to stratal bending, but successive conjugate collapse systems as observed in the 

Buzi Range example (Fig. 5) are lacking in the northern Talar Syncline.  

 

4.3 Southern Talar Syncline 

Figure 8 is a 20° clockwise (CW) rotated monochromatic SPOT satellite image of the 

southwestern Talar Syncline (Fig. 3) blended with an ASTER digital elevation model (Fig. 

8A), overlain by a fault and horizon interpretation (Fig. 8B), an overview geological 

interpretation (Fig. 8C) and a detailed structural interpretation of the fault zone between faults 

X1 and X2 (Fig. 8D). North is at the top of the figure, south at the base. The WSW-trending 

sandstone-shale succession of the Talar Formation is imaged along a section ca. 30 km 

long, exposed at elevations between 50 and 300 m. The outcrop-width perpendicular to the 

bedding is in places 10 km, which equals to ca. 3.5 km of true stratigraphic thickness (TST) 

after dip and topography correction. True stratigraphic thickness between horizons 4 and 10 

is in the west of the section approximately 3 km, in the central part around 2.3 km, recording 

a moderate thickening of the Talar Formation sandstones (particularly those above horizon 

8) in westerly direction in the order of a few hundreds of metres. Bedding dips are generally 

to the north, ranging between 20° at the base of the succession to horizontal in the syncline 

centre (Fig. 8C). The sandstone-shale interbeds of the Talar Formation bend westwards into 

a complex array of normal faults. In comparison to the northern part of the Talar Syncline, the 

sediments exposed in the south are less resistant to erosion and form generally low hills. The 

youngest part of the succession shows an increase in shale content and a conformable 

transition into the overlying Chatti Formation mudstones. 

 

The main fault zone towards the top of the section comprises two main faults (faults X1 and 

X2; Figs. 8C, D) that are about 2 km apart. Fault X1 separates a shale prone Parkini 

Formation section (PK on Fig. 8C) from a relatively condensed sandstone-shale hanging-wall 

succession, while fault X2 lies within the sandstone-shale succession and has a comparably 

expanded section on its eastern (hanging-wall) side. The lower (L) and lower-middle (M) 

units (horizons 4 to 7) display similar stratal offsets between fault X1 and the hanging wall of 

fault X2. However, for the upper part of unit M the horizon displacement is focused on fault 

X2, while in the lower part of unit M stratal offset seems distributed on more faults. In unit L 

there are numerous connected and isolated faults in the 4 km zone between faults X1 and 

X2. In the western splay (X2b) of fault X2, large-scale smear-zones in sand-shale sequences 

can be inferred that are associated with an apparent stratal offset of about 900 m (Fig. 8D).  

 

The eastern part of the southern Talar Syncline shows a pronounced bending of the Talar 

Formation sandstone-shale interbeds from southwestern strike to an ESE-WNW strike (Fig. 
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3). Figure 9A is a rotated (15° CW) monochromatic SPOT satellite image of the southeastern 

Talar Syncline converted into true stratigraphic thickness (TST), imaging numerous, 

dominantly normal faults displacing the zone of maximum stratal bending (sandstone- and 

siltstone-dominated lithology = dark colors; mudstone-dominated lithology = light colors). 

Figure 9B shows a fault and horizon interpretation, documenting horizon offsets by synthetic 

and antithetic normal faults between a few metres up to 160 m. In places, subtle across-fault 

thickening of the hanging-wall strata up to a few tens of metres can be observed, indicating 

that extensional faulting was syn-depositional. The two graben systems in the centre of the 

image formed likely contemporaneously between the development of horizons 3 and 4 (Fig. 

9B). The activity of the western system ceased at the time of development of horizon 4; the 

western bounding fault of the more proximal, eastern graben system was probably active 

beyond the development of horizon 6 (Fig. 9B). In addition to normal faulting, some reverse 

faulting affects the eastern part of the southern Talar Syncline, most clearly imaged between 

horizons 1 and 4 on the western side of Figure 9B. Other reverse faults associated with 

stratal offsets of a few tens of metres can be observed in the western continuation of 

horizons 1 to 4 on the Landsat ETM+ data of the basal Talar Formation sandstones shown in 

Figure 3B. These faults likely formed post-depositionally due to Pliocene to Recent 

compression, and a reverse overprint can be expected to have contributed to some extent to 

the variable fault dips and stratal offsets observed in Figure 9B. 

 

Figure 9C is a conversion of the SPOT satellite image into pseudo-reflectivity data using the 

surface-lithology information as relative impedance estimate. The pseudo-reflectivity data is 

filtered to a synthetic frequency of 10 to 40 Hz (resolution of ca. 20 m). Figure 9D compares 

a medium-resolution seismic-reflection section (zero-phase; European polarity; frequency 5 

to 60 HZ) and well data across a deltaic rollover with an extensionally faulted crest from the 

Niger Delta. The outcrop-seismic comparison of the Makran and Nigeria data suggests that 

conjugate faults present at the eastern end of the southern Talar Syncline (Fig. 9C) are 

rather atypical for conjugate faults typically seen on seismic reflection data, in that many of 

them steepen downwards. This geometry can be partly due to compressional structural 

overprint deforming original fault geometry; however, these faults are also reminiscent of the 

secondary convex-upwards listric faults generated in analogue experiments of major listric 

growth faults by McClay et al. (1991). These authors noted that such convex-upwards faults 

may not easily be interpreted on seismic reflection data. The observations made here thus 

may reinforce the results of analogue models in demonstrating their occurrence in nature. 

 

5. Discussion 
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Both, the Buzi Range and the Talar Syncline are characterised by major syn-sedimentary 

faults that displace the kilometre-thick sandstone-shale units of the Talar Formation by 

several hundreds (Buzi Range; Figs. 5, 6) to a few thousands of metres (western Talar 

Syncline; Figs. 7, 8). These structures are clearly of a scale comparable to that of subsurface 

faults imaged in seismic-reflection data. The lateral continuity of the outcrop sections over 

several tens of kilometers enables a comparison of the structural and stratigraphic 

depocentre architecture of the Makran exposures with growth faults known from other field 

areas, as well as large-scale growth faults imaged in subsurface seismic-reflection data. With 

respect to outcrop data of other regions, the dip-perspective extent and stratal offset of the 

exposed fault zone illustrated in Figure 8 is large. For example, the Moab Fault in the Moab 

Valley near Arches National Park, Utah, is exposed over a strike length of about  45 km with 

a maximum displacement of about 960 m (Foxford et al., 1998). This fault zone is 

emphasised because the exposures are a favourite stop for academic and industry fieldtrips 

with an interest in fault-zone processes and products in sedimentary basins. The exposures 

yet reveal a predominantly strike-view of the fault, with only limited vertical sampling of the 

fault zone, but have become important localities for understanding fault seal, fault damage 

zones, and the impact of faulting on clastic reservoirs (e.g. Foxford et al., 1998; Eichhubl et 

al., 2009). The popularity of the Moab Fault highlights the comparative rarity of well-exposed 

large normal fault zones. The Gulf of Suez rift is another classic area for well-exposed 

normal faults (e.g. Jackson et al., 2006) that are seen predominately in strike-view, with a 

limited dip perspective. In contrast, the southern Talar Syncline exposes a major, complex 

fault zone in syn-kinematic sediments in (apparent) dip perspective over a distance of 12 km, 

in a region of almost 100% exposure. It presents therefore a possibly unique opportunity to 

view the architecture of a major growth fault from near surface to about 4 km depth. 

Unfortunately the key difference with the Moab Fault is accessibility. 

 

The largest growth faults are today almost entirely known from seismic reflection data, which 

have limited resolution, particularly in more deeply buried parts of a basin. The properties of 

large fault zones (such as fault damage-zone characteristics, displacement-thickness 

relationships, shale smear-displacement relationships) are extrapolated from measurements 

at the lower size range from outcrop or core. Many fundamental fault-zone characteristics 

seem to be fractal over a wide range of scales (e.g. Walsh and Watterson, 1988; Cowie and 

Scholz, 1992; Dawers et al., 1993; Ouillon et al., 1995; Odling et al., 1999; Kim and 

Sanderson, 2005; Shipton, 2006; Manzocchi et al., 2008). However, large faults can differ 

from smaller faults in several significant ways: 1) they are active over a broader temperature 

and pressure range; 2) as a consequence of 1) the basal fault zone may tap into deeper, 

hotter fluids than smaller faults, and the basal detachment (if one is present) will deform 
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under different conditions than much of the fault zone; 3) the duration of activity is likely 

longer; 4) large-displacement faults can affect other large-scale processes (e.g. flow in 

shales, crustal isostatic responses, sedimentation processes); and 5) they have a higher 

potential for seismogenic activity. Hence it is important to be able to investigate large faults in 

outcrop to test the validity of the fractal assumptions, and how they may vary from smaller 

fault zones. 

 

It is rare to get displacement-thickness data for very large fault zones (e.g. Shipton et al., 

2006; Manzocchi et al., 2008), but the southern Talar Syncline major growth fault zone (Fig. 

8) provides some estimates from measuring either: 1) the width of the zone where beds are 

smeared into the orientation of the fault zone, or 2) the gap between closest points in the 

hanging- and footwalls where beds exhibit typical strikes that are unaffected by faulting. 

These are estimates for the damage zone, not just the fault core, and are probably maximum 

estimates. Widths of the damage zone arounf fault X2 are on average around 100 m, in the 

best developed smeared zones widths are up to 200 m (Fig. 8D). Very locally where splaying 

faults join the fault zone, widths increase to a maximum of about 400 m. Displacement 

estimates are difficult to make due to the oblique section; however, the measured stratal 

offset is in the order of 500-1500 m for these zones. Hence average thickness:offset ratios 

are around 1:10, but very locally can be reduced to 1:3 to 1:4. These estimates are in line 

with thickness:displacement ratios determined from multiple fault data sets (Shipton et al., 

2006; Manzocchi et al., 2008).  

 

The complexity of faulting within the South Talar growth fault zone is reminiscent of many of 

the features of smaller-scale growth fault zones (e.g. Burhanudinnur and Morley, 1997; van 

der Zee and Urai, 2005). However, the interaction of the section with the sedimentary section 

is different. The lowest units were likely deposited when deformation was widely distributed 

on numerous faults, and passing up-section deformation became more focussed on fault X2 

(Fig. 8C, D). In smaller faults such a change in geometry might be regarded as a 

consequence of random fault splay or fault linkage events, or some influence of mechanical 

stratigraphy. For the South Talar growth fault the change could be also a consequence of the 

early syn-kinematic depocentre geometry, with deformation evolving from distributed to 

focussed with time. Displacement in the lower unit seems to have been accommodated by 

more ductile deformation (folding) as well as faulting, changing to dominant brittle 

deformation in the middle and upper units.  

 

No examples of how major growth faults behave once they pass into the shale detachment 

zone are known from outcrop. Only relatively small detachments have been described (e.g. 
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Albrecht, 2005; Osmundsen et al., 2014). Consequently the behaviour of shales associated 

with growth fault detachments at depths of 3-4 km is undocumented, and it remains uncertain 

whether shales flow and form diapirs, or just form narrow, weak, overpressured fault zones 

with limited flow (see discussions in Day-Stirrat et al., 2010; Morley et al., 2011). Adjacent to 

the main growth faults), in the shale-prone section well-bedded units are present in places 

(Fig. 8 A, B). This observation at least indicates the shaley section is not simply a complexly 

folded ductile flow unit, and if ductile flow did occur it was confined to certain zones only, not 

the entire shale mass. There are geometries that suggest shale could have been squeezed 

into a broad bulge in the footwall of a counter-regional growth fault. But to resolve the 

problem further requires field observations.  

 

For a regional outcrop to seismic comparison, Figure 10 shows a synoptic view of the rotated 

(200° CCW) and horizontally mirrored SPOT image of the northern Talar Syncline 

succession (Fig. 10A) and the major Plio-Pleistocene Perdana-Frigate depocentre offshore 

NW Borneo (Fig. 10B; Hesse et al., 2009, 2010). The Perdana-Frigate depocentre is bound 

in the west by the counterregional Perdana-Frigate fault, a syn-sedimentary normal fault with 

up to a few kilometres displacement (Van Rensbergen and Morley, 2000) that extends 

laterally over more than 50 km (Morley, 2007). The central part of the fault-bound Perdana-

Frigate depocentre exhibits a kilometre-scale rollover anticline with a collapsed crest. A 

comparison with the Makran satellite data (Fig. 10A) reveals distinct similarities in the gross 

structural geometry and internal stratigraphic architecture of the fill of the offshore Borneo 

and onshore Pakistan depocentres. Prominent features on both datasets are, for example, 

the kilometer-scale, westwards-prograding clinoforms in the lower part of the basin fill that 

are superseded by basinwards wedging sediments, and the major syn-sedimentary faults on 

both landward and seaward sides of the basins, with the western, basinward-bounding 

counter-regional faults respectively intersected at the top by a younger, seaward-dipping 

normal fault. The lateral and vertical scale of the outcrop data remains, after dip correction, 

twice of that of the seismic example, which underlines the enormous scale and continuity of 

the Makran exposures.  

 

The Makran SPOT data furthermore allows a detailed view into the outcrop stratigraphy 

(detectability of beds ~ 5 m), which can contribute to the understanding of sedimentary 

architecture imaged on lower resolution seismic-reflection data. Figure 11 is a close-up of the 

sandstone-shale units at the base of the northern Talar Syncline (Fig. 11A, B, C) compared 

to a flattened zoom-in of the basal clinoforms of the Perdana-Frigate depocenter (Fig. 11D). 

The westward-prograding clinoform succession of the Talar Syncline shows a pronounced 

basinward thinning, and, at the clinoform topsets, a shift from depositional aggradation to 
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downstepping with a continued seaward shift of the sedimentary system (Fig. 11A, B). 

Conversely, in the overlying stratigraphic intervals, clinoform geometries are lacking and all 

sedimentary units thicken basinwards into the western bounding fault (Fig. 10; also see 

succession tops on Figs 11A, B). A comparable scenario can be interpreted from the 2D 

seismic-reflection section of the Perdana-Frigate depocentre (Figs. 10B; 11D), where stacks 

of prograding clinoforms precede the formation of a basinward thickening, fault-controlled 

wedge in the hanging wall of the major western bounding fault. Limited seismic resolution 

and reflection continuity due to the intense faulting above, however, makes the detection and 

interpretation of reflection terminations within the Perdana clinoform succession difficult 

(Figs. 10B, 11D).  

 

The outcrop-seismic comparison of the Makran and Borneo examples thus documents on 

regional scale the formation of a major pre-growth clinoform succession in both systems, 

succeeded by a kilometre-scale sequence of syn-kinematic growth strata. The onset of 

counter-regional faulting started latest with the deposition of the oldest growth strata, and, if 

driven by sedimentary loading, most likely in an interval marked by a change in the balance 

between sediment input and accommodation. The prograding clinoforms at the succession 

base indicate sediment-surplus conditions, retrogradation of the depositional system implies 

an accommodation surplus, and the final sedimentary wedging suggests an approximate 

balance between fault-controlled accommodation creation and sediment accumulation. The 

pronounced retrogradation of the Talar Formation sandstones above the basal clinoforms 

(Fig. 11A) could be interpreted to represent the onset of faulting rapidly creating 

accommodation that outpaced sediment accumulation. The distinct basinward thickening and 

divergence of all sedimentary units above (Figs. 10A, 11A) indicates major syn-kinematic 

sedimentation, which is comparable in the Perdana-Frigate depocenter offshore NW Borneo 

(Fig. 10B). Figure 12A is a schematic illustration of an entirely sedimentation-driven 

mechanism (cf. Ge et al., 1997; Jackson et al., 2015) that could control the initiation of 

counter-regional growth faults in front of prograding clinoforms, in which differential loading, 

compaction and possibly fluid expulsion create synclines on the clinoform bottomsets that 

potentially trap turbidite and slope sediments. Further preferential and rapid sediment 

accumulation in such a loading-induced depocenter could lead to fault initiation between the 

syncline fill and less compacted deposits basinward. The lower-tip termination of the main 

bounding faults within the stratigraphy in both, the Talar Syncline (Figs. 7, 10A) and 

Perdana-Frigate examples (Fig. 10B, 11D), the overall bowl-shape of the depocentres, and 

the lack of a connection of the master growth faults to older, deep-seated structures support 

this interpretation. While reactivation of old thrusts as normal faults is a viable explanation for 

Page 15



the development of some counter-regional faults (Sapin et al., 2012), we suggest that other 

mechanisms need to be considered as well (e.g. Fig. 12).  

 

The structural and stratigraphic style of the Buzi Range succession (Fig. 5) differs from the 

Talar Syncline and Perdana-Frigate examples by lacking a general depocentre shape (Fig. 

4C), an isolated master fault-system controlling sedimentation, and large-scale clinoforms. 

The counter-regional growth faults within this succession are much smaller than those of the 

Talar Syncline and NW Borneo in both, vertical extent and displacement, which is yet larger 

than that of the multitude of small, basinward faults that can be explained to have formed by 

differential compaction, possibly combined with fluid escape and hydrofracturing. Figure 5 

shows the counter-regional faults F1 to F4 of the Buzi Range to have formed in an area 

underlain by internally deformed, possibly slumped, likely mudstone-rich lithology. In this 

case, compaction and dewatering of the waterlogged, undercompacted substratum by 

loading with Talar Formation sandstones could have provided extra accommodation filled 

with sedimentary units ultimately detaching along a landward dipping fault plane from their 

basinward stratal continuation (Fig. 12B). The interpretation of such an initiation of counter-

regional faulting varies from the Talar Syncline and Perdana-Frigate case (Fig. 12A) in that 

solely the nature of the pre-existing substratum initially controls the generation of space, 

which, when filled, differentially compacts and reacts to further loading until finally reaching a 

stable compaction state (Fig. 12B). Pre-existing, potentially landward-dipping structural 

weaknesses in the substratum, such as potential slump toe-thrusts in the substratum of the 

Buzi Range succession, can likely contribute to the development of such smaller-scale 

counter-regional growth faults. 

 

Irrespective of the mechanism of initiation, both the models presented above depend on the 

formation of an initial syncline that evolves into a persistent depocentre. Sedimentary loading 

further increases compaction and fluid loss in the syncline substratum, outpacing compaction 

in the surrounding areas. The high rate of loading-driven subsidence in the depocentre 

eventually causes stratigraphic rupture and growth faulting between the syncline fill and the 

less compacted, less subsiding basinward footwall strata (Fig. 12). The northern Talar 

Syncline, Buzi Range and Perdana-Frigate examples can be interpreted as an entirely 

loading-driven development of an initial syncline.  However, this interpretation is not required 

if deeper-seated structures such as thrust faults or diapirs provide landward structural lows 

that are preferentially loaded (Fig. 13; also see Sapin et al., 2012). Such tectonically 

controlled depocenters will act in a similar way to their loading-initiated counterparts in 

compacting and subsiding more rapidly than their surroundings, and ultimately generate 

comparable fault and stratigraphic geometries. For the western part of the southern Talar 
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Syncline (Fig. 8), the possible presence of deep-seated, pre-existing thrust faults or shale 

movement/diapirism within the Parkini Shales cannot be excluded. 

 

6. Conclusions 

1. The southern foreland of the Makran fold-thrust belt, SW Pakistan, exposes major 

extensional growth faults that displace the kilometre-thick sandstone-shale units of the 

Miocene Talar Formation by several hundreds to a few thousands of metres. The 

synsedimentary structures are of a scale comparable to that of major subsurface growth 

faults imaged in seismic-reflection data. 

 

2. High-resolution satellite data show in unprecedented detail the structural and stratigraphic 

architecture of growth faults and growth sequences, which can be considered as field 

analogues for buried systems imaged in low-resolution geophysical subsurface data. The 

southern Talar Syncline e.g. provides over kilometres estimates for the width of damage 

zone at growth faults ranging between ca. 100 and 400 m. Displacement estimates are 

difficult to make due to the obliquity of the satellite image with respect to structures and 

stratigraphy, but stratal offsets in the order of 500-1500 m for these zones seem reasonable. 

Hence average damage-zone thickness:offset ratios are probably around 1:10, but very 

locally can be as little as 1:3 to 1:4. 

 

3. The southern Talar Syncline furthermore shows conjugate faults at its eastern end that are 

rather atypical for conjugate faults typically seen on seismic reflection data, in that many of 

them steepen downwards. These faults are reminiscent of secondary convex-upwards listric 

faults generated in analogue experiments of major listric growth faults. 

 

4. The sedimentary succession of the northern Talar Syncline exhibits on a regional scale 

major prograding clinoforms in the lower part of the basin fill, succeeded by basinwards 

wedging growth strata. A similar association of large-scale pre-growth clinoforms followed by 

kilometre-scale synkinematic growth strata is imaged on seismic analogue data from offshore 

NW Borneo. The outcrop-seismic comparison of the Makran and Borneo examples suggests 

that sedimentation likely controlled the initiation of counter-regional growth faults in front of 

prograding clinoforms by differential loading, compaction and fluid expulsion that created 

synclines at the clinoform bottomsets; subsequent preferential sedimentation in these 

depocenters could have led to stratal rupture and fault initiation between the syncline fill and 

less compacted deposits basinward. 
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5. Counter-regional growth faults exposed in the Buzi Range differ from those of the Talar 

Syncline and NW Borneo in vertical extent and the amount of displacement. These smaller-

scale structures are interpreted to have developed above slumped, mudstone-rich, 

potentially waterlogged and undercompacted lithologies. Compaction and dewatering of the 

substratum by sedimentary loading likely provided extra accommodation in the form of a 

bowl-shaped depocentre, with the depocentre fill detaching along a landward dipping fault 

plane from their basinward stratal continuation. 

 

6. The geological interpretations of the Makran satellite data are uncorrected for topographic 

distortion and variable subsurface dips; the Makran outcrop sections are thus not directly 

comparable to true vertical geological cross-sections. The exposure of growth faults and 

growth stratigraphy along large, relatively simple folds nevertheless permits qualitative 

geological analyses over vast areas with a resolution down to a few metres. Regional 3D 

structural modelling and unfolding could be applied to restore rotated structures and 

stratigraphy back to their original position, which would enable quantitative satellite-based 

analogue analysis. 
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Figure Captions 

Figure 1:  Digital elevation map (DEM) of the world, showing locations of growth faults 

recorded on seismic-reflection data (white circles) and growth faults in outcrop (yellow 

circles). DEM from http://www.ngdc.noaa.gov. 

 

Figure 2:  Overview map (inset) and Landsat ETM+ image of the Pakistan part of the Makran 

fold and thrust belt and the coastal foreland from the Dasht River between Chabahar and 

Gwadar to the Sonmiani Bay north of Karachi. The coastal areas of the Makran fold and 

thrust belt expose spectacular folds, faults, and intensively folded and faulted strata of a 

major palaeo-delta (e.g. Quayyum et al. 1996; Carter et al. 2010). Black box indicates the 

location of the study area and of Figure 3. TR = Talar Formation. 

 

Figure 3:  Geological map of the study area (A), and Landsat ETM+ images of the Talar 

Syncline (B) and the Buzi Range outcrop succession of the Hingol area (C). The Neogene to 
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recent sedimentary succession of the Makran foreland can be subdivided into four major 

lithostratigraphic units: 1) the Panjgur Formation, 2) the Parkini Formation, 3) the Talar 

Formation, and 4) the Chatti, Ormara and Jiwani Formations. Geological overview after 

CPCP (1958), microfossil sample sites from Ellouz-Zimmermann et al. (2007). Black boxes in 

geological map (A) indicate locations of satellite images (B) and (C). 

 

Figure 4:  Stratigraphic chart of this study, and statigraphic subdivision of Ellouz-

Zimmermann et al. (2007), Critelli et al. (1990), Ahmed (1969) and CPCP (1958). The focus 

of this study is the late Miocene to Pliocene Talar Formation. 

 

Figure 5:  Monochromatic SPOT satellite image of the central part of the Buzi Range, 

horizontally mirrored and counter-clockwise (CCW) rotated by 200°. The rotation and 

mirroring places the satellite data into stratigraphic order (old deposits = bottom; young 

deposits = top); the regional westward-oriented transport direction of the sedimentary system  

is on the left side of the figure. All satellite data presented in the following are plotted the 

same way. (A) SPOT image blended with an ASTER digital elevation model, (B) SPOT data 

overlain by fault and horizon interpretation, and (C) geological image interpretation. The NW-

SE trending sandstone-shale succession is exposed over a length of 20 km at elevations 

between 100 and 450 m; the outcrop-width perpendicular to the bedding is over 6 km, which 

equals approximately 4 km of true stratigraphic thickness (TST) after dip and topography 

correction. 

 

Figure 6:  Relative chronostratigraphy of growth faulting in the central part of the Buzi Range, 

documenting a general landward backstepping of counter-regional growth faulting, hanging-

wall bending and collapse through time. Stratal bending at horizon-8-level in the hanging wall 

of fault F4 can be attributed to late-stage depositional loading of the sandstone-shale 

succession with massive, amalgamated sandstones. This loading affects only the hanging 

wall of faults F3 and F4; faults F1 and F2 remain unaffected by late-stage loading. 

 

Figure 7:  200° rotated (CCW) and horizontally mirrored monochromatic SPOT satellite 

image of the northwestern part of the Talar Syncline blended with an ASTER digital elevation 

model (A), overlain by a fault and horizon interpretation (B), and geological image 

interpretation (7C). The WSW-trending sandstone-shale succession is imaged along a > 60 

km long section that lies at elevations between 50 and 800m. The outcrop-width 

perpendicular to bedding is in places > 12 km, which equals > 8 km of true stratigraphic 

thickness (TST) after dip and topography correction. 
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Figure 8:  20° clockwise (CW) rotated monochromatic SPOT satellite image of the 

southwestern Talar Syncline blended with an ASTER digital elevation model (A), overlain by 

a fault and horizon interpretation (B), overview geological interpretation (C) and a detailed 

structural interpretation of the fault zone between faults X1 and X2 (D). The WSW-trending 

sandstone-shale succession is imaged along a section ca. 30 km long, exposed at elevations 

between 50 and 300 m. The outcrop-width perpendicular to the bedding is in places 10 km, 

which equals to ca. 3.5 km of true stratigraphic thickness (TST) after dip and topography 

correction. 

 

Figure 9:  15° CW rotated monochromatic SPOT satellite image of the southeastern Talar 

Syncline (A) converted into true stratigraphic thickness (TST), imaging numerous, dominantly 

normal faults displacing the zone of maximum stratal bending (sandstone- and siltstone-

dominated lithology = dark colors; mudstone-dominated lithology = light colors). (B) shows a 

fault and horizon interpretation, documenting horizon offset by synthetic and antithetic faults 

between a few metres up to 200 m. (C) is a conversion of the SPOT satellite image into 

pseudo-reflectivity data using the surface-lithology information as relative impedance 

estimate. Downward mudstone-sandstone contacts are defined as a relative impedance 

increase, corresponding to a seismic trough (red). The pseudo-reflectivity data is filtered to a 

synthetic frequency of 10 to 40 Hz (resolution of ca. 20 m). (D) provides for comparison a 

real-world, medium-resolution seismic-reflection section (zero-phase; European polarity; 

frequency 5 to 60 HZ) and well data across a deltaic rollover with a collapsed crest from the 

Niger Delta. 

 

Figure 10:  Synoptic view of rotated and horizontally mirrored SPOT image of the northern 

Talar Syncline succession (A) and the major Plio-Pleistocene Perdana-Frigate depocentre 

offshore NW Borneo (B). The Perdana-Frigate depocentre is bound in the west by the 

counter-regional Perdana-Frigate fault, a syn-sedimentary normal fault with up to a few 

kilometres displacement that extends laterally over more than 50 km (Morley, 2007). Note 

distinct similarities in the gross structural geometry and internal stratigraphic architecture of 

the fill of the offshore Borneo and onshore Pakistan depocentres. Black box in (A) shows 

location of Figures 11A and B, black box in (B) shows approximate location of flattened 

seismic image shown in Figure 11D. 

 

Figure 11:  Close-up of the sandstone-shale units at the base of the northern Talar Syncline 

in SPOT-image and pseudo-reflectivity display (A, B, C) compared to a flattened zoom-in of 

the basal clinoforms of the Perdana-Frigate depocenter offshore NW Borneo (D). The 

westward-prograding clinoform succession of the Talar Syncline shows a pronounced 
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basinward thinning, and, at the clinoform topsets, a shift from depositional aggradation to 

downstepping with a continued seaward stepping of the sedimentary system (A, B). Note 

difference in resolution between onlap imaged on SPOT data and in pseudo-reflectivity 

display (C). A comparable scenario can be interpreted from the 2D seismic-reflection section 

of the Perdana-Frigate depocentre (D), where stacks of prograding clinoforms precede the 

formation of a basinward thickening, fault-controlled wedge in the hanging wall of the major 

western bounding fault. 

 

Figure 12:  (A) Schematic illustration of a purely sediment-driven mechanism that could 

control the initiation of counter-regional growth faults in front of prograding clinoforms (Talar 

Syncline succession; Perdana-Frigate example), in which differential loading, compaction 

and fluid expulsion create synclines on the clinoform bottomsets that potentially trap turbidite 

and slope sediments. Further preferential, rapid sediment accumulation in such a loading-

induced depocenter could lead to stratal rupture and fault initiation between the syncline fill 

and less compacted deposits basinward. A similar mechanism has been proposed for the 

Albian Gap, a large salt-tectonic structure offshore Brazil (Jackson et al., 2015). (B) 

Schematic illustration of a lithology-driven mechanism potentially controlling the initiation of 

counter-regional growth faults in the Buzi Range succession. The interpretation varies from 

(A) in that solely the nature of the pre-existing substratum initially controls the generation of 

space, which, when filled, differentially compacts and reacts to further loading until finally 

reaching a stable compaction state. 

 

Figure 13:  Seismic-reflection example of a slope depocenter offshore NW Borneo formed 

above a deeper-seated thrust hanging-wall anticline. Such depocentres can act in a similar 

way to their purely loading-initiated counterparts in compacting and subsiding more rapidly 

than their surroundings, potentially generating comparable fault and stratigraphic geometries. 

For the western part of the southern Talar Syncline (Figs. 7, 8), the possible presence of 

larger-scale, deep-seated, pre-existing thrust faults or shale movement/diapirism within the 

Parkini Shales cannot be excluded. 
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