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(B) ABSTRACT

This paper documents the seismic expression of the conduits underlying over 350 mud volcanoes that
were erupted in an area of the western Nile Cone in the past 5.3 Myrs. The study is based on a c. 4300
km? 3D seismic survey. The conduits are interpreted to transect the > 1000 m thick Messinian
Evaporite succession, demonstrating that the eruptive process is sufficiently dynamic to breach the
formidable seal represented by the evaporites. The mud volcano conduits are remarkably similar in
geometry and seismic characteristics to many previously described examples of fluid escape pipes.
They are vertical to sub-vertical structures with a crudely cylindrical geometry, but that can either
widen or narrow upwards towards their upper terminations in the mud volcano edifices. Imaging at
depth within the Messinian Evaporites and pre-evaporite successions is more uncertain, but direct
sampling of mud from surface volcanoes suggests a pre-Messinian source, confirming the seismic
interpretation that they root within pre-salt stratigraphy. A conceptual model for the genesis of these
mud volcano conduits through salt is proposed, for which hydraulic fracturing is driven by high
overpressures that developed in the pre-salt source stratigraphy as a response to the Messinian
Salinity Crisis. Dissolution and removal of evaporites resulting in fracturing and collapse via a stoping

mechanism which is a slow process by comparison to hydraulic fracturing but is argued to potentially



C. Kirkham, J. Cartwright, C. Hermanrud, C. Jebsen

contribute to conduit formation. The analysis presented here demonstrates the potential for
bypassing a > 1 km thick unit of sealing evaporites via focused fluid and sediment mobilisation from
deeper overpressured cells in other salt basins worldwide, and has significant implications for

hydrocarbon exploration, CO, sequestration and nuclear waste disposal.

(B) INTRODUCTION

Mud volcano conduits (MVCs) represent a form of seal bypass system that connects a source
stratigraphic unit with an extrusive and constructional mud volcano (Stewart and Davies, 2006;
Cartwright et al., 2007; Roberts et al., 2010). In comparison to the better studied surface edifice of
mud volcanoes, MVCs have received only limited attention in the general research conducted to date
on mud volcano geometry and internal structure. This dominance of effort on the edifice in part
reflects their more easily observable surface expression and clearer imaging on seismic profiles
(Fowler et al., 2000; Graue, 2000; Evans et al., 2007; Huguen et al., 2009; Mascle et al., 2014; Kirkham

et al., 2017).

Several different models for MVCs have previously been proposed including large diapirs
(Brown, 1990), steep mud injections or diatremes (Pickering et al., 1988; Robertson and Kopf, 1998;
Clari et al., 2004), or narrow and vertical pipe-like structures (Fig. 1) (Fowler et al., 2000; Graue, 2000;

Kopf, 2002; Stewart and Davies, 2006; Roberts et al., 2010; Reiche et al., 2014).

Recent advances in seismic imaging and increasing availability of 3D seismic data in areas
where mud volcanism occurs has increasingly led to the recognition that MVCs are pipe-like in gross
geometry (Fig. 1). They have been observed to be tens of meters in diameter and extend vertically for
hundreds of meters from a source interval to an extruded edifice (Fig. 1) (Fowler et al., 2000; Graue,
2000; Davies and Stewart, 2005; Stewart and Davies, 2006; Calves et al., 2010). Through 3D seismic

observations of a giant mud volcano in the South Caspian Basin, Davies and Stewart (2005) proposed
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that a typical MVC consists of a pipe structure that is represented either by a cylindrical zone of heavily
intruded country rock or by an amalgamation of mud pipes. Nevertheless, there remains a great deal
of uncertainty regarding the detailed internal structure of MVCs (Davies and Stewart, 2005; Stewart

and Davies, 2006).

In this paper, we present the results of an interpretation of a high resolution 3D seismic survey
located in the lower slope region of the western Nile Cone, offshore Egypt (Fig. 2). This survey is
remarkable in that it covers an area of prolific mud volcanism in the Pliocene to Recent that is of a
scale comparable to some of the largest mud volcano provinces on Earth (Fig. 2B) (Kirkham et al.,
2017). The abundant mud volcanism thus affords an opportunity to compare and contrast the seismic
expression of their conduits within a single, well defined geological province, with only limited lateral
variability in the stratigraphy of the intervals transected by the MVCs. Numerous fluid escape pipes
also within this region present another form of fluid flow phenomena that is vertically focused and
can be compared and contrasted to the MVCs (Fig. 2B) (Bertoni and Cartwright, 2015; Cartwright and

Santamarina, 2015).

Previous studies of the mud volcanoes exposed at the modern seabed in this region of the
Eastern Mediterranean have suggested that the muddy source materials were remobilised from
sedimentary units underlying the thick Messinian evaporites (Giresse et al., 2010; Dupré et al., 2014;
Mascle et al., 2014; Kirkham et al., 2017). If correct, this implies that the conduits must transect an
evaporite succession that is greater than 1000 m thick, raising important questions as to the sealing
properties of evaporites more generally. Evaporites are universally considered to be barriers to fluid
migration in sedimentary basins (Downey, 1984), so the recognition of a breaching mechanism or seal
bypass for this type of sealing sequence could have significant implications for fluid flow in salt basins

more generally (c.f. Cartwright et al. 2007; Warren, 2016).

The main aim of this paper is to document the geometry of the MVCs and from this provide

further insights on the genesis of these conduits and the source interval from which the extruded
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material was remobilised. A particular focus of this study, therefore, is the challenging question of
seismic evidence relating to the root zones of the MVCs. Secondary aims are to add to our knowledge
of mud volcanism by extending the description of MVCs beyond that which has been reported in the

limited number of studies published to date.

(B) GEOLOGICAL SETTING

The study area is located on the lower continental slope offshore Egypt, within the western Nile Deep
Sea Fan (NDSF), at approximately 3 km water depth (Fig. 2). It lies within a passive margin formed
following a prolonged period of rifting during the Triassic to Early Cretaceous (Dolson et al., 2005).
Late Cretaceous convergence of the African and Eurasian plates resulted in the eventual closure of the

Tethys Ocean and continued compressional deformation until the Early Cenozoic (Barber, 1981).

Opening of the Gulf of Suez and tilting of northern Egypt during the upper Eocene to late
Oligocene led to large volumes of terrigenous clastics entering the basin, resulting in propagation of
the proto Nile Delta and deposition of Upper Eocene to Upper Miocene sedimentary sequences that
are predominantly comprised of clay, silt, claystone and marl (Barber, 1981; Bertoni and Cartwright,
2005). Progressive restriction and isolation of the Mediterranean Basin during the late Miocene led to
a major drawdown of sea level and the onset of the Messinian Salinity Crisis (MSC). This resulted in
widespread erosion of the basin margins and deposition of a succession of evaporites (Fig. 3) up to 3
km thick in deeper basinal regions (Hsii et al., 1977; CIESM, 2008). A restoration to normal marine
conditions across the Mediterranean in the early Pliocene brought an end to evaporite deposition and

the MSC throughout the Mediterranean (Hsi et al., 1977).

During the Pliocene to Recent, this region has been characterised by the progradation of the
NDSF, governed by an abundant supply of terrigenous sediment (clay dominated) from the Nile Delta

which is largely sourced from the Red Sea Hills in Egypt, south of the delta where erosion is thought



Mud volcano conduits through thick evaporites

to be of the order of 1200 — 1500 m (Fig. 2A) (Sestini, 1989; Loncke et al., 2004; Macgregor, 2012).
Structurally, the Pliocene to Recent sequence is deformed by thin-skinned tectonics associated with
gravitational gliding of the succession overlying a mobile unit of Messinian Evaporites (Fig. 3) (Loncke
et al.,, 2004; Cartwright and Jackson, 2008). The modern western NDSF is characterised by an
abundance of fluid escape features including mud volcanoes, fluid escape pipes and pockmarks visible
at both the present day seafloor and at buried surfaces throughout the Post-Messinian (Fig. 2B and

Fig. 4) (Loncke et al., 2004; Dupré et al., 2014; Mascle et al., 2014).

(C) SEISMIC STRATIGRAPHY WITHIN THE WESTERN NDSF

In the absence of direct well calibration the interpretation of the stratigraphic units within this study
area is based on description of their seismic expression and the identification of certain key regionally
correlatable horizons within the Eastern Mediterranean (Fig. 3). The succession is divided into three
main seismic-stratigraphic units referred to here as the Pre-Salt Unit, the Messinian Evaporites and
the Post-Salt Unit (Fig. 3). The main source rock intervals within the NDSF are found in Upper
Cretaceous black shales with high total organic carbon (TOC), Oligocene to Miocene sedimentary rocks
and Pliocene sapropels with exceptionally high TOC (Aal et al., 2000; Vandré et al., 2007; Dolson et al.,
2005). The principle reservoirs include Pliocene-Pleistocene deepwater channels and basin floor

turbidite sands, and Miocene fluvial and turbidite sands (Aal et al., 2000; Dupré et al., 2014).

(D) Pre-Salt Unit

The Pre-Salt Unit comprises seismic facies that are typically of variable amplitude, low frequency but
high lateral continuity (Fig. 3). Numerous seismic artefacts (amplitude attenuation and scattering,

migration smiles and distortion due to overlying velocity anomalies) within this succession result in
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much poorer quality imaging, especially compared to the Post-Salt Unit, as is often the case with
increased depth and when imaging beneath salt (O'Brien and Gray, 1996; Muerdter and Ratcliff, 2001).
The upper bounding reflection of the Pre-Salt Unit represents a regional unconformity and dips in a
northerly direction (Fig. 3). Numerous large basement faults are contained within this unit, some of

which have propagated through to the top of the succession and form a horst and graben structure

(Fig. 3).

(D) Messinian Evaporites

The Messinian Evaporite succession within this deep basinal region of the Eastern Mediterranean is
thought to have been deposited over a period of ~60 kyrs (5.6 Ma — 5.54 Ma) during the MSC (5.97
Ma —5.33 Ma) and reaches thickness > 1 km within the study area (Fig. 3) (Roveri et al., 2016). Beyond
the study area, the Messinian Evaporites thickness varies to up to 3 km to the northwest and thins
towards the Nile Delta in the southeast where the unit pinches out, resulting in a wedge shape

geometry (Fig. 2C).

The basal bounding surface of the Messinian Evaporites is exhibited as a high amplitude soft
reflection referred to as Horizon N (Fig. 3). It is regionally correlatable and demarcates the onset of
evaporite deposition within the deep basins of the Eastern Mediterranean 5.6 Ma (Roveri et al., 2016).
The upper bounding surface of the succession is defined by a high amplitude and regionally continuous
hard reflection known as Horizon M (Fig. 3) which delimits the end of the MSC at 5.33 Ma (CIESM,

2008; Roveri et al., 2016).

The seismic facies of the Messinian Evaporites is predominantly opaque to discontinuous (Fig.
3), which is typical of halite rich evaporitic sequences (Bertoni and Cartwright, 2006; Feng et al., 2016).

In some areas, intra salt reflectors are well imaged, suggesting local heterogeneity in the evaporitic
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stratigraphy (Fig. 3). These internal reflections most likely represent thin clastics by analogy with

recent drilling results from the nearby Levant Basin (Feng et al., 2016).

(D) Post-Salt Unit

The Post-Salt Unit comprises all sediments deposited after the end of the MSC (Pliocene to Recent)
and extends from Horizon M to the seafloor (Fig. 3). The succession is mainly composed of highly
coherent and laterally continuous reflections (Fig. 3). This seismic facies is typical of hemipelagic
deposits, similar to those of the same age documented in the Levant Basin (Dolson et al., 2005; Bertoni
and Cartwright, 2006). The southwest of the study area is deformed by numerous thin skinned growth
faults and a well-developed channel/levee complex is evident at the seafloor within the northeast of

the study area (Fig. 2B).

The most remarkable characteristic of this sedimentary unit is the prolific mud volcanism (Fig.
2B and Fig. 4). The seafloor is populated with numerous mud cones and a prominent 8 km wide sub-
circular seafloor depression known as the Menes Caldera (Fig. 2B), described previously as an active
area of fluid escape and mud volcanism (Huguen et al., 2009; Giresse et al., 2010; Dupré et al., 2014;

Mascle et al., 2014; Pierre et al., 2014).

(B) DATA AND METHODS

The data used for this study consists of a pre-stack time migrated and pre-stack depth migrated 3D
seismic cube that covers an area of ~4300 km? (Fig. 2B). The data is zero phased with SEG normal
polarity, i.e. an increase in acoustic impedance is represented by a positive amplitude response. The
binset dimensions of 12.5 x 6.25 m yield a lateral resolution of c. 25 m throughout the Post-Salt Unit.

This enables the identification and analysis of the varied geometry and seismic character of a large
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number of both mud volcanoes and their conduits within this succession. The dominant frequency,
vertical seismic resolution and p-wave velocity varies with depth from one succession to another.
Dominant frequency decreases from 60 Hz within the Post-Salt Unit to 35 Hz in the Messinian
Evaporite succession and respective vertical seismic resolutions of ¥8 m and ~30 m were calculated

for these two intervals, using average p-wave velocities of 1800 m/s and 4400 m/s (Fig. 3).

Dimensional parameters (diameter and height) for MVCs were interpreted where they were
reliably resolved within the seismic data and calculated using both pre-stack time migrated and pre-
stack depth migrated data. The height was measured based on the minimum conduit height resolvable
from the seismic data, therefore from the base of the evaporite succession to the mud cone at the
upper surface of a mud volcano. The diameter is recorded as the distance from one lateral margin of
a conduit to the other and is given as an average of measurements taken at a number of intersections

along a single conduit using arbitrary profiles extracted from the seismic cube.

(B) RESULTS

(C) DISTRIBUTION AND SEISMIC EXPRESSION OF MUD VOLCANOES

386 individual mud volcanoes have been identified and mapped using the 3D seismic data in
the study area (Fig. 2B). The average spatial density of c. 9 mud volcanoes/100 km? within the seismic
survey is relatively high when compared to other densely populated mud volcano provinces including
Azerbaijan or offshore Barbados where recorded densities are c. < 1/100 km? (Yakubov et al., 1971;
Brown and Westbrook, 1988; Milkov, 2000). The mud volcanoes are distributed throughout the Post-
Salt Unit at various burial depths, from just above Horizon M, to the present day seafloor (Fig. 4). This
distribution is in part related to thickness change of the Post-Salt Unit within the study area (ranging
from 425 m to 1150 m; increasing in thickness to the East) but more importantly due to numerous

phases of mud volcanism over the last ~5.3 Myrs, which as discussed by Kirkham et al. (2017) implies
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the potential for long lived overpressure within the mud source region in associated with the MSC and
conceivably further elevation of overpressure due to hydrocarbon generation. They are spatially
clustered in the central region of the study area (c. 15 mud volcanoes/100 km?), with decreasing
frequency to the south-west in a growth faulted region (c. 1 mud volcano/100 km?) and to the north-
east within an area dominated by a modern day channel/levee system (c. 1 mud volcano/100 km?)
(Fig. 2B). The controls on the distribution of these mud volcanoes remain relatively enigmatic, with no
obvious correlation between the location of mud volcanoes and seismically imaged reflection
geometries, thickness variation or structural features within either the Messinian Evaporites or Pre-

Salt Unit (Kirkham et al., 2017).

The identification of mud volcanoes within this 3D seismic volume is relatively straightforward
given their distinctively lensoid geometries (Fig. 5). They typically exhibit inverted conical or conical
geometry (Fig. 5A), and are easily identifiable on vertical and horizontal variance slices that exhibit an
increase in discontinuity within an edifice relative to the host succession and a circular to sub-circular
shape in planform (Fig. 5C and Fig. 5D). Importantly, these bodies thin towards their lateral margins
and exhibit a crudely bilateral symmetry, with maximum thickness developed centrally often
coincident with a conical crest at the upper bounding surface (Fig. 5A and Fig. 5B). Morphometics and
volumetrics of the mud volcanoes have been documented by Kirkham et al. (2017), with heights
ranging from c. 25 m to c. 510 m, diameters from c. 550 m to c. 5660 m, and volumes that range from
as little as c. 0.1 km3 to 3.3 km3. Their upper and lower bounding reflections are high amplitude and
continuous, whereas their internal seismic facies is generally chaotic to discontinuous, low
frequency/low amplitude, contrasting markedly with the high amplitude/continuous seismic facies of
their host succession (Fig. 5A). These seismic characteristics are consistent with documented examples
of mud volcanoes from other sedimentary basins (Fowler et al., 2000; Dimitrov, 2002; Evans et al.,

2007).
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(C) SEISMIC EXPRESSION OF MUD VOLCANO CONDUITS

The interpretation of the MVCs is complicated by a number of imaging artefacts associated with
migrating vertical objects into their correct positions, and with transmission artefacts linked to abrupt
lateral velocity changes (Lgseth et al. 2011; Cartwright and Santamarina, 2015). Consequently only 93
MVCs of the 386 mud volcanoes mapped in the study area are clearly resolved within the seismic data
and interpretable. The description and analysis undertaken here focuses on their geometry, and the

seismic expression of the MVCs and their host sequences.

The upper terminus of the interpreted MVCs is located at the base of the mud volcano, and in
some cases can be traced into the main body of the volcano, crossing the central, thickest portion
aligned with a mud cone at the centre of its upper surface (e.g. Fig. 6A). In seismic profile and
horizontal intersection the defining acoustic appearance is that of a vertical to sub-vertical zone of
discontinuous reflections, disrupted and attenuated seismic signal, low amplitude relative to the host
succession, and even complete loss of coherency (Fig. 6A and Fig. 6C). The high amplitude/continuous
seismic facies of the host succession has a significant impact on the acoustic expression and ease of
interpretation of the MVCs (Fig. 6). The MVCs are readily interpretable from variance profiles and
slices, where they are commonly seen as strikingly circular to elliptical anomalies of high variance with
sharply definable lateral margins (Fig. 6B and Fig. 6D). Interpretation of successive variance slices
through the volume allows the three-dimensional geometry to be interpreted, but imaging artefacts
nonetheless need to be recognised and filtered from the final geometrical interpretation. In all cases,
the MVCs can be traced downwards with confidence through slices within the Post-Salt Unit to the

level of Horizon M (Fig. 7 and Fig. 8).

The evaporite succession contrasts with the Post-Salt Unit in that it comprises a
predominantly low amplitude and discontinuous seismic facies with a low signal to noise ratio (Fig. 3).
Data quality within the Messinian Evaporites and Pre-Salt Unit becomes progressively poorer due to

increasing depth and the challenges of imaging within and beneath salt (O'Brien and Gray, 1996;



Mud volcano conduits through thick evaporites

Muerdter and Ratcliff, 2001). Identifying disruption or true breaks in the continuity of reflections
within the evaporites that would be diagnostic of a MVC in a similar way to as is evident within the
Post-Salt Unit is therefore significantly more challenging (Fig. 6A). The discontinuous seismic facies
renders variance data almost ineffectual for imaging a conduit within the succession since there is no
differentiation between discontinuities related to a conduit and those associated with the mobile salt
(Fig. 6B). Interpreting the geometry of MVCs within the Messinian Evaporites is therefore far more
uncertain than in the highly stratified Post-Salt Unit. The interpretation of the deeper continuation of

the MVCs below Horizon M is discussed in detail in the next section.

(C) THE 3D GEOMETRY OF MUD VOLCANO CONDUITS

Four representative MVCs are described in detail along with their overlying mud volcanoes toillustrate
the range of geometries and contexts observed within the study area, and to illustrate further the
interpretational techniques used to define their geometry. The first three examples illustrate the
complicating factors that make the interpretation of the conduits within the salt so challenging. The
fourth example was chosen because it contrasts with the first three in being one of the few MVCs that

can be confidently interpreted through the Messinian Evaporites to the Pre-Salt Unit.

(D) MVC1

MVC1 is relatively well imaged as a vertical, crudely cylindrical zone of almost total loss of reflection
coherency, overlain by a classically bilaterally symmetric volcanic cone buried beneath about 100 m
of Late Pleistocene-Recent sediments (Fig. 7A). A well developed central crater is evident at the crest
of the volcano, and is positioned directly above the MVC. The MVC is clearly identifiable through the

Post-Salt Unit, but is much harder to trace downwards into the Messinian Evaporites. Here, the

11
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imaging is less precise, and the putative downward extension of the MVCis only indicated by a broader
zone of amplitude anomalies, uncollapsed diffractions and ‘trails’ of coherent noise that persist
through the salt layer and below Horizon N. The position of MVC1 is directly above the axis of a
prominent depression at Horizon N. The planform of the MVC is remarkably consistent with a slight
ellipticity in a NW-SE axis on its passage through the Post-Salt Unit and with a slight narrowing

downwards towards Horizon M with an average diameter of 250 m (Fig. 7D).

(D) MVC2

This conduit has an average diameter of 300 m and terminates at a mud volcano that was erupted at
the present day seafloor (Fig. 7B). Internally, the volcano exhibits clear stratification and a localised
strongly amplified and soft anomaly that lies immediately beneath a well developed crater at the
seafloor (Fig. 7B). Beneath this, MVC2 can be traced downwards through the Post-Salt Unit to the level
of Horizon M with confidence, as a zone of pronounced loss of coherence. Beneath Horizon M, as with
MVC1, the conduit is much harder to trace as the narrow zone marked by loss of coherency above
gives way to a broader zone of a trail of imaging artefacts. This trail persists downwards to a prominent
offset of Horizon N, but it is not clear if this is due to a fault or due to imaging artefacts. Within the
well imaged portion above Horizon M, the planform ranges from circular to sub-circular and its
planform area is greatest towards the base of the structure and progressively decreases towards the
surface (Fig. 7E). There is very little lateral variation in the position of the margins of the conduit with

height, which results in a structure that is almost perfectly vertical (Fig. 7B and Fig. 7E).
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(D) MVC3

This conduit is almost twice as wide as MVC1 and MVC2, but is similar to MVC2 in that it terminates
upwards in a mud volcano at the seafloor but in this case one with a more subdued upper bounding
surface (Fig. 7C). MVC3 can be traced downwards through the Post-Salt Unit not so much by the loss
of coherence in the host reflectivity as with the previous two examples, but more by the downward
deflected geometry of some of the stronger host reflections. At least one of these appears to be
continuous across the conduit, but this may be artefactual. As with MVC1 and MVC2, the downward
continuation into the Messinian Evaporites is concealed within a zone of seismic artefacts. Above
Horizon M, the planform is remarkably circular and the axis is almost perfectly vertical with a slight

reduction in diameter upwards (Fig. 7F).

(D) MVC4

The seismic response of an MVC within the salt is most clearly illustrated in the example of
MVC4 (Fig. 8). The mud volcano fed by this conduit is partially buried beneath a thin veneer of
onlapping sediments close to the modern seafloor reflection onto its mud cone, which has built relief
similar to MVC1 and MVC2 but lacks a central depression (Fig. 8A). Within the Post-Salt Unit the MVC
exhibits a similar seismic expression to the previously described examples and is comparatively narrow
(Fig. 8A and Table 1). The RMS amplitude profile (Fig. 8B) shows the margins of the conduit quite
sharply contrast with the host interval particularly beneath the MTD. This profile and the slices shown
in Fig. 8C-F, clearly demonstrates the pipe-like geometry that is vertical, albeit with slightly variable
diameter. Some of this variation seems to correlate with the host seismic facies. Notably, the
downward continuation of the pipe structure beneath Horizon M is strongly suggested by the
continuity of the feature in the amplitude profile, that derives from the narrow column of amplitude

anomalies within the salt body (Fig. 8B). Interestingly, this extends downwards to a series of small

13
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offsets in basal salt reflections, and coincides precisely with a crestal geometry of Horizon N. The
similarity in the horizontal RMS amplitude intersections showing the planform of the pipe-like
structure across both the Post-Salt Unit and Messinian Evaporites (Fig. 8C-F) further supports the
interpretation of a single columnar-like structure that transects the entire post-Horizon N interval, and

therefore connects a putative source interval in the Pre-Salt Unit, with the mud volcano at the seabed.

(C) FLUID ESCAPE PIPES

In addition to containing a large number of mud volcanoes this study area is also host to numerous
fluid escape pipes (FEPs) that are distributed throughout the Post-Salt Unit. The distribution of the
FEPs is similar to that of the mud volcanoes with the majority located within the central region of the
study area (74 FEPs) with the remainder located within the growth fault domain (20 FEPs) and the
channel/levee complex (19 FEPs). These are interpreted using the same methods used for the MVCs.
They are invariably expressed on the vertical profiles as vertical columns of disruption, discontinuity
and attenuation within the Post-Salt Unit, and as columns of disruption and amplification within the
Messinian Evaporites. In the example presented in Figure 9, the pipe is clearly visible through the post-
Horizon M interval as a loss of coherence and continuity, that terminates upwards into a pronounced
pockmark crater just below the modern seabed. Within the salt, the downward continuation of the
pipe is suggested by the narrowly distributed trail of amplitude anomalies that passes downwards into
a columnar disruption of intra-salt reflections (Fig. 9A). The variance profile shows a strikingly well
defined column of low variance within the Post-Salt Unit, but a broader zone of low variance within
the salt (Fig. 9B). The overall seismic expression of this FEPs is strikingly similar to the MVC shown in
Figure 8, where it was interpreted that MVC4 extended into the Pre—Salt Unit. It seems reasonable to
infer the same source region in the Pre-Salt Unit for this FEP too, based on the seismic evidence, with
the only difference between the MVC and the FEP shown in Figure 8 and Figure 9 being at their upper

terminus, rather than in the deeper roots.



Mud volcano conduits through thick evaporites

The seismic character and geometry of the FEPs that are observed in the study area to
terminate in buried or surface pockmark craters is in all respects comparable to those exhibited by
other documented examples of FEPs worldwide (Hustoft et al., 2007; Moss and Cartwright, 2010;
Lgseth et al., 2011). However, in compiling a catalogue of seismic expression of these FEPs, we
observed a spectrum in the characteristics of the upper termini, with a range of morphological
expression at the seabed at the time the FEPs evidently formed (c.f. Cartwright and Santamarina,

2015).

Four examples of pipe like structures demonstrate this spectrum of surface morphologies (Fig.
10). They appear to emanate from crestal structures at N and transect the Messinian Evaporites and
the Post-Salt Unit (Fig. 10). A seabed pockmark is observed at the upper terminus of the example
shown in Figure 10A, whereas the example in Figure 10B, shows a seabed pockmark that has been
partially filled. The next two examples show upper termini that have the form of near seabed
pockmarks that are overlain by surface mud volcanoes of increasing size and relief at the seafloor (Fig.

10C and Fig. 10D).

In summary, the FEPs observed in the study area evidently form one end of a spectrum of
conduits that appear to be rooted in the Pre-Salt Unit. The morphological spectrum of upper termini
shown in Figure 10, points to a direct affinity in the process leading to their formation with that for

the MVCs in the study area. This point is addressed further in the Discussion.

(C) SUMMARY

The main observations derived from the 3D seismic interpretation presented in the previous sections

can be summarised as follows:

1. The seismic data clearly image the MVCs within the Post-Salt Unit, from their upper
terminations in the centres of mud volcanoes downwards to the level of Horizon M.
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2. All the well imaged conduits conform to a crudely cylindrical, vertical, pipe-like structure, with
modest variations in diameter with height, and subtle variations in planform from circular to
slightly elliptical.

3. MVCs are much harder to define beneath Horizon M both as regards their geometry, and their
downward continuation. There is only limited evidence from the seismic for the locations of
the root zones of the MVCs because it is so difficult to differentiate trails of imaging artefacts
from true disruption of the host evaporites. This is not surprising, given the well-known
problems of imaging within salt, and the generally low signal to noise ratio within the salt.
Similar problems in determining the root zones of FEPs are well recognised, even when they
are hosted in highly reflective clastic sequences (Cartwright and Santamarina, 2015).

4. The MVCs can be shown to represent one end of a spectrum of fluid escape conduits within
the study area. The other end of the spectrum is represented by pipe-like structures
terminating upwards in pockmark craters, and intermediate cases are pipes that terminate in
filled pockmarks or filled pockmarks overlain by small mud cones. This spectrum is highly
suggestive of a process continuum, in which the initial or immature stage is represented by
the pipe terminating in a pockmark, and the more evolved stages are represented by pipes
terminating in mud cones of increasing size. The possibility of this type of evolutionary process
has been suggested previously (Cartwright, 2007; Huuse et al., 2010; Cartwright and
Santamarina, 2015), but has not been previously supported by documented examples

sampling different stages of the process in the same time interval in the same area.

(B) DISCUSSION

The lack of conclusive seismic evidence for the root zones of the pipe-like conduits terminating in
either pockmarks or mud volcanoes means that a key question still to be resolved is the source of the

fluids and mud that was transported via these conduits. The other more fundamental questions, that
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stem from the observations listed above, is why the conduits are cylindrical or pipe-like, and how did

they form?

(C) CONDUIT ROOT ZONE

The lack of seismic constraints on the root zones as noted above means that other forms of evidence
are needed to resolve the question of the source of the fluids and mud transported by the conduits.
As noted briefly in the introduction, numerous documented lines of evidence based on 2D and 3D
seismic studies, near-bottom investigation techniques, swath acoustic data and direct sampling from
mud volcanoes at the seabed all point to a conclusion that the source of the fluids and mud in the
study area is within the Pre-Salt Unit (Giresse et al., 2010; Dupré et al., 2014; Mascle et al., 2014;
Kirkham et al., 2017). Of these, the most direct evidence for a Pre-Salt source in our study area comes
from piston core samples from mud volcanoes currently at the seafloor which contain xenolithic clasts
that are up to Cretaceous in age (Giresse et al., 2010; Dupré et al., 2014; Mascle et al., 2014). In
addition, but less directly, gas samples seeping from these mud volcanoes were found to be mainly
thermogenic with very high maturity indicative of a deep Pre-Salt source (Prinzhofer and Deville, 2011;
Pierre et al., 2014). More indirect evidence for the Pre-Salt origin of the mud slurry comes from hot
saline brine pools on the seabed within craters at the summit of the modern mud volcanoes that have
been attributed to dissolution of Messinian Evaporites by fluids sourced from the Pre-Salt Unit
(Huguen et al., 2009; Giresse et al., 2010; Dupré et al., 2014; Mascle et al., 2014). More widely in the
region, but outside the study area, seismic evidence of mud volcanoes have also previously been
interpreted to have potentially bypassed the thick salt unit (Netzeband et al., 2006; Reiche et al., 2014;
Bertoni and Cartwright, 2015). It seems reasonable therefore, given this direct and contextual
evidence, that the 386 mud volcanoes mapped in the study area, having erupted from the early
Pliocene to the present day, have all been sourced from the Pre-Salt Unit. This in turn implies, that

conduits of some unknown geometry must transect the Messinian Evaporites, and must lie obscured
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on the seismic data within the distributed sub-vertical zones of artefacts and anomalous amplitudes

beneath their more precisely defined upward continuations above Horizon M.

It is important to note that we cannot exclude the possibility of shallower sources of fluid and
mud for the mud volcanoes, but that we consider these sources unlikely to have been significant.
Sources within the Post-Salt Unit are unlikely because many of the mud volcanoes were erupted soon
after the end of the MSC, when early Pliocene sediments would only have been buried tens to at most
a few hundred metres. It is difficult to envisage a mechanism for the development of the extensive
and sustained hard overpressure conditions that would be necessary for mud remobilisation sourced
from the Post-Salt Unit over the last ~5.3 Myrs, and there is no evidence for the formation of depletion
zones associated with mud withdrawal within this succession (Brown, 1990; Kopf, 2002). Sources
within the evaporites are more plausible, given that early sealing of any interbedded clastics might
have preconditioned them for later remobilisation. Interbedded clastics have been inferred within the
Messinian Evaporites based on intra-salt reflectivity (e.g. Bertoni and Cartwright, 2006), and recently
proven by drilling to consist of thin layers of claystone a few meters thick (Feng et al., 2016). Although
there is some intra-salt reflectivity within the study area (e.g. Fig. 3 and Fig. 4), the reflections are of
limited lateral extent and continuity, in marked contrast to those calibrated by Feng et al. (2016),
which extend with a continuous seismic facies for many tens or hundreds of kilometres. Localised
pockets of high pressure pore fluids within the salt may have contributed to the observed mud
volcanism. Possible sources of fluids within the evaporites could be linked to diagenetic
transformations of gypsum into anhydrite and or carnallite into sylvite, which possess the potential to
release a significant quantity of brines that could result in a volume increase of up to 40% and the
development of overpressure (Jowett et al., 1993; Testa and Lugli, 2000; Eruteya et al., 2015; Bertoni
and Cartwright, 2015). However such localised fluid sources, while a viable fluid source for FEPs, would
seem very unlikely to have the potential to be the primary source and driver for the mud volcanism,
and would not in any case explain the occurrence of the pre-Miocene clasts in present day mud

volcanoes recovered in piston cores (Giresse et al., 2010; Dupré et al., 2014; Mascle et al., 2014).



Mud volcano conduits through thick evaporites

(C) CONDUIT GENESIS

An important discussion point noted above which may have important implications for any discussion
of the genesis of MVCs, is the similarity in the seismic expressions of MVCs and FEPs (compare Fig. 6
and Fig. 9). These observations could indicate that the early stages of MVC formation are perhaps very
similar to the formation of FEPs. This supports previous suggestions that MVCs are an evolutionary
result of a FEP that has progressively incorporated an increasing amount of fine grained sediment into
the composition of the migrating fluid (Cartwright, 2007; Huuse et al., 2010; Cartwright and
Santamarina, 2015). Close to the FEP the sediments have a vertical stress that is the weight of the
overburden, but the vertical stress within the fluid filled pipe is less once the main movement has
ceased. This contrast in vertical stress over a short distance would cause the walls of an overpressured
mud layer to collapse and liquefy, resulting in depletion of the layer as liquefaction progresses

outward from the pipe.

With regards to the buried pockmarks (Fig. 9) within the study area, if sourced from the Pre-
Salt Unit like the examples in Figure 10, some pipes could be considered as failed MVCs that were
perhaps not successful in incorporating sufficient fine grain sediment within the migrating fluids.
Fluids feeding these pipes could be sourced from permeable rocks or expelled from mudrocks but at
very slow velocities that prevent movement as a mud slurry, resulting in the formation of a FEP rather
than a MVC. Any model for the formation of the MVCs should therefore account for the spectrum of
observed conduits and their upper terminations (Fig. 10). In the study area, by combining seismic and
other more direct evidence, the most likely root zones for the pipe-like conduits for fluids or for a mud
slurry are within the Pre-Salt Unit. Any physical model thus needs to explain the well-defined
cylindrical geometry of both types of conduit within the clastic Post-Salt Unit, as well as a relatively
high flux passage through a > 1000 m thick evaporite sequence that would normally be considered as

being a highly effective barrier to vertical fluid migration, including for hydrocarbons (Downey, 1984).
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We considered two main mechanisms for the formation of the spectrum of pipe-like
fluid/mud conduits in the study area, based on a review of previous studies on MVCs and FEPs,
balanced with the key observations listed at the beginning of this discussion. These two mechanisms
are (1) natural hydraulic fracturing under extreme overpressure generated within the Pre-Salt Unit,
and (2) dissolution-stoping ascent of hot undersaturated pore fluids liberated from overpressure cells

within the Pre-Salt Unit.

(D) Hydraulic fracturing

The genesis of pipe-like structures linked to highly focused fluid escape (fluid escape pipes) has been
widely argued to result from catastrophic breaching of top seals in a highly dynamic process involving
hydraulic fracturing under elevated pore fluid pressures (Cartwright et al., 2007; Hustoft et al., 2007;
Hustoft et al., 2010; Moss and Cartwright, 2010; Lgseth et al., 2011; Davies et al., 2012; Cartwright
and Santamarina, 2015). By analogy, and bearing in mind the need to account for the similarity
between MVCs and FEPs in the study area, it seems reasonable to invoke a similar process to explain

the propagation upwards of MVCs through both the Messinian Evaporites and the Post-Salt Unit.

A number of previous studies have suggested that hydraulic fracturing plays a crucial role in
the formation of pipe-like MVCs, and envisage the pipe structure as consisting of a network of
fractures that have propagated to the surface within a vertical cylindrical zone (Morley, 2003; Stewart
and Davies, 2006). Field studies have documented exhumed mud volcano feeder systems and shown
them to comprise complex fracture zones containing mud and clasts of country rock, with strong
evidence for vertical fluid and mobile sediment intrusion through fracture networks (Fig. 1D) (Morley
et al., 1998; Clari et al., 2004; Roberts et al., 2010; Cartwright and Santamarina, 2015). The fracture
density within these conduits gradually increases towards its centre, eventually forming a highly

fractured columnar zone at the centre of the conduit, where higher mud flow is localised (Fig. 1D)



Mud volcano conduits through thick evaporites

(Roberts et al., 2010). In the absence of any direct evidence for a hydraulic fracturing mechanism for
pipe formation (Cartwright and Santamarina, 2015), the exhumed MVCs described by Roberts et al.
(2010) present the best current analogue for the development of cylindrical regions of hydraulic

fractures within MVCs.

Hard overpressure is a critical precondition for the formation of hydraulic fractures within a
sedimentary basin and is widely considered to drive the ascent of mud and pore fluids from deeper
sedimentary layers during the formation of mud volcanoes (Brown, 1990; Osborne and Swarbrick,
1997; Dimitrov, 2002; Morley, 2003). So can it be argued that sufficient conditions of regionally
extensive hard overpressure (fluid pressure approaching the lithostatic pressure) existed in the
putative Pre-Salt source region supplying mud and fluids up the propagating conduits and providing

the necessary energy for continued hydraulic failure?

The MSC has been invoked to have had a major influence on the development of overpressure
in the Pre-Salt, made evident by various fluid flow related features including mud mobilisation, cold
seeps and pockmark formation and shallow laccolith intrusion (Pierre et al., 2002; Bertoni et al., 2013;
Bertoni and Cartwright, 2015). Rapid loading of Pre-Salt sediments by a c. > 1 km succession of low
permeability evaporites poses the potential for wide spread high fluid retention, undercompaction
and a vertical direction of maximum compressive stress, resulting in overpressuring of the Pre-Salt
Unit (particularly the immediate Pre-Salt) (Osborne and Swarbrick, 1997; Bertoni and Cartwright,
2015). The lateral extent and sealing capacity of the evaporite succession presents the potential for a
significant and long lasting overpressured system within the Pre-Salt Unit. Low level fluctuations in
pore-fluid pressure are likely all that is required in order for overpressure to locally exceed lithostatic
pressure, potentially resulting in localised uplift of the base seal and formation of an initial fracture
(Fig. 11A). Potential mechanisms for dynamic fluctuations in pore fluid pressure include earthquakes

(Tanikawa et al. 2010), rapid loading or unloading by eustatic changes (Hermanrud et al., 2013), lateral
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compression and shearing associated with boundary friction at the salt/Pre-Salt interface as a result

of movement of mobile evaporites (Hudec and Jackson, 2007).

An alternative source of overpressure in the Pre-Salt Unit could have come in the form of
hydrocarbon generation. Methane is considered almost ubiquitous in the eruption of modern mud
volcanoes and also many FEPs (Kopf, 2002; Cartwright and Santamarina, 2015). The generation and
accumulation of hydrocarbons present an effective mechanism to build-up further pore fluid pressure
within an already overpressure Pre-Salt (Hedberg, 1980; Charlou et al., 2003; Dimitrov, 2002; Kopf,
2002). Mesozoic and Oligocene source rocks recently documented within the deep water region of
the Nile Delta and methane-rich and oily hydrocarbon-rich hot brine and mud samples taken from
several mud volcanoes within this study area indicate the presence of hydrocarbons within the
migrating mud slurry (Aal et al., 2000; Vandré et al., 2007; Huguen et al., 2009; Dupré et al., 2014;
Pierre et al., 2014). As stated above, seepage samples from mud volcanoes within this region are
mainly thermogenic, highly mature and sourced from beneath the evaporite succession (Prinzhofer
and Deville, 2011; Pierre et al., 2014). The presence of Pre-Salt hydrocarbon plays are therefore
evident within this region and possess the potential to have a profound impact on Pre-Salt pore fluid

pressure and effective stress.

A key question within this basin is do hydraulic fractures form and propagate acrossac. > 1
km thick layer of evaporites possibly mainly composed of halite? Despite the sealing capabilities of
evaporites it is thought that a network of hydraulic fractures can form within rock salt where fluids
are present either within or beneath evaporites at near-lithostatic pressure (Urai et al., 2008; Warren,
2016). One possibility is if fluid pressure within the Pre-Salt source unit exceeds the tensile strength
and minimum horizontal stress of the sealing overburden (Delaney et al., 1986; Cosgrove, 2001;
Eruteya et al., 2015). Alternatively at sufficiently low effective mean stress, dilatancy and fracturing
can also occur in a deforming salt such as the Messinian Evaporite succession, resulting in the

formation of significant permeability pathways that Pre-Salt fluids could exploit (Peach and Spiers,
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1996; Urai et al., 2008; Eruteya et al., 2015). In order for high pressure fluids and entrained fine grained
sediment to be injected into the evaporitic and Post-Salt Unit along hydraulic fractures, a sustained
pressure differential between the fluids within the propagating intrusion and pore fluids is required in
order to achieve fracture dilation (Jolly and Lonergan, 2002). The specific locations at which hydraulic
fracturing initiates is difficult to explain due to poor imaging within the Pre-Salt Unit and because the
original geometry of the source region of the mud volcanoes has been altered significantly by the
formation of depletion zones during the withdrawal of liquefied sediment (Kirkham et al., 2017).
However, FEPs and early stage MVCs are observed positioned above crestal structures at the base of
the evaporites, which strongly favours the formation of a conduit due to lateral pressure transfer and
crestal leakage, prior to reconfiguration of the base-salt geometry during the formation of a depletion

zone (Fig. 10).

(D) Dissolution and stoping

The process of dissolution can result in localised subsurface volume loss of a substrate and has been
known to lead to later collapse of the overburden within a columnar zone, forming a structure defined
as a dissolution pipe (Sun et al., 2013; Cartwright and Santamarina, 2015). These pipes are restricted
to areas where there are carbonates and/or evaporites at depth. Dissolution pipes are considered to
propagate upward from the locus of dissolution events. Fracturing within dissolution pipes as a result
of upward propagating collapse increases permeability and can promote fluid migration within a
vertical column (McDonnell et al., 2007). In contrast to the hydraulic fracturing mechanism discussed

above, the process does not require overpressure.

It must be taken into account that this process would be much slower when compared to
hydraulic fracturing and is self-limiting, as the volume of salt that can be taken into solution before

the fluids become supersaturated is finite (Bertoni and Cartwright, 2005). Additionally this mechanism
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would not be applicable within the Post-Salt Unit, however, it could be effective as a catalyst during
the initial stage of conduit propagation at the base of the evaporite succession and may contribute
the final geometry and internal character of the conduit (Fig. 11A). Hot saline brine pools associated
with these mud volcanoes imply that dissolution could have been a factor in the formation of these

conduits (Huguen et al., 2009; Giresse et al., 2010; Dupré et al., 2014; Mascle et al., 2014).

By analogy the collapse mechanism proposed here is similar to one suggested for the
formation of presently outcropping mud volcano feeder complexes in Azerbaijan referred to as
stoping (Roberts et al., 2010). The mechanism of stoping originates from igneous intrusions where an
invading melt widens fractures and causes the overburden to disintegrate, break apart, and collapse,
resulting in a slow upwards propagating process which produces a collapse pipe (Marsh, 1982).
Temperatures recorded from MVCs (as little as 11 °C to > 100 °C ) are at least an order of magnitude
less than in igneous systems (> 1000 °C), so thermal expansion and disintegration of the host rock
would generally not be considered applicable in MVCs (Roberts et al., 2010). However, dissolution
within the evaporite succession and fracturing within the vertical column of the conduit could result

in subsequent collapse of the host succession in a process somewhat similar to stoping.

The potential conduit forming processes described here all represent viable mechanisms for
having contributed to the formation of the MVCs within this study area. The most probable
explanation for their genesis is that they are formed primarily through hydraulic fracturing, with
dissolution and stoping acting as contributory mechanisms during the evolution of the conduit (Fig.
11). A conceptual model of the stages for the genesis of MVCs through evaporites is presented in
Figure 11. In summary the analysis presented here demonstrates the potential for MVCs to bypass
thick evaporite successions and to vertically transport significant volumes of fluid and sediment over
great distances through ‘sealing’ salt sequences. These findings should not be regarded in isolation
since they have significant implications with regards to breaching of Messinian Evaporite seals in other

regions of the Mediterranean, and more generally of thick evaporitic seals in salt basins worldwide.
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(B) CONCLUSIONS

This study has presented an analysis of the seismic response and geometrical form of a large number
of MVCs from offshore Egypt. The key outcome is that their interpretation and description clearly
demonstrates the potential for bypassing of thick sequences of ‘sealing’ evaporites via focused fluid

and sediment mobilisation. Further important outcomes include:

e Pipe-like MVCs can be reliably identified within 3D seismic data as vertical zones of, disruption,
discontinuity and reduced seismic response, similar to the seismic expression of FEPs.

e They exhibit complex geometries ranging from vertical to sub-vertical structures that vary in
planform area and shape from circular, to sub-circular, to elliptical. The resulting 3D shape ranges
from cylindrical, to conical or inverted conical columns, the description of which demonstrate a
more complex geometry than previously documented.

o The description of MVCs and FEPs implies that the early stages of MVCs formation is perhaps
similar to the formation of FEPs. Some FEPs may evolve into MVCs with increasing fine grained
sediment input and sustained overpressure within the source unit. If rooted to the same Pre-Salt
sedimentary layer as the MVCs, FEPs with buried pockmarks at their upper terminus may
represent failed MVCs.

e Analysis of this high resolution 3D seismic data demonstrates that MVCs can be interpreted within
evaporites and inferred to root within Pre-Salt stratigraphy.

e Rapid loading due to evaporite deposition during the MSC resulted in high fluid retention,
undercompaction and significant overpressuring within Pre-Salt stratigraphy. Subsequent
dynamic fluctuations in pore fluid pressure via mechanisms including increasing gas pressure
associated with Pre-Salt hydrocarbon plays, earthquakes, rapid loading or unloading by eustatic

changes and, lateral compression and sheering associated with salt flow, could potentially lead to
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localised areas of overpressure equal to the lithostatic pressure, resulting in the formation of
hydraulic fractures.

e Dissolution of the evaporites could cause localised subsurface volume loss. Fluids exploiting the
newly formed hydraulic fractures may lead to further dissolution, fracturing and collapse within
the conduit via a stoping mechanism. This is a slow process compared to hydraulic fracturing that

could contribute to the final character of the MVC.
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Figure 1. Documented examples of mud volcano conduits (MVCs). (A) A mud volcano with a well imaged pipe-
like conduit from the South Caspian Basin (Modified from Stewart and Davies, 2006). (B) A buried mud volcano
with an underlying cylindrical conduit from the Gjallar Ridge, offshore mid-Norway. The conduit is associated
with localized folding and vertically stacked amplitude anomalies, indicative of gas or cementation (Modified
from Cartwright et al., 2007). (C) A large mud volcano and underlying feeder system from the South Caspian
Basin, interpreted to have formed by fluidised mud flows through fractures. TMV — Top mud volcano; BMV —
Base mud volcano; T — Concentric planar normal faults; U — Downward tapering cone; BOS — Base overburden
surface; 1-4 — subdivision of units (Modified from Davies and Stewart, 2005). (D) Schematic of a MVC based
on exhumed field examples from Azerbaijan (Modified from Roberts et al., 2010).
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Figure 2. Geotectonic setting of the survey area. (A) Location map of the study region offshore Egypt, Eastern
Mediterranean, showing the location of the three-dimensional (3D) seismic survey (grey rectangle) used
within this study. (B) Seafloor map within the seismic study area showing the position of 110 mud volcanoes
at the seafloor (white points with black outlines), a further 276 buried mud volcanoes (white points with black
dashed outlines) and 113 fluid escape pipes (black points with white outlines), distributed within the Post-
Salt Unit and primarily concentrated within the central region of the study area. Highlighted on the map are
prominent modern seafloor features including growth faults within the SW of the study area, a channel levee
complex to the NE and the c. 8 km wide seafloor depression of the Menes Caldera. The lines of seismic section
in Fig. 3 (a-a’), Fig. 4 (b-b’), Fig. 5 (c-¢’), Fig. 6 (d-d’), Fig. 7 (e-e’; f-f’; g-g’), Fig. 8 (h-h’), Fig. 9 (i-’), Fig. 10 (j-j’; k-
k’; I-’; m-m’) are displayed. (C) Schematic cross section through the Nile delta and the 3D seismic survey area
and towards the Mediterranean ridge (see Fig. 2A for line of section). The cross section shows the main
stratigraphic intervals and varying salt thickness within the basin (modified from Vandré et al. (2007) and (Lofi
etal. (2011)).
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Figure 3. Seismic stratigraphy of the study area. (A) Pre-stack depth migrated seismic profile through the study

area (see line a-a’ in Fig. 2B for location) showing the main stratigraphic units and the wedge shape geometry
of the Messinian Evaporite succession (ME). (B) Pre-stack depth migrated velocity profile through the study
area (same line a-a’ as in Fig. 3A) that clearly exhibits the contrast in p-wave velocity between the Messinian
Evaporite succession and the Pre-Salt Unit (PS) and Post-Salt Unit (PoS). Sf — Seafloor; M — Horizon M (top-
salt); N — Horizon N (base-salt).
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Figure 4. Pre-stack time mlgrated seismic proflle through part of the study area (see Ime b-b’ in Flg 2B for
location) displaying numerous mud volcanoes at various depths through the Post-Salt Unit, from just above
the Messinian Evaporite succession to at the present day seafloor. The mud volcanoes are annotated with
their ID number from the 386 mud volcanoes that have been interpreted. Mud volcanoes located at greater
depth within the Post-Salt Unit exhibit a more deformed geometry resulting from the movement of underlying
mobile substrates. M — Horizon M; N — Horizon N.
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Figure 5. Seismic expression of an extruded mud volcano. (A) 3D visualisation of a mud volcano via a seismic
profile through the centre of the extruded edifice (See line c-c’ in Fig. 2B for location) and 3D surfaces of its
top and base. (B) Seafloor map showing the surface expression and mud cone of the mud volcano in Fig. 5A.
(C) Variance profile through the same line of section and mud volcano as in Fig. 5A, that highlights a cone
shaped region of discontinuity that characterises the mud volcano. (D) Variance slice through the mud volcano
displayed in Fig. 5A and Fig. 5C (See Fig. 5A and Fig. 5C for the position of the time slice) that exhibits a circular
area of discontinuity that demarcates the lateral margins of the mud volcano. SF — Seafloor; MC — Mud cone;
MV - Mud volcano; MVT — Mud volcano top; MVB — Mud volcano base; MVM - Mud volcano margins; M —
Horizon M
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Figure 6. Seismic expression of MVCs. (A) Seismic profile through a mud volcano and its conduit (See line d-d’
in Fig. 2B for location). The MVC is characterised as a vertical zone of breaks in reflection continuity and loss
of seismic signal. (B) Variance profile of the same line of section in Fig. 6A, that displays the MVC as a vertical
zone of discontinuity. (C) Time slice through the MVC (See Fig. 6A for the position of the time slice) that shows
a circular to sub-circular are of reduced amplitude and disruption to the reflections of the host succession. (D)
Variance slice through the MVC (See Fig. 6B for the position of the slice) that exhibits a circular area of
discontinuity that demarcates the lateral margins of the conduit. The dash lined circle in Fig. 6C and Fig. 6D
highlights the planform location of the conduit. MV — Mud volcano; C — Conduit; M — Horizon M; N — Horizon
N.
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MVC/FEP | Height (m)* “':‘;:;afr:)
MVC1 c. 2418 c. 240
MVC2 c. 2499 c. 300
MVC3 c. 2610 c. 580
MVC4 c. 2170 c. 140

* = Height from Horizon N to upper terminus.

Table 1 — Dimensions of MVC examples.
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Figure 7. 3D geometry of MVCs. (A) Seismic profile through mud volcano conduit 1 (MVC1) (See line e-e’ in
Fig. 2B for location). (B) Seismic profile through mud volcano conduit 2 (MVC2) (See line f-f’ in Fig. 2B for
location). (C) Seismic profile through mud volcano conduit 3 (MVC3) (See line g-g’ in Fig. 2B for location). (D)
Outlines of the planform margins of MVC1 mapped from variance slices. (E) Outlines of the planform margins
of MVC2 mapped from variance slices. (F) Outlines of the planform margins of MVC3 mapped from variance
slices. The outlines of the MVC margins are colour coded to relate with the lines of slice displayed in the
corresponding seismic profile (See text for detailed description). MV — Mud volcano; C — Conduit; AA —
Amplitude anomaly; VZD - Vertical zone of discontinuity; TA — Trail of amplification; M — Horizon M; N —
Horizon N.
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Figure 8. MVC through salt. (A) A seismic profile through a mud volcano and MVC (See line h-h’ in Fig. 2B for
location). The conduit transects the entire Post-Salt Unit, including a mass transport deposit, and is clearly
imaged transecting the Messinian Evaporite succession above a base-salt crest. (B) RMS amplitude profile of
the same line of section in Fig. 8A that displays the MVC as a vertical zone of low amplitude within the
relatively high amplitude Post-Salt Unit. Within the Messinian Evaporite succession, particularly the low
amplitude upper section, the MVC is exhibited as a vertical zone of relative high amplitude. (C and D) RMS
amplitude slices through the MVC within the Post-Salt Unit (See Fig. 8B for the position of the RMS amplitude
slices) showing localised areas of relatively low amplitude compared to the host succession. (E and F) RMS
amplitude slices through the MVC within the Messinian Evaporite succession (See Fig. 8B for the position of
the RMS amplitude slices) showing localised areas of relatively high amplitude when compared to the low
amplitude of the host succession. These localised areas of high amplitude are spatially correlatable with the
localised areas low amplitude in Fig. 8C and Fig. 8D. MV — Mud volcano; MTD - Mass transport deposit; C —
Conduit; Cst — Crest; M — Horizon M; N — Horizon N.
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Figure 9. Seismic expression of fluid escape pipes (FEPs). (A) Seismic profile through a FEP and pockmark (See
line i-i’ in Fig. 2B for location). The FEP is characterised as a vertical zone of breaks in reflection continuity and
loss of seismic signal. The pockmark is characterised as a bowl shaped depression at the upper terminus of
the pipe. (B) Variance profile of the same line of section in Fig. 9A, that displays the FEP as a vertical zone of
discontinuity. (C) Time slice through the FEP (See Fig. 9A for the position of the time slice) that shows a circular
to sub-circular area of reduced seismic signal. (D) Variance slice through the FEP (See Fig. 9B for the position
of the slice) that exhibits a circular to sub-circular area of discontinuity that displays the lateral margins of the
conduit. The dash lined circle in Fig. 9C and Fig. 9D highlight the planform location of the conduit. The seismic
expression of the FEP displayed and described here is closely comparable to the MVC presented in Fig. 6. PM
— Pockmark; C — Conduit; Trail of amplification; M — Horizon M; N — Horizon N.
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Figure 10. Conduit evolution from FEP to MVC. All of these examples (A-D) exhibit conduits that are located
above base-salt crests and transect the entire Messinian Evaporites and Post-Salt Unit, but display different
geomorphological features at their upper termini. (A) A FEP with a seafloor pockmark at its upper terminus
(See line j-j’ in Fig. 2B for location). (B) A FEP with a pockmark at its upper terminus that exhibits a sedimentary
fill that is possibly extrusive (See line k-k’ in Fig. 2B for location). (C) A pipe-like conduit overlain by a mud
cone at the seafloor, potentially the formation of a juvenile mud volcano (See line I-I’ in Fig. 2B for location).
(D) A MVC feeding a relative small extruded mud edifice (See line m-m’ in Fig. 2B for location). PM — Pockmark;
PMF - Pockmark fill; MC — Mud cone; ME — Mud edifice; C — Conduit; TA - Trail of amplitude; Cst — Crest; M —
Horizon; N — Horizon N.
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Figure 11. Conceptual model for MVC genesis and propagation through salt. (A) Stage 1 — Overpressure (OP)
increases locally above lithostatic beneath the evaporites resulting in the propagation of initial fractures. (B)
Stage 2 — Overpressure drives the migration of fluids and liquefied mud into the initially formed fractures
within the evaporites, driving the formation of a network of hydraulic fractures that propagate upwards and
widen the fractured zone. (C) Stage 3 - Continued upward fracture propagation forms a pipe-like network of
hydraulic fractures that pierces the seafloor (Sf) and forms a pockmark (PM), through which fluid rich mud
slurry is vented during an early stage of mud volcanism. (D) Stage 4 - Over time mud slurry continues to
migrate through the conduit and is extruded over the seafloor, forming a constructional mud volcano.
Continued sediment withdrawal from beneath the evaporites forms a depletion zone (DZ), resulting in
subsidence of the overburden. Low-salinity fluids migrating through the conduit may result in dissolution of
the evaporites and dissociation and collapse of blocks within the conduit via stoping processes, which could
contribute to the formation and final character of these MVCs. Arrows represent fluid and sediment
migration. TS — Top-Salt; BS — Base-Salt.



