Using polygonal layer-bound faults as tools to delimit clastic reservoirs in the Levant Basin offshore Lebanon
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Abstract

The Levant Basin offshore Lebanon contains an array of layer-bound normal faults in the Oligo-Miocene units. The faults are believed to have nucleated in soft-grained sediments similar to polygonal fault systems worldwide, and as a result are influenced by lithological heterogeneities in the host rock unit. We used 3D seismic data and amplitude extraction from offshore Lebanon to map deepwater channels and fan lobes, and demonstrate that the distribution, geometry and growth of the layer-bound normal faults is affected by these sedimentary bodies which are acting as barriers to fault propagation. Three fault types are identified, differentiated by their growth models and overall geometry. Type I faults in the deep basin indicate that a competent unit is present along the base Miocene and is affecting their growth. Type II and III faults in the Lattakia Ridge and the margin respectively are smaller due to restriction by Upper Miocene and Lower Oligocene basin floor fans. Based on their seismic expression and on analogy with other basins containing similar faults, we deduce that the units causing restriction consist of sand rich intervals. Therefore, reservoirs offshore Lebanon are probably along the base Miocene in the deep basin, while in the Lattakia Ridge and the Levant margin, reservoirs are in Upper Miocene and in Lower Oligocene units. This study provides an additional evidence that layer-bound, or polygonal faults, can have practical industrial application during exploration of hydrocarbons, even in the absence of well data.

Introduction
Frontier basins are emerging hydrocarbon provinces with limited data, often posing numerous challenges during the exploration phase. One of these challenges is to identify and map reservoir units prior to drilling. A range of geological observations and geophysical interpretation are therefore needed in order to assess and risk elements of the petroleum system, notably reservoir presence and effectiveness. As a result, a number of case-studies became available in past years in which structural analysis of polygonal fault systems (PFS) is used as a tool to locate coarse-grained reservoir units (Lonergan and Cartwright, 1999; Stuevold et al., 2003; Jackson et al., 2014; Turrini et al., 2017). 

PFS are a special type of normal faults recognised in seismic data in over 100 hydrocarbon basins worldwide (Cartwright, 2011). They are non-tectonic faults formed due to diagenetic reactions in the host rock unit during early burial causing volumetric contraction of sediments (Davies and Ireland, 2011; Wrona et al., 2017). PFS are developed almost exclusively in fine-grained hemi-pelagic sedimentary successions (Cartwright and Lonergan, 1996; Dewhurst et al., 1999) and are very sensible to sedimentological heterogeneity in the host rock sequence. As a result, coarser-grained rock units may cause variations in the distribution, throw and overall geometry of faults (Lonergan and Cartwright, 1999; Jackson et al., 2014; Turrini et al., 2017). Therefore, by analysing the geometry of PFS, it is possible to identify and locate variations in the geomechanical properties of the host rock units, and accordingly, attribute this variation to rock lithology (Jackson et al., 2014). This may help reveal the location of deep-water sandstone reservoirs encased in thicker fine-grained host rocks and map their distribution at a basin scale (Lonergan et al., 1998; Cartwright, 2011). 

The Levant Basin is an emerging hydrocarbon province due to the discovery of more than 70 TCF of proven natural gas reserves between 2006 and 2015 (Gardosh and Tannenbaum, 2014; Ghalayini et al., 2018). Offshore Lebanon, however, remains largely unexplored with no wells drilled to date. Although the stratigraphy of the basin has been constrained by seismic interpretation and well correlation (Hawie et al., 2013), large uncertainties in locating and assessing the quality of potential hydrocarbon reservoir intervals still prevail. An extensive array of layer-bound normal faults has been documented in the Levant basin (Kosi et al., 2012; Ghalayini et al., 2014). Quantitative and qualitative analysis of these faults showed that they might have been formed through volumetric contraction similar to polygonal fault systems and have been impacted by a regional anisotropic NW-SE compressive stress field, hence their NW trending pattern (Ghalayini et al., 2017a). The growth of these faults has been affected by the mechanical properties of the host-rock Oligo-Miocene unit, whereby faults have nucleated in potentially incompetent units while competent ones acted as barriers to fault propagation (Ghalayini et al., 2017a). Having this in mind, studying the nucleation, growth and evolution of these faults at the basin scale could yield results on the geomechanical effect of different lithological units on fault propagation and as a consequence infer the lithology of these units. It is possible, thus, to map reservoir intervals across the Levant Basin offshore Lebanon by mapping the distribution and studying the subtle geometrical variations of these faults.

The aim of this contribution is to (1) quantify and assess the geometrical variability of the Oligo-Miocene layer-bound normal faults offshore Lebanon; (2) demonstrate that the distribution, cross-sectional geometry, and throw characteristics of these faults can be linked to lithological variations in the host rock unit; and (3) provide an updated stratigraphic setting of the Levant Basin which will be used to locate potential deep-water sandstone reservoirs. To achieve this end, we use a quantitative and qualitative analysis of normal faults to map their distribution, geometry and nucleation site, and combine it with attribute mapping techniques to show the link between potential reservoirs and fault distribution. Results point that in the deep basin, a lower Miocene coarse-grained unit impedes reservoir growth while in the Lattakia Ridge and the Levant margin, deepwater lobes and fan deltas are located in the Upper Miocene and lower Oligocene. These sedimentary bodies restrict fault growth and are therefore believed to consist of coarse-grained units, of potentially good reservoir properties. The outcome of this study show that the integration of structural analysis techniques with geophysical interpretation, could lead to a greater understanding of the reservoir quality in a frontier basin with no well data and proves once again that polygonal, or layer bound faults, possess a valuable industrial benefit and could greatly focus early exploration. 
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Figure 1: Simplified map showing the geographic and structural setting of the study area located in the Levant basin offshore Lebanon. The geographic extent of the normal fault array is highlighted in grey.

Geologic setting

The study area comprises the central Levant basin offshore Lebanon. Located in the easternmost part of the Mediterranean Sea, the Levant Basin is bordered to the east by the Arabian plate, to the north by the Lattakia Ridge system, to the west by the Eratosthenes seamount and to the south by the Nile Delta and the African plate (Fig. 1). The basin was formed as part of the Neo-Tethys ocean through polyphase rifting between the Permian to the Early Certaceous resulting in a variety of Mesozoic extensional structures (e.g. Garfunkel, 2004; Homberg et al., 2009; Gardosh et al., 2010; Segev et al., 2018). As of the Late Cretaceous, the convergence between Afro-Arabia and Eurasia resulted in the inversion of the previous extensional structures in northern Africa and the NW part of the Arabian plate (Frizon de Lamotte et al., 2011). The initiation of collision between the Arabian and the Anatolian plates in the Oligo-Miocene established a NW–SE compressional stress field in the Levant causing uplift and folding along the basin’s margins and in the Palmyrides (Barrier and Vrielynck, 2008; Hawie et al., 2014; Ghalayini et al., 2017b). Synchronously, a NW-SE normal fault system was developed in the Oligo-Miocene unit offshore, which most likely was formed due to volumetric contraction in the host rock sediments and was preferentially oriented because of this NW-SE compression (Ghalayini et al., 2017a). During the Neogene, the Levant Fracture System (LFS) started to establish itself along the Levant margin. It forms a sinistral transform fault system forming the plate boundary between the Arabian and African plates. The central part of the LFS in Lebanon was in place in the Late Miocene (Homberg et al., 2010; Ghalayini et al., 2014) and consists of a restraining bend formed from a multitude of folds and faults (Gomez et al. 2007). Recent investigation of the Levant Basin showed that the margin on- and offshore Lebanon is greatly affected by the passage of the LFS but the deep basin probably remained unaffected (Nader et al. in press). During the Messinian, desiccation of the Mediterranean Sea resulted in deposition of 1.6 km thick evaporite unit, commonly known as the Messinian evaporite sequence (Lie et al., 2011; Hawie et al., 2013) (fig. 2). 

Recent exploration successes in the Levant region have prompted the Lebanese government to acquire an extensive volume of multi-client 3D seismic data to aid offshore exploration. These new data have indicated that Lebanon has promising hydrocarbon potential (Ghalayini et al., 2018) and the Lebanese Government recently (2017) issued a series of decrees to regulate future offshore exploration activities. No wells, however, have been drilled to date offshore Lebanon, resulting in uncertainties regarding key aspects of the petroleum systems, notably reservoir effectiveness and seal quality.

Dataset

The available 3D seismic data cover an area of about 15,000 km2 in the offshore Lebanese EEZ and consist of two merged mega-surveys acquired by PGS and Spectrum (fig. 1). PGS mega-survey merges six individual surveys acquired between 2006 and 2013. The initial surveys were acquired by using 6-12 streamers positioned at a depth of 6 m in water depth ranging between 1.5 and 2 km. Streamer length is 6000 m at a spacing of 12.5 m and 25 m shot point intervals and shooting direction is NNE-SSW. The mega-survey was reprocessed in 2014 and is PSDM. Spectrum mega-survey comprises two surveys acquired in 2012 and 2013. The initial surveys were acquired by using 12 streamers positioned at a depth of 9 m in 2 km total water depth. Streamer length is 7000 m at a spacing of at a spacing of 12.5 m and 25 m shot point intervals. The surveys were merged and reprocessed in 2015 and are PSTM.

Both surveys have a vertical resolution of 20-40 m within the interval of interest. The data quality in both surveys is generally very good although artefacts related to fault shadows are widely seen in the lower Miocene behind the fault planes. The seismic images are displayed in the European polarity whereby an increase in impedance will give a trough event and a decrease in impendence will be represented by a peak event.

Methodology

Within the faulted succession, five key horizons were mapped in the seismic surveys (Fig. 2): (i) Eocene unconformity, forming the non-deformed base of the normal faults; (ii) intra-Oligocene; (iii) base Miocene; (vi) base mid-Miocene; and (vii) base Messinian, forming the top of the normal faults. The age of these horizons is adopted from Hawie et al. (2013) based on regional well correlation and seismic facies interpretation. The intra-Oligocene horizon was chosen based on strong impedance contrast and was used to increase the accuracy of fault displacement profiles. Root-mean-square (RMS) amplitude maps were constructed along the Base Messinian and Eocene unconformity horizons to assess the amplitude variation spatially and link it to likely sedimentary processes. Coherence attributes were generated along the different horizons to map the normal faults and visualise their spatial distribution along each horizon.

More than 600 faults were mapped in the course of this study, and 40 were subject to quantitative analysis of displacement. In the north and in the centre of the basin, the results are adopted from Ghalayini et al. (2017a) who already discussed in detail the fault growth and evolution. We combine with that previous study, the result of analysis performed over additional faults in the western part of the basin in order to have a basin-wide understanding of the fault growth and evolution. Displacement-depth plots (D-z) are used in order to assess the vertical displacement variation, infer potential nucleation sites, and propose growth model of faults (Muraoka and Kamata, 1983; Childs et al., 1996). We chose not to use fault density analysis as suggested by Jackson et al. (2014) workflow because the fault distribution corresponds very well with the mapped sedimentary bodies, making this technique unnecessary in this case-study.
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Figure 2: Simplified stratigraphic column of the Cenozoic stratigraphic series in the Levant Basin offshore Lebanon. The column shows the updated Oligo-Miocene sand bodies inferred from this study, and are shown for the three different geological domains offshore Lebanon: Deep basin, Lattakia Ridge and the Levant margin. The layer-bound normal faults are developed in fine-grained host rocks, or tiers and have different geometries in different domains. The location of RMS and coherence maps are shown.



Description of the Oligo-Miocene stratigraphy

The stratigraphic architecture of the Levant Basin offshore Lebanon has been investigated by Hawie et al. (2013) based on seismo-stratigraphic interpretation and correlations with wells from nearby countries (Gardosh and Druckman, 2006; Gardosh et al., 2008) and field investigations (Müller et al., 2010; Hawie et al., 2014). In this section, we review, summarize, and build up on this previous knowledge, with a particular focus on the Oligo-Miocene unit, by showing through seismic attribute analysis and amplitude extraction the suggested distribution of facies in the basin. 
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Figure 3: a) Non-interpreted seismic. b) geoseismic section showing the potential sedimentary facies in the deep basin and the Lattakia Ridge domains and their relationship with the normal fault distribution from south to north. c) Geoseismic section showing potential sand bodies based on seismic facies analysis and structural interpretations. Blue corresponds to a trough. For location, see figure 1.






The stratigraphic architecture

The thinned continental crust of the Levant Basin is overlain by a Mesozoic and Cenozoic sedimentary package having a thickness between 6 km on the margin and 12 km in the deep basin (e.g. Inati et al., 2016). Hawie et al. (2013) identified eight major seismic packages, bounded by eight seismic horizons, presenting a variability of seismic facies. The horizons are believed to correspond to the mid-Jurassic, Jurassic-Cretaceous boundary, Senonian unconformity, Eocene unconformity, Base Miocene, Base mid-Miocene, Base Messinian and Base Pliocene (fig. 3-4). 

The interval of interest corresponds to the Oligo-Miocene sedimentary units in which the layer-bound normal faults are incorporated. The base of the Oligo-Miocene unit is referred to as the Eocene unconformity and separates the Eocene unit from the overlying Oligocene (fig. 2). The Eocene is believed to consist of a regionally developed undercompacted shale unit (Kosi et al., 2012; Hawie et al., 2013; Montadert et al., 2014), although this hasn’t been drilled yet in the basin and remains unverified. All the normal faults stop at the Eocene unconformity horizon and do not propagate into the Eocene unit, which provides additional proof of a lithological change at the Eocene level that is acting as a strong mechanical barrier. The Oligo-Miocene units, on the other hand, are believed to consist of deep-water pelagic/hemipelagic deposits intercalated by deepwater channels, basin floor fans and mass-transport deposits (Hawie et al., 2013; Montadert et al., 2014). In particular, the base Miocene horizon offshore Lebanon could very likely consist of stacked siliciclastic material similar to the base Miocene Tamar sand unit offshore Israel (Gardosh et al., 2006; Hawie et al., 2013). 

Overlying the Oligo-Miocene is a ~1.7 km thick sequence of Messinian evaporites which was deposited as a result of the isolation of the Mediterranean Sea. The Messinian succession contains mass transport complexes at the base, together with intercalations of clastic material and halite (Gorini et al., 2015). The Oligo-Miocene normal faults do not propagate through the Messinian unit, but some faults cut through the base Messinian and displace this horizon for few tens of meters before disappearing in the salt (e.g. Ghalayini et al., 2017a). A return to pelagic/hemi-pelagic clastic-dominated sedimentation occurred during the Pliocene with the deposition of deep-water clastics.
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Figure 4: a) Non-interpreted seismic. b) geoseismic section showing the potential sedimentary facies in the Levant margin domain and their relationship with the normal fault distribution from WSW to ENE. c) Geoseismic section showing potential sand bodies based on seismic facies analysis and structural interpretations Red corresponds to a trough. For location, see figure 1. 

Seismic expression

RMS amplitude maps constructed along both the base Eocene and Base Messinian horizons show the presence of channels having two directions: E-W and ENE to NNE (fig. 5-6). This indicate that the channels originated from the Levant margin and from the Lattakia region in Syria respectively. In addition, high amplitudes anomalies in the north of the basin and along the margin are observed close to these channels and resemble those associated with fan lobes (fig. 3). 

The fan lobes are expressed on seismic data as a package of pre-dominantly very high amplitude, stacked, and parallel reflection events (F5 seismic facies) (fig 3-4). They thin toward the south and west in the deep basin domain (sensu Ghalayini et al., 2018), in combination with a decrease in seismic amplitude. F5 also transition to very low amplitude semi-continuous reflections in the Oligocene (F1), and to moderate amplitude continuous to semi-continuous reflections in the Miocene (F3). In the north, a package of moderate amplitude continuous to semi-continuous reflections (F4) is bounded by high amplitude continuous reflections (fig. 5). The stacked high amplitude reflections along the base Miocene and base mid Miocene horizons (F2), thin toward the north and toward the margin (fig. 5-6).

It is possible that the fan lobes-related seismic facies (F5) (fig. 3-4) and amplitude anomalies (fig. 5-6) could probably be associated with coarser material deposited by channels from the margin. As they are embedded in predominantly low-amplitude, continuous to semi-discontinuous reflection events (F1-F3-F4), it could indicate the latter consist potentially of fine-grained hemipelagic/pelagic deposits, which dominate the deep basin (Hawie et al., 2013).
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Figure 5: A) RMS amplitude map taken at 200 ms extraction window at the base Messinian horizon illustrating the amplitude variation in the Upper Miocene unit in the Lattakia Ridge domain. This is interpreted to be the seismic expression of channels and deepwater sand lobes or basin floor fans in the north of the basin. B) Coherence map of the base Messinian horizon showing the fault distribution relative to the boundary of the basin-floor fan identified in A. C) RMS amplitude map taken at 200 ms extraction window at the Eocene unconformity horizon illustrating the amplitude variation in the lower Oligocene unit. This is interpreted to be the seismic expression of channels and deepwater sand lobes or basin floor fans in the north of the basin. D) Coherence map of the Eocene unconformity horizon showing the fault distribution relative to the boundary of the basin-floor fan identified in C.
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Figure 6: A) RMS amplitude map taken at 200 ms extraction window at the base Messinian horizon illustrating the amplitude variation in the Upper Miocene unit along the Levant margin. This is interpreted to be the seismic expression of channels and deepwater sand lobes along the eastern margin. B) Coherence map of the base Messinian horizon showing the fault distribution relative to the boundary of the sedimentary lobes identified in A. C) RMS amplitude map taken at 200 ms extraction window at the Eocene unconformity horizon illustrating the amplitude variation in the lower Oligocene unit. This is interpreted to be the seismic expression of channels and deepwater sand lobes in the eastern Levant margin. D) Coherence map of the Eocene unconformity horizon showing the fault distribution relative to the boundary of the sedimentary lobes identified in C.



Basin fill mechanisms

The total Cenozoic sequence thickness reaches a maximum of about 7 km, with a depocenter close to the Lattakia Ridge. The sedimentary depocenter shifts gradually southward during the Cenozoic whereby it is located in the center of the basin during the Late Miocene (Ghalayini et al., 2018), reflecting the effect of different geodynamics events in the evolution and filling of the basin. A multi-source fill mechanism is believed to have contributed to basin infill, incorporating proximal and more distal clastic sources as well as in situ carbonate and hemipelagic deposition (Hawie et al., 2015). As such, by using 4D forward stratigraphic modelling workflow, three main sedimentary sources are believed to contribute in filling the basin: (1) a Nilotic source from the south; (2) a northward paleo-Euphrates and Lattakia source from the north; and (3) an eastward source from the Levant margin (Hawie et al., 2015). 

The Nilotic influx of considerable volumes of detrital material is evidenced in southern Levant and consists of high quality sandstone observed in the Tamar unit at the base Miocene horizon (Gardosh and Tannenbaum, 2014). Distal turbidites and basin floor fans  may extend as far north as offshore Lebanon (Steinberg et al., 2011) although it is difficult to image that with the available geophysical data offshore Lebanon. 

In the northern part of the basin, RMS maps show elongated features trending NNE, both at the base Messinian and the Eocene unconformity horizons (fig. 5). In addition, the area east of the Lattakia ridge is marked by very high amplitude anomalies compared to the rest of the basin, and both Upper Miocene and Base Oligocene units are characterised by a package of predominantly high-amplitude, parallel to sub- parallel reflection events (fig. 3,4,5). These geophysical observations can be interpreted as channels originating from the Lattakia region in Syria, with slope fans or terminal lobes developing around these channels as coarse-grained sediments accumulate close to the channel mouths.

Along the Levant margin, Hawie et al. (2013) documented the presence of incising canyons within the mid-Upper Miocene succession offshore northern Lebanon, together with deep-water sedimentary features such as channels, levees and turbidite lobes towards the distal part of the basin. In this study, E-W channels are observed in RMS maps along the margin in association with areas of high amplitude anomalies resembling sedimentary lobes (fig. 6). This points to a supply of sediments from NW Arabia, being deposited close to the margin only and in the north of the basin. In fact, it is estimated that less than 1/6 of the sediment supply to the Levant Basin is channelled through the margin (Gvirtzman et al., 2014). Such deposition could be the result of the initial margin uplift during the Oligo-Miocene times, which resulted in large erosion onshore, notably the removal of the units between Lutetian and Burdigalian (Beydoun, 1999; Müller et al., 2010; Ghalayini et al., 2017b). This could have indeed contributed to rerouting the clastic sediments to the margin (e.g.Hawie et al., 2013; Hawie et al., 2014) and indicate that the amplitude anomalies observed in this study (fig. 5-6) could rightly correspond to clastic, or coarse-grained, deposits.


Description of the layer-bound fault system

Having established the presence of sedimentary lobes possessing potentially coarser sedimentary facies north of the basin and along the margin, we now describe the geometry, distribution and throw characteristics of the layer-bound normal faults and attempt to link their evolution to the sedimentary facies in the basin. The faults are very well imaged within the Oligo-Miocene except in the western part of the Lebanese EEZ in which the Oligocene internal reflectors become chaotic making it challenging to map throw in the deeper units. Two types of faults are recognised in the Oligo-Miocene units of the Levant basin and are classified based on throw characteristics, geometry and size. We describe these faults types below with particular emphasis on their spatial relationship with the sedimentary lobes presented earlier.
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Figure 7: Displacement-depth (D-z) plots of two examples of type I and type II faults from the deep basin and the Lattakia Ridge domains respectively. The plots represent two actual faults (F6 and PF6 fault adopted from Ghalayini et al. 2017a) from offshore Lebanon. Type III faults are not represented in this study because of difficulties in constructing meaningful D-z plots due to their small size. Note in type I the displacement mimima at the base Miocene horizon, which is absent in type II faults.
Type I faults, deep basin

These faults are developed in the deep basin exclusively in the Oligo-Miocene units. Their lower tips terminate at the Eocene unconformity horizon, while their upper tips die out in the Messinian unit (fig.3). Average vertical displacement gradients of 0.37 at the lower tip and 0.2 at the upper tip indicate restriction to vertical growth (Ghalayini et al., 2017a). The faults are characterised by a relatively large throw (200-350 m [650-1150-ft]), a height of 3800-m (12500-ft) and a length of 6-12 km (20000-40000 ft). At map view, they are linear, mostly parallel, NW trending, and do not show any polygonal arrangement. They are 2-6 km (6500-19500 ft) spaced and show complex interaction with each other, forming segmented faults with both soft and hard relay bends. 

D-z plots show two displacement maxima along these faults, one in the Miocene and one in the Oligocene, with a displacement minima along the Base Miocene (fig. 7). To construct accurate D-z plots, and hence locating the displacement maxima, additional horizons were interpreted in the Oligocene units in the basin’s centre. These horizons, however, were not observed in western part of the basin whereby the seismic facies in the Oligocene unit become very chaotic. It was therefore challenging to interpret sub-Miocene horizons in the far west, and as a result no displacement maxima was observed in the Oligocene. We believe, nevertheless, that the faults should be similar to the rest of the deep basin’s faults and could also have a displacement maxima in the Oligocene. Very little growth strata are observed along these faults, mainly in the Lower and Upper Miocene units, indicating that the faults were syn-sedimentary during the Miocene times.

The faults disappear at the boundary of the high amplitude anomalies observed in RMS maps of both the base Messinian and the Eocene unconformity horizons (fig. 5-6). Beyond this boundary line, the faults no longer reach these horizons as they only affect the base Miocene horizon (fig. 8). 
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Figure 8: Coherence attribute slice along the base Miocene horizon showing the difference in fault density along the margin where both the Upper Miocene and Lower Oligocene basin floor fans intersect. These basin floor fans are observed at the base Messinian and Eocene unconformity horizons respectively (See figures 5-6).

Type II faults, Lattakia Ridge and the northern basin

These faults are observed only offshore northern Lebanon in the Lattakia Ridge domain (sensu Ghalayini et al., 2018). Average vertical displacement gradients is about 0.1 and 0.16 for the lower tip and upper tip respectively, indicating little or no restriction to fault propagation (Ghalayini et al., 2017a). The faults are characterised by a relatively small throw (<60-m [195-ft]), a height of ~1 km (3280-ft) and a length of 2-3 km (6500-10000-ft). At map view, they show a curved pattern resembling an open, immature polygonal fault system (Ghalayini et al., 2017a). They are 1-2 km (3280-6500-ft) spaced and show little to no interaction with each other. D-z plots are C-shaped and show only one displacement maxima in the Oligocene unit close to the base Miocene horizon (fig. 7). No growth strata are observed along these faults, indicating that the faults grew by blind tip propagation and never interacted with the free surface.

The faults are developed only in the Lower Miocene and the upper part of the Oligocene units. They die out well before reaching the Eocene unconformity and the base Messinian horizons (fig. 3). In map view, the fault distribution coincides exactly with the boundary of the high amplitude anomalies in RMS maps where the slope fans are believed to exist, and both the base Messinian and the Eocene unconformity horizons are nondeformed (fig. 5-6). At the base Miocene horizon, however, faults are present, and their density decreases toward the east as observed in coherence attribute slices at the base Miocene horizon (fig. 8).  


Type III faults, eastern margin

These faults are observed only close to the Levant’s eastern margin. They are developed around the base Miocene horizon only. The faults have very small displacement (<40 m) and are thus subtle on seismic data. Faults heights are 800-m (2625-ft) and fault trace length is 2-3 km (6500-10000-ft). No D-z plots were constructed because of the small fault throw. Seismic reflection profiles, however, indicate that displacement maxima are observed on or very close to the base Miocene horizon (fig. 4). At map view, the faults are linear and NW trending. They are 2-4 km (6500-13000-ft) spaced and appear to be isolated with no interaction with each other. No growth strata are observed along these faults, indicating that the faults grew by blind tip propagation and never interacted with the free surface. Along the eastern margin, fault density is reduced where both the Upper Miocene and Lower Oligocene slope fans are intersecting (fig. 8).

Evolution of the normal fault array and its relationship to host rock lithology

Based on the spatial distribution of the layer-bound normal faults array and their geometrical characteristics, such as displacement, height and length, we have classified three types of layer-bound normal faults in the Levant Basin. The fault distribution varies in the basin and correlates very well with potential mapped deep-water channels, lobes and basin-floor fans. The evolution of these faults has been impacted by mechanical stratigraphy, in which competent units were likely affecting the size and displacement of these faults, causing restriction to growth (Ghalayini et al., 2017a). Since no direct relationship between these competent units and the deep-water sedimentary lobes have been suggested so far, we now evaluate the degree of this relationship and attempt to link the evolution of these faults in accordance with the sedimentary bodies.
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Figure 9: Simplified model showing the suggested evolution of the normal faults since their nucleation in the early Miocene times. The coarse-grained sand bodies have very likely affected the growth of these faults and caused vertical restriction in some areas. In the Lattakia Ridge and the margin domains, the faulted fine-grained tier is thinner than the one in the deep basin as a result of increasing clastic material in the Upper Miocene and Lower Oligocene, resulting in faults being smaller.

Evolution and growth of type I faults

[bookmark: _GoBack]D-z profiles show that the fault planes exhibit two different displacement maxima located in the lower Miocene and Oligocene tiers, separated by a displacement minima along the base Miocene horizon. This could indicate that fault nucleation possibly took place in two different stratigraphic levels independently, i.e. in the Lower Miocene and in the Oligocene, (Childs et al., 1996; Mansfield and Cartwright, 1996). Those likely consist of incompetent soft-grained sediments as is the case with other PFS (e.g. Cartwright, 2011). Therefore, the unit close to the base Miocene horizon, could have very possibly acted as a barrier to fault propagation and may consist of coarse-grained material (fig. 9). Continuous fault growth resulted in the creation of monoclines along the base Miocene prior to faulting. With increased fault growth, the monoclines were breached, initially isolated faults were able to cut through the base Miocene, formed a hard relay, and joined to form a through-going fault (Mansfield and Cartwright, 1996) (fig. 9). The displacement minima documented at this unit prove that it was faulted at a later stage and consisted of a zone of linkage of between hard-linked individual segments, following increased fault growth and vertical tip propagation in the Miocene and Oligocene tiers (e.g. Childs et al., 1996; Ghalayini et al., 2017a).


The vertical tip gradients of type I faults are very high, reaching in average 0.37 and 0.2 for the upper and lower tips respectively. This is possibly due to an abrupt lithological change at the interface with the salt unit and at the Eocene unconformity horizons in the deep basin, away from the Lattakia Ridge and the margin. Therefore, fault growth is impeded by this lithology-related mechanical boundary caused by the presence of Messinian salt and Eocene overpressured shales. Since faults propagate all the way to these horizons, there is no evidence for other mechanical restriction in the Upper Miocene and lower Oligocene intervals, such as coarse-grained intervals or sand bodies that might affect fault growth. This has resulted in a thicker faulted tier in the Oligo-Miocene (~4 km thick), resulting in faults being taller, larger, and having more displacement than type II faults.

Timing of faults is believed to be in the early Miocene times since faults show growth strata in the Miocene units indicating a syn-sedimentary activity, in contrast with blind fault propagation in the Oligocene unit (Ghalayini et al., 2017a). The evidence for such a syn-sedimentary activity is little compelling since the calculated expansion indices are relatively smaller (~1.1-1.2) than other syn-sedimentary faults (e.g. Bouroullec et al., 2004; Jackson and Rotevatn, 2013). We favour an early Miocene nucleation time because the expansion indices in the Oligocene are exactly equal to 1 which point that higher expansion indices in the upper Miocene could rightly correspond to growth episodes.
	

Evolution and growth of type II faults

Based on the observation that the displacement maxima are located in the Oligocene unit just below the base Miocene, we interpret that these faults have nucleated at this stratigraphic level (fig. 9). Expansion indices for type II faults are equal to 1 indicating that no growth strata are present and as a result faults grew by blind tip propagation (e.g. Ghalayini et al., 2017a). The lack of growth strata implies that these faults never interacted with the free surface and limits our ability to constrain their age. As the normal faults in the Levant basin appear to be genetically related, we speculate that these faults have also nucleated during the early Miocene similar to the type I faults. 

Downward propagation of type II faults was not impeded by mechanical barriers as evidenced by the low lateral tip gradients of 0.1. However, the direct correlation between the mapped boundary of basin-floor fans, or channel lobes, and the fault distribution indicate that there is likely a relationship between the host-rock lithology and fault propagation, whereby the presence of coarse-grained units restrict fault growth. The reason why this restriction is not very pronounced could be due to a gradual and subtle vertical lithological change, or possibly gradual change in net-to-gross, in contrast with the abrupt lithological change in the deep basin at the Eocene unconformity level. This could indicate why in the deep basin type I faults reached the Eocene unconformity horizon while in the north type II faults died out before reaching it, while still having a small vertical gradient.

Upward propagation was probably impeded by lithology change dictated by the presence of upper Miocene basin floor fans and lobes. Relatively high average vertical tip gradients of about 0.16 indicate a certain level of restriction to upward vertical fault propagation, which is stronger than the lower tip restriction. A possible explanation could be that the upper Miocene slope fan could have a higher net-to-gross relative to the lower Oligocene one, explaining why the upper tip gradient are higher than the lower ones. This is different than the deep basin in which there was an abrupt lithological change from clay to salt at the base Messinian horizon, explaining why type I faults are very restricted.


Evolution and growth of type III faults
No displacement profiles have been constructed for type III faults, restricting the ability to analyse them in detail. However, the fact that these faults are all observed mainly at the base Miocene horizon indicate that they possibly nucleated at this horizon and grew by blind tip propagation. As a corollary, the base Miocene could consist of fine-grained sediments along the margin. The fact that the normal faults are very small, could likely indicate that the upper Miocene and Lower Oligocene basin floor fans are thicker along the margin compared to the north. This results in smaller faulted tier thickness, which in turns results in smaller faults.

Discussion

Having previously established that the Oligo-Miocene normal fault array in the Levant Basin was formed through a ‘polygonal’ mechanism, i.e. diagenesis or volumetric contraction (Ghalayini et al., 2017a), nucleation of faults, therefore, has likely happened in fine-grained sediments as is the case with PFS around the world (Cartwright and Dewhurst, 1998; Davies and Ireland, 2011). This indicates that lithological heterogeneities, such as changes in grain size, could influence fault geometry, distribution, and density in the deformed tiers (Cartwright, 2011). We have suggested in this study the presence of deepwater slope fans and lobes in the Levant Basin offshore Lebanon by using RMS amplitude maps and seismic facies analysis. The occurrence of these sedimentary bodies coincides exactly with the spatial distribution of the Oligo-Miocene normal fault arrays. As a result, it is very likely that these deposits are affecting vertical fault propagation, which could explain the observed variation in fault geometry and evolution. Consequently, it is possible that these slope fans and lobes could consist of relatively coarser-grained sediments than the original host-rock units, leading to spatial variations in polygonal fault tier thickness. This will cause the fine-grained Oligo-Miocene unit in the northern Levant and along the margin to be significantly thinner than its deep basin counterpart, resulting in smaller fault heights and displacement.

The relationship between polygonal faulting and the sedimentary character of the host rock units has been noted in other basins. One of the few examples of the tight relationship between polygonal faulting and reservoir intervals is from the Måløy slope offshore Norway (Jackson et al., 2014). By using 3D seismic and borehole data, Jackson et al., (2014) demonstrate that three types of polygonal faults are developed in the basin and are vertically decoupled across an Upper Turonian slope fan sandstone interval. As the faults are genetically related, the sandstone acted as a mechanical barrier to fault propagation, resulting in thinning of the polygonally-faulted tier and smaller fault geometries. Similarly, Turrini et al. (2017) also demonstrated how the distribution, geometry, throw profiles, and fault heights of a PFS from offshore Uruguay were influenced by the compositional heterogeneity of the host rock unit. The latter is composed of pre-dominantly mudstones, while NW-SE canyons mapped in 3D seismic data serve as conduits for sand deposition along submarine lobes below and within the polygonally faulted succession. A major conclusion of this work is that fault density and height decreased where the tier was relatively coarse-grained or thin, close to the canyons and the lobes.

These studies prove that analysing the distribution, cross-sectional geometry and throw characteristics of layer-bound normal faults is an effective tool to map and locate deep-water sandstone reservoirs. Unlike Jackson et al. (2014), we lack in our study borehole data and we relied exclusively on 3D seismic data. Although results based solely on seismic data provide an inconclusive evidence for the sand facies attributed to the documented basin-floor fan, the same workflow adopted as Jackson et al. (2014) and the very tight relationship between fault geometry, distribution and the boundary of these basin-floor fans, point to a very likely lithological control on the evolution of these faults. This could be possibly attributed to the presence of coarse-grained sand facies characterising these sedimentary bodies in the upper Miocene and lower Oligocene in the northern Levant basin and its eastern margin. Such relationships have been proven by Turrini et al. (2017) also by relying solely on seismic data without using wells for correlation.

Sand rich intervals do not always impede the growth and vertical propagation of PFS. In fact, some examples of PFS show that these faults can actually cross-cut sand units. In the Ormen Lange field located in the Møre basin offshore mid-Norway, polygonal faults are documented to cross-cut a 150-m (492-ft) thick reservoir unit, consisting of late Cretaceous Maastrichtian turbidite sandstone, deposited in a basin-floor fan (Stuevold et al., 2003). The reservoir itself is encased in fine-grained smectitic claystone and mudstone, forming the host rock units of the polygonal faults. Unlike the faults of the Måløy slope offshore Norway (Jackson et al., 2014), the Ormen Lange polygonal faults offset the reservoir, and their map-view, or spatial, distribution is not affected by the areal distribution of the reservoir (Stuevold et al., 2003). Their throw profiles, however, are impacted by this reservoir unit, in which smaller offsets are documented within the reservoir interval. A similar relationship is observed in the Alba field in the central North Sea in which polygonal faults developed initially in two independent tiers, below and above a 90-m (295-ft) thick reservoir consisting of sandstone-rich channels, and in later stages of fault growth they propagated both upward and downward to overlap with adjacent tiers (Lonergan and Cartwright, 1999). In their study, Lonergan and Cartwright (1999) demonstrate that fault density is impacted by lithological changes whereby faults are well developed in the mudstones away from the reservoir, and become poorly developed above the sandstone channel. They do not, however, investigate the degree of restriction on fault growth, and hence do not explicitly explain how the faults cross-cut the reservoir as is the case in the Ormen Lange field.

The previous examples are analogous to a large extent with the faults in the Levant basin. Type I faults were initially decoupled across a presumed reservoir unit close the base Miocene horizon. They offset this unit at later stages with significant changes in displacement along this interval, resembling those in the Ormen Lange and in the central North Sea. Type II and III faults, in contrast, are comparable to the Måløy slope and offshore Uruguay polygonal faults as their spatial distribution and vertical extent tightly follows the geometry of the presumed reservoir units. As a result, the effect of coarse-grained units on polygonal, or layer-bound faults, is separated into two categories: (1) the units can restrict fault growth, and as a consequence, affect the spatial distribution of the structures in accordance with the geometry of the coarse-grained body. Examples are the Levant’s basin type II and III faults, the Måløy slope offshore Norway and offshore Uruguay (Jackson et al., 2014; Ghalayini et al., 2017a; Turrini et al., 2017); and (2) the units will impact the fault growth by reducing their throw and density within the coarse-grained interval, but will not completely restrict the fault propagation, especially with later stages of fault growth. Examples are in the Ormen Lange field, central North Sea and type I faults in the Levant Basin (Lonergan and Cartwright, 1999; Stuevold et al., 2003). This could be related to two factors, such as the net-to-gross of the reservoir unit, and the overall thickness of the tier.

No detailed case-studies investigating the effect of variable net-to-gross on the evolution of polygonal faults are available and the published studies on PFS rarely include any information on reservoir net-to-gross. It is believed, however, that they are tightly linked (Cartwright, 2011). In the Ormen Lange, a high net-to-gross and very low values of the SGR (< 10%) are reported, for a maximum reservoir thickness of 150-m (490-ft) (Stuevold et al., 2003). The faults in this example are able to penetrate the reservoir encased in a 1000-m (3280-ft) thick tier unit. Similarly, the fault density in the Alba field is affected and reduced by a 90-m (295-ft) thick reservoir having a very high net-to-gross between 85-100% (Cosgrove and Hillier, 1999; Moore, 2015). The reservoir in the Alba field is encased a 400-m (1312-ft) thick tier unit. These examples indicate that sand rich intervals with high net-to-gross will not always impede fault growth, or decouple tier units above and below the reservoir, indicating that there should be another control on fault evolution. This control might be the thickness of the reservoir unit compared to that of the deformed tier. This is evidenced in the Måløy slope whereby the tier unit thickens to the west in conjunction with reduction of net-to-gross and pinchout of the reservoir, resulting in faults being able to cross-cut the <92-m (300-ft) thick reservoir unit (Jackson et al., 2014). Further east, or updip, faults die out while the 92-m (300-ft) thick reservoir is still in place but having possibly higher net-to-gross and, most importantly, the thickness of the combined deformed tiers is reduced than its counterpart further west (check fig. 6 in Jackson et al. 2014). When compared with other PFS, we deduce that the net-to-gross is not the only controlling factor, even if it reaches high ratio of 90% such as in the Ormen Lange. Equally important would be the thickness of the reservoir relative to that of the overall deformed tier and it should be taken into account when evaluating vertical restriction.

It is challenging to evaluate this hypothesis as we are not aware of studies that evaluate the effect of reservoir thickness combined with net-to-gross on PFS evolution other than that of Jackson et al. (2014). Other studies that investigated the evolution of PFS rarely mention explicitly the thickness of the deformed unit, give detailed information on fault height or mention net-to-gross values.

The results of this study and the examples described previously indicate the importance of how a systematic quantitative analysis of PFS and mapping variation of their lateral distribution can be a tool to delineate clastic reservoir units. The presence of such units can affect fault growth and alter the fault geometry depending on their net-to-gross ratio and their relative thickness. Having in mind that these layer-bound normal faults are found in numerous petroliferous basins worldwide (Cartwright, 2011), understanding their evolution and growth can have practical applications during hydrocarbon exploration, especially in what concerns mapping reservoirs, understanding their quality, and even assessing seal rock integrity and fluid flow (Turrini et al., 2017). Future studies should investigate more in detail the relationship between net-to-gross, reservoir thickness and polygonal tier thickness by using seismic and well data from different basins. This will allow to have clearer understanding of how and when reservoir units can affect fault growth, and possibly develop a benchmark to accurately determine net-to-gross in areas where PFS are widely present but no well data is available. As the Levant basin contains layer-bound faults of variable scales, patterns, displacement, overall geometries, and restriction effects, it could provide an ideal natural laboratory to study the growth and evolution of layer-bound and polygonal faults. 


Conclusion

We used 3D seismic reflection data from the Levant basin offshore Lebanon to evaluate the effect of lithological heterogeneity on the distribution, geometry and growth of layer-bound normal faults in the Oligo-Miocene unit at the basin scale. Structural analysis pointed to the presence of three types of faults in the basin, differentiated by their growth models and overall geometry. Type I faults are the largest, found in the deep basin domain and are believed to cross-cut a coarse-grained unit along the base Miocene. Type II faults are located in the north of the basin close to the Lattakia Ridge and their growth is vertically restricted by two basin floor fans in the upper Miocene and lower Oligocene. Type III faults are the smallest, located along the margin and only deform the base Miocene horizon. The spatial distribution of these normal faults coincides very well with deepwater lobes and basin floor fans identified based on seismic facies analysis and interpretation of RMS amplitude maps in different areas of the basin. Having previously proven that these faults have nucleated in fine-grained hemi-pelagic sediments, we speculate that the basin-floor fans consist of coarse grained-sediments, and as a result affect fault growth and evolution. Although we lack well data to conclusively determine some inferences made regarding the stratigraphic heterogeneity of the Oligo-Miocene in the Levant basin, we argue that the growth and evolution of these faults have been severely impacted by lateral and vertical sedimentological heterogeneity. By comparison with other polygonal fault systems from other basins, we interpret the basin floor fans and lobes to be sand rich and therefore could be considered as having good reservoir properties. As a consequence, reservoirs offshore Lebanon are present along the base Miocene in the deep basin domain, while in the Lattakia ridge and the margin domains, reservoirs are in the Upper Miocene and lower Oligocene units. This work provides another example of how structural analysis of polygonal and layer-bound normal faults can be used as an effective and practical exploration tool to map potential reservoirs in sedimentary basins, even with limited availability of well data.
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