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37A Gas Hydrate System of Heterogeneous
Character in the Nile Deep-Sea Fan

Daniel Praeg, Sébastien Migeon, Jean Mascle, Vikram Unnithan,
and Marcelo Ketzer

Abstract

Large deep-sea fans are useful settings to study gas hydrate
systems, the rapid burial of organic-rich sediment driving
linked processes of gas generation, fluid expulsion and
syn-sedimentary tectonism. The Nile deep-sea fan (100,000
km2) is a collapsing Late Cenozoic depocentre that is both a
hydrocarbon province and an area of widespread seafloor
fluid seepage. Evidence for gas hydrates has been reported
in this area, but remains poorly documented. Available
seismic and well data are used together with information on
seafloor features to characterise a deep-water (1500–
2700 m) gas hydrate system in the central Nile fan. The
system is in part expressed as a bottom simulating reflection
(BSR) discontinuously observed across a relatively small
area (6000 km2), both cross-cutting the stratified fill of
fault-bound slope basins, and upslope of the basins within
thick unstratified mass transport deposits. West of the BSR
area, log data from two wells 45 km apart indicate the
presence of gas hydrates in intervals up to 75 m thick near
the base of the stability zone. Gas hydrates are also likely to
be present near the seafloor within hundreds of
pockmark-like mounds that record gas venting through
the stability zone, most observed west of the BSR area. The
central Nile fan thus contains a gas hydrate system
expressed as two areas of comparable size, one with a
discontinuous BSR but few seafloor gas vents, another

lacking a BSR but with downhole evidence of gas hydrates
and abundant gas venting. This heterogenous character is
suggested to reflect spatial variations in fluid expulsion
from the Nile fan, which can inhibit BSR formation while
favouring gas hydrate accumulation over wide areas. This
possibility has implications for other large deep-sea fans,
many of which have restricted BSRs but may contain
more extensive gas hydrate systems.

37.1 Introduction

The submarine fans of large rivers are Earth’s primary
locations for long-term carbon burial (Leithold et al.
2016) and provide ideal conditions for the accumulation of
gas hydrates, rapid deposition favoring gas generation by
biogenic and thermogenic processes, as well as pore fluid
expulsion through the hydrate stability zone (Gornitz and
Fung 1994). Fluid migration to the seafloor may be facili-
tated by syn-sedimentary fault systems that develop in
response to gravitational collapse above deep décollements
(e.g., Morley et al. 2011; Ketzer et al. 2018). An upward
flow of gas-rich fluid has broad implications for gas hydrate
systems, as it has been shown to result in higher concen-
trations of hydrates (Hornbach et al. 2012) and may con-
tribute to the appearance of bottom simulating reflectors
(BSRs; Haacke et al. 2007) as well as to the development of
chimney-like structures that vent fluids to the seafloor
through the stability zone (Liu and Fleming 2007; Haacke
et al. 2009; Riedel et al. 2010).

The Nile is the world’s longest river, culminating in a
submarine fan (Fig. 37.1) at least 3 km thick that forms the
largest post-Messinian depocenter in the Mediterranean Sea
(Gennessaux et al. 1998; Loncke et al. 2006). The Nile
deep-sea fan forms the upper part of a post-rift succession at
least 7 km thick on the Egyptian margin (Abdel et al. 2000,
2001; Camera et al. 2010), which has undergone multi-stage
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gravitational collapse above décollements at two levels:
shales of Upper Cretaceous to Eocene age and Messinian
evaporites (Morley et al. 2011; Tassy et al. 2015). The
succession contains giant gas reservoirs from the Oligocene
to Pleistocene, recording upward hydrocarbon migration
from deeper thermogenic sources, mixing at shallower levels
with methane of microbial origin (Abdel et al. 2000; Dolson
et al. 2005; Vandré et al. 2007). Widespread fluid seepage is
expressed as oil slicks above major faults (Abdel et al. 2000,
2001) and as seafloor features including mud volcanoes and
pockmark-like fluid seeps (Fig. 37.1; Loncke et al. 2002,
2004; Mascle et al. 2005; Bayon et al. 2009b; Dupré et al.
2010; Römer et al. 2014). Geochemical studies reveal that
the mud volcanoes emit gas of both thermogenic and
microbial origin (Prinzhofer and Deville 2013), whereas the
pockmark-like features release nearly-pure methane (Bayon
et al. 2009b; Römer et al. 2014) from areas of authigenic
carbonates that are isotopically consistent with the anaerobic
oxidation of microbially-derived methane (Gontharet et al.
2007).

Gas hydrates have been sampled from mud volcanoes in
the Anaximander Mountains of the Mediterranean Sea,
within the Africa-Eurasia accretionary complex north of the
Nile fan (Fig. 37.1 inset; Lykousis et al. 2009; Pape et al.
2010). A recent review of gas hydrates offshore Europe
(Minshull et al. 2020) found that, despite the wide distri-
bution of seismic reflection data in the eastern Mediterranean
Sea, evidence of a BSR was limited to a single profile across
the central Nile fan offshore Egypt (Praeg et al. 2008) and to
scattered 3D seismic amplitude anomalies in the eastern Nile
fan off Israel proposed to represent a ‘pseudo-BSR’ (Tayber
et al. 2019). However, geophysical evidence of gas hydrates
has been recognized for 20 years by the Egyptian explo-
ration industry, albeit based on seismic and well data that
remain poorly documented. The presence of gas hydrates
was first noted based on 2D/3D seismic data from Shell’s
NEMed deepwater concession (Fig. 37.1; Abdel et al. 2000,
2001), which revealed a BSR at water depths below 1800 m
(Nott et al. 2001). Examples of the BSR subsequently ap-
peared in an unpublished thesis (Newton 2006) and in

Fig. 37.1 Location of the Nile deep-sea fan showing seafloor
bathymetry based on a regional multibeam mosaic (acquired by
Géoazur from 1998 to 2011) used to map the indicated seafloor
features. ‘Pockmark-like’ features refer to reflective carbonate patches
75–400 m wide of mainly positive relief (yellow dots identified for this
study, white dots from the study of Römer et al. 2014). The 1250 m
bathymetric contour (highlighted in blue) corresponds to the approx-
imate upper limit of the methane hydrate stability zone. The possible
extent of a BSR within the NEMed deepwater concession is indicated

by a ‘methane hydrate area’ taken from a Shell concession map (Sharaf
El Din 2006). Exploration 2D and 3D seismic data available to this
study are shown by the grey lines and polygon, dotted line indicates
OGS profile MS-52. Red stars indicate the locations of two exploration
wells (see Figs. 37.2a, 37.4). Inset: dashed line with arrows indicates
the southern limit of the Africa-Eurasia accretionary system (from
Mascle and Mascle 2012); circle marked A indicates the location of the
Anaximander Mountains where gas hydrates have been sampled in
mud volcanoes (see text)
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conference presentations (Sharaf El Din 2006; Sharaf El Din
and Nassar 2010). The possible extent of the BSR relative to
the NEMed seismic data was suggested by a ‘methane
hydrate area’ on a Shell concession map (Sharaf El Din
2006), reproduced in Fig. 37.1. In addition, downhole evi-
dence of gas hydrates has been reported in two Shell wells
‘in deepwater North Africa’ (Nimblett et al. 2005), here
shown to lie on the central Nile fan within the NEMed
concession (Fig. 37.1).

This article documents evidence for a gas hydrate system
in the central Nile fan using exploration seismic and well
data as well as morpho-bathymetric data on seafloor features
(Fig. 37.1). 2D/3D seismic data are first used to verify the
occurrence of a BSR within the NEMed concession
(Figs. 37.2, 37.3). Two wells presented by Nimblett et al.
(2005) are then shown to provide evidence of gas hydrates
with the area of the BSR (Fig. 37.4). Finally, indicators
for fluid seeps within the hydrate stability zone are shown
(Fig. 37.5). The results provide an example of a heteroge-
neous deep-water gas hydrate system that is only in part
expressed by a BSR and is associated with widespread gas
venting to the ocean.

37.2 Regional Setting

The Nile deep-sea fan extends over an area of 100,000 km2,
reaching up to 250 km from the Egyptian coast and into
water depths of up to 3000 m (Fig. 37.1). Its seafloor mor-
phology has been described using multibeam data and is
divided into western, central and eastern provinces
(Fig. 37.1; Loncke et al. 2002, 2004). Extensional fault
systems resulting mainly from Messinian salt withdrawal are
present in the western and eastern provinces; they also
extend across the north of the central province, where they
form a series of slope-parallel basins at water depths of
2000–2400 m (Figs. 37.1, 37.2). In contrast, most of the
central province upslope of the faults features un-deformed
sediment deposited on a stable pre-Messinian platform,
where mobile evaporites were not deposited (Loncke et al.
2004 2006).

The post-Messinian succession of the Nile fan consists of
turbiditic facies interbedded with giant mass-transport
deposits (MTDs) up to 300 m thick (Loncke et al. 2009;
Migeon et al. 2014; Omeru and Cartwright 2015). The
succession is pierced in places by mud volcanoes rooted in
pre-Messinian successions (Loncke et al. 2004; Dupré et al.
2010; Prinzhofer and Deville 2013). The central province
also contains hundreds of seafloor features that have been
referred to as pockmarks but are of mainly positive relief.
These are recognized on sonar data as high-backscatter
patches up to 400 m wide, which in situ studies show cor-
respond to areas of fractured authigenic carbonate hosting

chemosynthetic ecosystems (Loncke et al. 2002, 2004;
Bayon et al. 2009a; Dupré et al. 2010; Römer et al. 2014).
Dating of the carbonates indicates that they have precipitated
over thousands of years (Bayon et al. 2009a, b), while
on-going gas venting to the water column is recognised in
places from hydroacoustic imagery (Dupré et al. 2010;
Praeg et al. 2014; Dano et al. 2014). A detailed hydroa-
coustic survey of a 225 km2 area identified 163 features
(Fig. 37.1, white dots), all of positive relief of the 163, 8%
show vent streams of hydrate-coated methane bubbles, ris-
ing to water depths of 1400 m close to the top of the hydrate
stability zone (see Fig. 37.5; Römer et al. 2014).

The semi-enclosed Mediterranean Sea is characterized by
bottom waters that are unusually warm (12.5–14 °C), lead-
ing to a methane hydrate stability zone (MHSZ) that
lies below water depths of 1000 m (Praeg et al. 2011), i.e. at
least twice as deep as the typical upper limits of 300–500 m
in the open ocean. In the eastern Mediterranean Sea, the
upper limit of the MHSZ has been estimated to lie at water
depths of 1150–1350 m (Pape et al. 2010; Römer et al.
2014; Tayber et al. 2019). The 1250 m depth contour is
marked on Fig. 37.1 and shows that methane hydrates are
stable across the Nile deep-sea fan within a deep-water area
of about 65,000 km2.

37.3 Evidence of Gas Hydrates

37.3.1 Bottom Simulating Reflection (BSR)

The presence of a BSR on the central Nile fan is verified
using available seismic data from the NEMed concession
(Fig. 37.2) acquired in 1999 (Abel et al. 2000, 2001; Nott
et al. 2001). The grid of exploration profiles, including two
3D cross-lines, represent only part of the full industry dataset
used to suggest a ‘methane hydrate area’ (Figs. 37.1, 37.2a).
The BSR is observed on several profiles within this area and
to the south as a discontinuous reflection that extends over a
total area of 6000 km2 at water depths of 1650–2400 m
(Fig. 37.2a).

The BSR is most evident where it cross-cuts the stratified
infill of a series of fault-bound basins as a reflection of
negative polarity, with locally high amplitude but low lateral
continuity (Fig. 37.2a–c). The BSR is also observed upslope
of the basins (Fig. 37.2a) as a relatively low amplitude
reflection of higher continuity within thick unstratified mass
transport deposits (MTDs; Fig. 37.2d). The discontinuity of
the BSR outside the MTDs and within the basins can be
partly attributed to interference with reflections from the
stratigraphic succession of the fan, which is both complex
and offset by faults (e.g., Fig. 37.2b, c). The BSR also
experiences lateral fading due to reductions in amplitude,
however, notably within the basins. Interestingly, in these
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areas the BSR does not consistently ‘simulate’ the relatively
flat seafloor of the basins, but in places rises towards seafloor
(e.g., Fig. 37.2b, c).

A BSR was also hypothesized by Praeg et al. (2008)
along a multichannel seismic profile acquired in 1973 west
of the exploration profile grid (MS-52, Figs. 37.1, 37.2a),
and has been cited as evidence of gas hydrates by various
authors (e.g. Merey and Longinos 2018; Tayber et al.
2019; Minshull et al. (2020). The profile is reproduced in

Fig. 37.3 and illustrates the challenge of identifying a BSR
relative to the stratigraphy of the fan on lower quality
(12-fold) data. The profile includes a reflection of reverse
polarity to seafloor (i.e., negative amplitudes) that lies within
the depth range of the base of the methane hydrate stability
zone as estimated for minimum and maximum sediment
velocities (Fig. 37.3). However, the reflection is of low lat-
eral continuity, and does not simulate the irregular seafloor
relief; moreover, it coincides with the base of an MTD that

Fig. 37.2 Evidence of a discontinuous gas hydrate BSR on 2D and
3D exploration seismic data: a BSR depth observations superimposed
on available datasets and seafloor features (see Fig. 37.1; red stars
indicate the locations of the two exploration wells shown in Fig. 37.4);
b and c seismic profiles showing a BSR cross-cutting stratified

succession within fault-bounded basins, at left, and within unstratified
MTDs, at right; note the BSR rising towards seafloor and fading
towards the faults; d seismic profile showing a more continuous but
faint BSR within a thick MTD
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could account for an impedance reduction (Fig. 37.3). There
is no BSR observed on nearby exploration profiles
(Fig. 37.2a), even across the sites of two wells (Fig. 37.4;
see next section). The profile does not provide conclusive
evidence of a BSR; nonetheless, it cannot be excluded that a
discontinuous BSR segment is present (Fig. 37.3).

37.3.2 Well Log Data

Downhole evidence of gas hydrates that were not seismically
detected prior to drilling was presented by Nimblett et al.
(2005) in two exploration wells ‘off north Africa’, drilled in
2004 in the NEMed concession (Figs. 37.1). The wells were
acquired by Shell at locations 45 km apart at water depths of
2443 and 2448 m (Nimblett et al. 2005), allowing them to be
identified as Kg45-1 and Kj49-1 (Fig. 37.2a). The presence
of gas hydrates was interpreted from high resistivity values
in intervals 36–75 m thick, extending from 125 mbsf (i.e.,
metres below seafloor) down to or near the base of gas
hydrate stability (BGHS), estimated for regional conditions
to lie at 190 mbsf (Fig. 37.4). Slight gas flows out of the
wellhead were detected during drilling and following the

emplacement of casing, consistent with the dissociation of
gas hydrates (Nimblett et al. 2005).

The high resistivity intervals in both wells lie within 75 m
of the BGHS (Fig. 37.4). No seismic indications of gas
hydrates were observed at either site (Fig. 37.4). Seismic
and well log data indicate the upper 300 m of sediment at
these sites is mud-dominated, comprising a thick MTD at
Kg45-1, and MTDs interbedded with channel-levee deposits
at Kj49-1 (Fig. 37.4; Nimblett et al. 2005). The resistivity
log pattern differs in character between the wells, suggesting
varying thicknesses and concentrations of gas hydrates
(Fig. 37.4). While the wells are located in an area of fluid
seeps, they do not coincide with mapped features
(Fig. 37.2a) and they would have been carefully positioned
to avoid any seafloor or shallow subsurface hazards.

37.3.3 Seafloor Seepage Features

Gas hydrates are also likely to occur in association with fluid
seeps that lie within the hydrate stability zone on the Nile
fan, as noted in several studies (e.g., Loncke et al. 2004;
Mascle et al. 2005; Tayber et al. 2019; Minshull et al. 2020).

Fig. 37.3 Possible evidence of a BSR on seismic profile MS-52 across
the central Nile fan (location in Figs. 37.1, 37.2a), adapted from Praeg
et al. (2008). The multichannel profile (12-fold data, 6 km cable) was
acquired in 1973 by OGS (Finetti and Morelli 1973). The base of the
stability zone for methane hydrates in seawater (base MHSZ) calculated
from regional data grids (Praeg et al. 2011) was converted to TWT

using minimum and maximum velocities. The two levels bracket a
negative amplitude reflection of low continuity that was hypothesized
by Praeg et al. (2008) to be a BSR; note that the reflection does not
closely mimic seafloor relief and coincides with the base of a thick
MTD that could account for an impedance reduction
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Mapping of pockmark-like seafloor features on the central
Nile fan shows most to lie west of the BSR (Figs. 37.1,
37.2a), and to have distinctive positive morphologies that
could be accounted for by near-surface gas hydrates
(Fig. 37.5).

The distribution of pockmark-like features shown in
Figs. 37.1 and 37.2 is that of 570 reflective patches 75–
400 m wide, 410 mapped from a regional mosaic of multi-
beam imagery (25–100 m grids) and 160 from a

dedicated local survey (see Fig. 37.5; Romer et al. 2014).
The features are seen to be more abundant in the west, the
vast majority lying beyond the area of the BSR in water
depths of 1500–2700 m (Figs. 37.1, 37.2a). Seafloor studies
in this area suggest that reflective patches correspond to
areas of authigenic carbonate formed in response to a
long-term (103 years) upward flux of methane, which con-
tinues to vent in some places (Fig. 37.5; Bayon et al. 2009b;
Dupré et al. 2010; Römer et al. 2014). Subbottom profiles

Fig. 37.4 Evidence of gas hydrates in exploration wells Kg45-1 and
Kj49-1 (see locations in Figs. 37.1, 37.2a), from Nimblett et al. (2005).
At left, depth-converted seismic data on which well locations are
marked; no BSR is recognised at either site. Boxes indicate gas hydrate
zones (GHZ) identified from resistivity anomalies at right by Nimblett
et al. (2005). Seismic and gamma ray logs together show the wells to

have penetrated a thick mass transport deposit (MTD) at Kg45-1 and
MTDs interbedded with channel-levee deposits at Kj49-1. At far right,
the base of gas hydrate stability (BGHS) was calculated using
CSMHYD assuming a phase boundary for 99% methane and 1%
higher hydrocarbon in seawater of 34.5 ppt salinity and a geothermal
gradient of 40 °C/km (Nimblett et al. 2005)
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suggest that features above water depths of �1650–1950 m
record vertical fluid migration through undeformed slope
sediments (e.g., Fig. 37.5d), whereas those on the lower
slope coincide with an area of superficial (<10 m) sediment
deformation where fluids are inferred to migrate via inclined
faults (Bayon et al. 2009b; Dupré et al. 2010; Dano et al.
2014; Migeon et al. 2014; Römer et al. 2014) and locally
vertical pipes (Praeg et al. 2014). In general, seafloor seeps
imply the upward migration of gas via conduits or fractures
that cross the gas hydrate stability zone, a process that
remains poorly understood but favours gas hydrate forma-
tion at depth and/or near the seafloor (e.g., Liu and Fleming
2007; Haacke et al. 2009; Riedel et al. 2010).

The reflective features of the central Nile fan are compa-
rable in their sub-circular forms and dimensions to large
pockmarks, but the vast majority are up to several metres high
(e.g., Fig. 37.5c, d) and are found at the seafloor to comprise
fractured carbonate slabs (Fig. 37.5e; Bayon et al. 2009b;

Römer et al. 2014). The dating of a slab from the central Nile
fan revealed downward cementation (Bayon et al. 2009a),
supporting a model of self-sealing to drive the outward
growth of wider pavements (Bayon et al. 2009b; Dupré et al.
2010). The stresses necessary to elevate and fracture car-
bonate slabs may be generated by gravity-driven sediment
deformation (Bayon et al. 2009b) or by gas overpressure
and/or gas hydrate formation (Römer et al. 2014; cf. Loher
et al. 2018). It has been argued that large deep-sea pockmarks
of complex morphology observed in other areas may be
expressions of near-surface gas hydrate lenses, which form
and dissolve in response to evolving patterns of upward fluid
flow to drive phases of seafloor inflation and collapse (Sultan
et al. 2010, 2014; Riboulet et al. 2016). The pockmark-like
mounds of the central Nile fan may develop similarly above
evolving gas hydrate lenses, driving vertical movements that
fracture downward growing carbonate pavements to facilitate
their upward stacking (Praeg et al. 2020).

Fig. 37.5 Examples of pockmark-like seafloor seeps on the central
Nile fan, from Römer et al. (2014): a ship-borne multibeam backscatter
imagery over a 225 km2 area (see Fig. 37.1) where 163
high-backscatter features were identified; b AUV-borne multibeam
backscatter imagery showing details of gas venting from one feature;
c NW–SE bathymetric profile along the dashed line in (b), showing the

positive relief of the feature; d SW-NE Parasound profile across the
same feature showing subsurface acoustic blanking and a water column
gas flare 300 m high; e seafloor photo showing uplifted and fractured
carbonate slabs over 0.5 m thick hosting chemosynthetic fauna (for
location see green dots in (b)); f formation of gas hydrates during gas
collection with an inverted funnel in the same area.
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37.4 Discussion: A Heterogeneous Gas
Hydrate System

The Nile fan contains a gas hydrate system that is partially
expressed by a discontinuous BSR, observed within an area
of 6000 km2, or one tenth of the deep-sea area lying within
the MHSZ (Figs. 37.1, 37.2). The BSR indicates the pres-
ence within the fine-grained turbiditic sediments and MTDs
of the Nile fan of a free gas zone of patchy distribution,
above which gas hydrates are likely to occur (e.g., Majumdar
et al. 2016). West of the BSR area, log data from two wells
45 km apart indicate the presence of gas hydrates in sub-
surface intervals 36–75 m thick near the base of the stability
zone (Fig. 37.4). The wells lie in an area containing many
seafloor seeps, but there is no indication that either lies near
such a feature (Fig. 37.2a; Nimblett et al. 2005). These
observations thus provide an example of a well-known
phenomenon: that gas hydrates may be present over wide
areas within deep marine sediments without everywhere
giving rise to a BSR (e.g., Haacke et al. 2007; Majumdar
et al. 2016; Hillman et al. 2017).

The BSR in this area is observed in two settings: (1) in
the turbiditic fill of a series of fault-bound slope basins and
(2) upslope of the basins in un-deformed sediments con-
taining thick MTDs (Fig. 37.2). Linked variations in BSR
depth and continuity within the basins offer evidence that
both are influenced by upward fluid flow; in particular, the
BSR is observed to rise towards seafloor while decreasing in
amplitude toward the faults (Fig. 37.2b, c). Assuming no
significant variations in sediment velocity or thermal con-
ductivity within the basins, the observed decrease in BSR
depth is consistent with higher heat transfer due to
increased upward fluid flow near the faults (e.g., Riedel
et al. 2010). Variations in the upward flow of gas-rich fluids
have also been proposed to influence the continuity of BSRs,
such that their appearance may be inhibited by a flux of
dissolved gas that is too high to allow a free gas layer to be
established beneath the stability zone (Haacke et al. 2007).
Thus on the Nile fan, an increased upward flux of warm,
gas-rich fluids could account for the fading of the BSR as it
rises toward the faults (Fig. 37.2c).

At the scale of the central Nile fan, the area of the BSR
contains few seafloor seeps, in contrast to an area to the west
in which such features are abundant (Figs. 37.1, 37.2a). In
the latter area (5000 km2), hundreds of pockmark-like
mounds record the venting of microbially-derived methane,
inferred to originate from relatively shallow depths within
the fan (Gontharet et al. 2007; Bayon et al. 2009b; Romer
et al. 2014). Different mechanisms have been proposed for
the migration of gas through the hydrate stability zone (e.g.,
heat transfer, salt exclusion, hydrofracture), each involving
enhanced upward fluid flow to drive the formation of

chimney-like structures (e.g., Liu and Flemings 2007;
Haacke et al. 2009; Riedel et al. 2010). Thus the increased
density of gas vents westward across the central Nile fan
(Figs. 37.1, 37.2a) could indicate higher overall rates of
upward fluid flow than the area of the BSR to the east. As in
the slope basins, this could be causal, the non-appearance of
a BSR reflecting an upward flux of dissolved methane that is
too high to establish a stable free gas layer at the base of the
MHSZ (Haacke et al. 2007). An upward flux of
methane-rich fluids would also be consistent with hydrate
accumulation near the base of the stability zone between
seepage structures (e.g., Liu and Flemings 2007; Hornbach
et al. 2012), as indicated by wells in the same area
(Fig. 37.4).

The central Nile fan thus contains a gas hydrate system
expressed as two adjacent areas of comparable size but
contrasting character (Fig. 37.2a): (1) an area featuring a
discontinuous BSR and few gas vents, and (2) an area that
contains abundant vents and downhole evidence of gas
hydrates near the base of the stability zone but lacks a BSR.
This heterogeneous character is hypothesised to reflect
variations in upward fluid migration within the fan, with
higher rates near faults and in areas of gas venting inhibiting
BSR formation. Discontinuous or ‘patchy’ BSRs are
observed in other deep-sea fans and have also been linked to
variations in fluid flux, in most cases controlled by anticlinal
structures of compressive or halokinetic origin (e.g., Hov-
land et al. 1997; Tanaka et al. 2003; Wu et al. 2007; Shedd
et al. 2012; Morley et al. 2011, 2014). In these examples,
BSR patches are correlated to enhanced fluid flux through
faults to sustain seafloor fluid seeps. An interesting aspect of
the central Nile fan gas hydrate system is that the opposite
appears to be true; the BSR is anti-correlated to faults and to
features of seafloor seepage, both of which are inferred to be
associated with higher fluid flux.

The BSR and seepage areas together represent <20% of
the area of the Nile fan within the MHSZ (Figs. 37.1, 37.2a).
The full extent of the gas hydrate system is unknown. In the
absence of a BSR, it has been speculated that gas hydrates
may account for shallow diffractions that affect deeper
seismic imaging in the western Nile fan at water depths of
�1000–1500 m (Keggin et al. 2007), a depth range that
includes the feather edge of the MHSZ. Some 300 km to the
east, on the Nile fan offshore Israel, the presence of gas and
gas hydrates has been argued to account for the scattered 3D
seismic amplitude anomalies at water depths of 1300–
1900 m, and for the formation of pockmarks above the edge
of the MHSZ at water depths of 1000–1300 m (Tayber et al.
2019). The Nile fan is the upper part of a post-rift succession
that contains seismic evidence of liquid and gaseous
hydrocarbons at multiple levels, including near seafloor
(Abdel et al. 2000, 2001; Loncke et al. 2004; Dupré et al.
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2010), inferred to have migrated upward in response to
overpressures generated by rapid Late Cenozoic deposition
(Nashaat 1998; Dolson et al. 2005). In general, the migration
of gas-rich fluids into the stability zone favours gas hydrate
formation (Gornitz and Fung 1994; Liu and Fleming 2007;
Hornbach et al. 2012), yet pore fluid expulsion may also act
to inhibit the seismic expression of a BSR in passive margin
depocentres (cf. Haacke et al. 2007). If this is indeed the
case in the Nile fan, the gas hydrate system may extend over
much of its deep-water extent. This possibility is of interest
for the study of other large deep-sea fans that exhibit re-
stricted or patchy BSRs but that may contain more extensive
gas hydrate systems (e.g., the Niger delta (Hovland et al.
1997), the Amazon fan (Tanaka et al. 2003; Ketzer et al.
2018), the Mississippi fan (Shedd et al. 2012), the Pearl
River Mouth basin (Wu et al. 2007)).

37.5 Outlook

The Nile deep-sea fan provides an interesting example of a
deep-water gas hydrate system associated with widespread
gas venting, offering a useful area to study the relation of
such systems to fluid migration within passive margin
depocenters. The heterogeneous characters of the gas
hydrate system are suggested to be linked to spatial varia-
tions in fluid expulsion from the fan at different scales,
which may inhibit BSR formation but favor gas hydrate
formation over wide areas. This hypothesis invites testing
through multi-disciplinary investigations to quantify
near-surface fluid migration within the fan, and to under-
stand the mechanisms by which gas is passing through the
stability zone to vent to the ocean. The possibility that
pockmark-like features of positive relief are expressions of
near-surface gas hydrate lenses also invites testing, as the
numbers observed across the central Nile fan would imply
significant quantities of gas hydrates.
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