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Abstract

Fluid escape pipes were first documented from 3Bnse data over a decade ago, and
have subsequently been identified in many petmlife basins worldwide. They are
characterized on seismic data by vertical to sutiez zones of reduced reflection
continuity that have a columnar geometry in thrgeethsions. The upper terminations of
these pipes commonly coincide with pockmarks oagalpockmarks, signifying a close
connection of pipe formation with a high flux fluekpulsion process. Dimensions range
from tens to hundreds of metres in diameter, andlfeds to over a thousand metres in
height, and the slenderness ratio, defined as tidigimeter ), ranges from 0.8 to over
20. Pipes are frequently associated with sub-\@rtitustering of amplitude anomalies
on seismic data, related either to the presenteefgas, or to cementation linked to the
passage of hydrocarbons.

Three mechanisms have been suggested to explangeipesis: (1) hydraulic
fracturing, (2) erosional fluidisation, and (3) dky invasion. We suggest a further two
possible mechanisms in the form of localised cskapby volume loss and
synsedimentary flow localisation. We review allefimechanisms and conclude that it is
unlikely that a single mechanism applies but tleamlsinations of these processes may all
occur in particular contexts. Fluid escape pipesy rha far more widespread that
currently appreciated, and they may play a criticéle in secondary hydrocarbon
migration and in providing leakage pathways foppred hydrocarbons through overlying
seals.



1.Introduction

Pore fluid expulsion at various stages in the bl lithification of sediments can be
highly localized in sedimentary basins and may odouvarious forms such as sand
intrusions, mud volcanoes and fluid escape pipesn@, 2005; Cartwright, 2007). Fluid
escape pipes as defined here as highly localizeticaleto sub-vertical pathways of
focused fluid venting from some underlying souregion and are recognizable on
seismic data as columnar zones of disrupted reflectontinuity, commonly associated
with amplitude and velocity anomalies, and scattgriattenuation and transmission
artifacts (Fig. 1)(Hustoft et al., 2007; Moss andrt@right, 2010a). The terminology
relating to these features is potentially confudiegause they have also been referred to
as acoustic pipe structures, blow out pipes, seisthimneys and gas chimneys. This
wide range in terms may in part reflect a continuanthe processes involved in their
genesis, and the large range in scale and seistpression exhibited by these features.
One of the aims of this paper is to synthesisé&#éyedescriptive elements of fluid escape
pipes such that they can be more easily differeedifrom similar features that may have
contrasting origins.

Evidence of highly localized fluid escape featunas been accumulating for the
past two decades, as the quality of seismic imagiag improved. Vertical zones of
acoustic disruption or attenuation relating todl@scape were first identified using 2D
seismic data in a number of basins in the 1990a4B4d al. 1994; Evans et al. 1996;
Hovland and Judd, 1988). However, detailed integbien was hindered by artifacts
inherent to 2D seismic imaging and spatial aliagesulting from typical 2D seismic
survey grids, the vertical orientation of pipes #éinel abrupt lateral velocity changes due
to gas or cementation within pipes (Bouriak et 2000). Later developments in 3D
seismic methods helped validate the true columaangtry of pipes (Lgseth et al. 2001).
Nowadays, such features have been identified i@ty of basins worldwide (Table 1 —
Fig. 2).

Fluid escape pipes are important to document anchdierstand for a variety of
reasons. Due to their large vertical dimension tftgn exceeds hundreds of meters,

fluid escape pipes may be important pathways fatioa fluid flow and secondary



hydrocarbon migration in sedimentary basins (Bergd05; Cartwright, 2007; Huuse et
al., 2010). They may represent important ventinges for overpressured source layers
at depth (Davies, 2003). They may be the pathwagdpply of methane to the hydrate
stability zone or allow methane to cross the stgbione and vent at the seabed
(Gorman et al., 2002; Berndt et al., 2003; Netzdbanal., 2009; Davies and Clarke,
2010; Hustoft et al., 2010). Furthermore, fluid agse pipes could hinder carbon
sequestration if embedded into the overburden tenpial storage reservoirs; in fact, it is
likely that CQ migration has either formed or exploited a pipecttre in the Sleipner
pilot project (Arts et al. 2004).

The main aims of this paper, are to summarize cheniatics of fluid escape
inferred from seismic data, integrate these obsen&with those derived from outcrop

studies and both review and suggest potential foomanechanisms.

2. Characteristics of Fluid Escape Pipes

Most of the available knowledge for fluid escapegsi (simplified to ‘pipes’ in the
following sections) has been inferred from highoteBon marine seismic studies. This
section starts with brief comments related to ieherlimitations and biases in the

seismic characterization of these seafloor features

2.1 Seismic Expression - Limitations Inherent to Seismic Characterization

Pipes manifest in seismic data as vertical to sertieal zones of disrupted reflectivity
extending across an otherwise layered successignZJ- Stratal reflections of the host
succession may be offset, deformed, attenuatechawe their amplitudes enhanced
within the vertical zone. It is typical to see veat variation from upward convex or
concave bending or offset of reflections into regi@of more complex deformation, layer
thinning or thickening, reflection attenuation omg@itude enhancement. Amplitude
anomalies are also commonly distributed withinghge, and adjacent to the pipe.
Seismic artifacts can result in poor seismic migratdistortion due to velocity

‘pull up’ or ‘push down’, scattering and attenuatidow signal to noise ratios, reflected



refractions, uncollapsed diffractions and compleultiples (Fig. 3). Near incidence
raypaths are particularly distorted, so imaging thmey on the accurate migration of
wider angle raypaths (Yilmaz, 2001; Bacon et @07, which in turn are affected by
changes in velocity anisotropy in the host laydisvénkin et al., 2010). In general, the
imaging accuracy is less certain with increasingtidelown the pipe (examples in Figs
1-5), and with decreasing pipe width (Lgseth et2411).

The identification of lateral margins is affectegldata/imaging quality (Laseth et
al., 2011). Horizontal or layer-parallel attribigkces are used to identify margins and
define the horizontal cross-sectional geometry ipep (Fig. 6). Coherence attribute
slices often render sharp margins (Fig. 1b), wrenese of amplitude attributes is

commonly less precise (Fig. 6).

2.2.Geometric Characteristics

2.2.1 Alignment and Geometry

Most pipes have a distinct vertical orientationhadinly minor lateral offsets (Lgseth et
al., 2011), yet, pipes with axes approaching 60refsyto the horizontal have been
observed recently (A. Maia, pers comm., 2014).

These generally vertical columnar structures care Iparallel sided margins (e.g.
Fig. 1), varying diameter with depth (upward or devard tapering - Figs 2 5, 7), or an
irregular geometry with locally wider portions dibtuted at specific levels along the pipe.
Whilst single pipes are by far the most common,asmmnally pipes appear to have
bifurcated upwards (‘conjoined pipes’ in Fig. 7)@d4 and Cartwright, 2010a).

The dimensions of pipes varies in a wide range IETdp. The vast majority of
reported pipe heights are in the range 200-to-50€im Davies et al., 2013). However,
some reach ~2000m in height (Moss and CartwrigB,0a, b), and pipe-like mud
volcano conduits can exceed >5000m (Kopf, 2002 dktection of short pipes is
limited by the vertical seismic resolution and theway be under-represented in
compilations of pipe heights.

Similarly, there is a wide range in reported pipanteters, from a few tens of

meters (i.e. the effective lateral resolution lifor conventional petroleum industry



seismic data) to over 500m (Table 1). The slend=srnatio 2, between the pipe height
and diameter varies fro@~0.8 toQ> 10 (Table 1, Moss and Cartwright, 2010a).

Map or slice-based attributes (such as coherenuoyplitade or dip) show that
pipes are circular to weakly elliptical, with a nraxm reported ellipticity ratio of 3
(Table 1). The ellipticity of neighbouring pipes ynbe aligned to reflect underlying
structural or topographical controls (Hustoft et, @010 — Note: lack of ellipticity

alignment is reported in Moss and Cartwright, 2010a

2.2.2 Root Zones

The root zones of pipes are important to interpestause they allow a link to be
made to the source region of the fluids involvegije formation, and hence potentially
provide clues about fluid composition (Hustoft &t 2010; Moss et al. 2010a). For
example, shallow root zones hosted within regiamalifers might point to venting of
overpressured pore fluids or potentially biogerds,gvhereas deeper root zones might
involve thermogenic hydrocarbons, mud slurry orewvaixpelled during chemical as well
as mechanical compaction. ldentifying the root zaseunlikely to allow unique
conclusions about fluid composition without direseimpling, but it may help reduce the
uncertainty in the interpretation and provide vlleaconstraints to any sampling

strategy.

This significance of root zones was amply demanstt by Lagseth et al. (2001),
who showed that pipes connected directly from apdeger (channel) sandstone
reservoir to the seabed. This allowed them to buldgenetic model involving
overpressure build-up and release in the chanmserveir. Subsequently, a number of
other studies have been able to identify root zapgte precisely at deeply buried slope
channel sand bodies by exploiting sinuous patterpspe clustering (Davies, 2003; Gay
et al., 2007; Moss and Cartwright, 2010a), in carte mounds with unusually low
seismic interval velocities indicative of free gascumulation (Plaza-Faverola et al.,
2010), or in strong, layer-bound amplitude anonsalimdicative of free gas
accumulations (Davies and Clarke, 2010; Plaza-ledavezt al., 2010; Weibull et al.,
2010).



Cases where the root zone can be identified unarabgly are rare. In general,
the loss of imaging accuracy with depth means tbat zones are generally hard to
define. This can be seen, for example, in Figurevi3gre scattering, attenuation and
poorly migrated diffraction ‘tails’ all combine t@duce signal to noise ratios in the root
zone to the point where it is impossible to identife true base of the pipe. Where there
is a strong contextual link to a specific reservas for example in the case of buried
slope channels (Gay et al. 2007), the root zonesbealocated at a specific horizon
containing the reservoir by correlating the spadiatribution of pipes and pockmarks to
the underlying geometry of the channel. It shousd &e borne in mind that not all pipes
will be ‘sourced’ or rooted from a single discréterizon, but may draw their fluid
supply more broadly from a thicker zone that encassps more than a single seismic

reflection.

2.2.3 Pipe Terminus

The pipe terminus, or upward limit of the seisnicalisible pipe structure,
provides important clues relating to pipe genegiewth and timing, and potentially to
fluid composition. Commonly, pipes terminate upv&ed surface pockmarks (Fig. 8a;
e.g. Laseth et al., 2001), demonstrating a cledr ietween formation of the pipe and
formation of the pockmark, often through transmdnnethane (Judd and Hovland, 2007).
However, some pipes terminate within the subsurédmiried pockmarks (Fig. 2a), and
may have fed a series of vertically stacked paledkmarks suggesting episodicity in
pipe activity (Fig. 9; Andresen and Huuse, 20119n¢ersely, many pipes terminate in
convex upwards structures (Fig. 2d; Bouriak etZ0Q0; Hustoft et al., 2010) or palaeo-
seafloor mounds (Fig. 4; Hansen et al., 2005),iarndese cases the nature of the mound
can provide invaluable clues as to the wider sigaifce of the structure as whole.
Whether the mound is entirely authigenic or forni®d material extruded from the
subsurface is the key question in such cases #waaldirect bearing on pipe genesis. If
the mound is formed of extruded sediment, for exentpen there is a strong case that
the pipe feeding the mound represents a conduth®juvenile stage of development of

a sedimentary volcano, as suggested by Cartwrfltq) and Huuse et al. (2010).



Some pipes terminate abruptly at a discrete sudbseirhorizon with no paleo-
pockmark structure where the horizon may be a draroi upward pipe growth due to a
major change of lithology (Van Rensbergen et &IQ7). Others terminate in a vertically
stacked set of amplitude anomalies above the noaumslof seismic disruption (e.g. Fig.
8b); that can be evidence of a protracted low filaxv regime persisting after pipe-

formation.

2.2.4 Internal Sructure

The internal geometry of pipes cannot be imagednathe pipe diameter is of the order

of the spatial resolution limit (Brown, 2003). Evehen the diameter is several times the

spatial resolution, seismic modeling shows thanifigant imaging artifacts can mimic
true deformational structures, such as a consisggmaird convexity in internal reflection
geometry (Lgseth et al. 2011). There are only a éaamples of large pipes where
internal imaging is reliable. These cases showtti&tnternal geometry can vary, in part
due to potential differences in genesis and growth:

» vertically stacked reflection discontinuities; tefre, stratal reflectivity is not erased
during formation inside large diameter pipes (5.

» evidence of both thickening and depletion of layessnpared to the same layers
outside the pipes in the host succession (Hartsan2005)

 some show tendency to ‘upbending’ of reflectionghimi the pipe as genuine
structures rather than pull-up artifacts (Hustoft &., 2010); upward stratal
deformation would be consistent with non-fluidizad non-erosive localized fluid
flow (Bouriak et al. 2000; Hansen et al. 2005)

» others are consistently convex-downwards, with pibdiscontinuity of reflections at
the pipe margins, only partially justified by veityc push down, and often
accompanied by marked thinning of basal layersiwithe pipe (Fig. 5b; Moss et al.
2010a); downward deformation could be related tsabaerosion or collapse
analogous to caldera collapse observed in mud rolcanduits (Deville et al. 2003;
Evans et al. 2008).

2.3 Host Formations



The occurrence of pipes indicated in Table 1 ispbly a small subset of the full global
distribution. It is biased by the availability ofgh resolution 3D seismic data, acquired
mainly for petroleum exploration and it is therefoestricted to petroliferous basins or to
the few cases where research cruises acquired 8D Aletive margins are thus heavily
under-sampled. Hence, the following observationsutipipes distribution must be

considered within these sampling biases.

2.3.1 Basin and depositional context.

Fluid escape pipes have been described from 3Dmgeiglata in more than 10
sedimentary basins, the majority of which occumpassive continental margins but with
important occurrences in both active margins at@icontinental post-rift sag and back-
arc basins (Table 1). Confidential seismic datawsHaid escape pipes in many more
basins, primarily in passive continental marginisgs.

Systematically, fluid escape pipes are found irhlyidayered, clay-dominated
marine sedimentary successions, typically of Neegage and in the upper kilometer of
the sediment column. High frequency attenuationtdéinmaging resolution and hinders
the detection of pipes that may be present in cdohel deeper sedimentary formations
(Yilmaz, 2001).

Most observed pipes formed in continental margttirggs transect mainly clastic
lithologies that range from claystones to thin sode units. Possible analogues for
pipes transecting thicker sand bodies have beerrided by Huuse et al. (2004), from
aeolian deposits in Utah, where considerable eeeldor localized fluidization and
brecciation of the host sediments is seen. Fluods pipes have not been observed to
cross thick (> 100s of metres) sandstone units.

No pipes have been reported crossing thick limestonts except where the pipe
is associated with the dissolution of the limestamgt (Storey, 2000; Bertoni and
Cartwright, 2005; McDonnell et al., 2007).

2.3.2 Hydrate-Bearing Sediments



Many pipes have been reported in the context ofdtgdbearing sediments, where the
gas hydrate stability zone (GHSZ) is identified foge gas layers trapped beneath the
base of this stability zone, with or without a s&is expression as a bottom simulating
reflector (BSR). Root zones and upward terminatiares highly variable but can be
grouped as follows:

* pipes rooted at the BSR (Mienert and Posewang, ;TB&dor et al., 2000; Wood et
al., 2002; Berndt et al., 2003; Trehu et al., 208dstoft et al., 2009; Netzeband et al.,
2010)

» pipes that cross the BSR (Bouriak et al., 2000;,n@or et al., 2002; Gay et al., 2007,
Hornbach et al., 2007; Hustoft et al. 2010; Mosd @artwright, 2010a, Andresen et
al., 2011); these are potentially important byppaths for venting methane rich
fluids directly to the seabed (Liu and FlemingsQ@02007; Cathles et al., 2010)

» deeply rooted pipes that terminate at the BSR triwthe GHSZ (Davies and Clarke,
2010).

Pipes may involve hydrate-lined percolating patiet sustain high free-phase methane

fluxes (Liu and Flemings, 2006, 2007; Westbrookle2008). However, further research

is required to clarify the relationship betweengspand hydrate formation (e.g. see

discussion in Paull et al. 2008).

2.4 Spatial Distribution and Timing

2.4.1 Clusters

Fluid escape pipes rarely occur in isolation, b more typically found in clusters

(Loseth et al. 2001; Van Rensbergen et al., 20@%; & al. 2007; Davies and Clarke,
2010; Hustoft et al., 2010; Moss and Cartwrightl@8). Often, pipes are aligned, either
along straight paths following faults, structural topographic highs, buried scarps or
pinch outs (Lagseth et al. 2001; Hustoft et al. 2080ss and Cartwright, 2010a,b), or
along curvilinear paths following underlying chahsand bodies (e.g. Davies, 2003;
Gay et al., 2006a,b; 2007). Clusters of pipes may eeflect stratal fluid migration



pathways and the presence of traps, either duaderlying structure or to the presence
of gas hydrate seals at the base of the GHSZ (Nyaggp, offshore Norway - Weibull et
al., 2010).

2.4.2 Timing

The dating of pipe formation is poorly constrainés. image quality diminishes with
depth, many pipes may have complex growth histmiesealed in poor image quality at
depth; furthermore, upward propagation may eraskeeavidence for pipe growth-
arrest at intermediate stages. Core-based isotapegdcombined with high resolution
seismic data may overcome some of the presentalionts in pipe dating (e.g., Plaza-
Faverola et al., 2010b). Guidelines frequently keain dating pipes using their seismic
expression include:

* a pipe termination at a seafloor pockmark suggestdively recent pipe formation
(Laseth et al., 2001; Hustoft et al., 2010; Juddl ldovland, 2007).

* mound development at the upper terminus helps @nsthe later stages of fluid
flow history as it contributes dateable materidltha top of the pipe (see discussion
in Mazzini et al. 2006; Hustoft et al. 2010)

» the seismic horizon that defines the stratigrajplosition of upward pipe termination
does not necessarily define the time of pipe foionait can instead be a sign of fluid
dissipation into a subsurface reservoir (Husto#leP007).

» episodic pipe growth is inferred where stacked puaks can be interpreted within a
single pipe structure (e.g. Fig. 9)(Andresen andidéy 2011); episodic formation

suggests protracted growth histories.

Of the numerous studies of pipe development predetd date, only two have
attempted systematic analysis of pipe formatioresinfluid escape pipes in the Nyegga
area, offshore Norway, were found to exhibit thiceenation stages (Plaza-Faverola et al.
2010a): (1) pipes that formed ~200kyrs ago andtireded once or twice thereafter, with
a present day seafloor expression; (2) pipes thahdd between 160 and 125kyrs,
without any present day seafloor expression; andpi@es that formed after the last



glacial maximum between 25 and 18kyrs ago. Thesedsof fluid escape correspond
to the last stages of glacial maxima in the regwimen thick glacial debris flow deposits
led to loading-induced overpressures in the basin.

Significant diachroneity in pipe clusters was idied in the Namibe Basin offshore
Namibia over a 5-10Myr long period probably asstelao cyclic excess pore pressure
generation and release (Moss and Cartwright, 2018kgpatial statistical analysis of
pipe distributions in an area of intense pipe o@e with a total population of nearly
400 pipes showed no preferential clustering pastdmstead, pipe occurrence was found
to be sporadic (temporal resolution ~100-200ka)mehy pipes in one episode can form
in “virgin areas” with no previous pipes, or withilne same area where clusters of pipes
had formed in previous episodes. However, newlynéa pipes are not in close
proximity to pipes formed in an immediately preecegitime period, suggesting the
underlying presence of an “exclusion distance” eisg¢ed to fluid pressure build up.

An important consideration when attempting to gape formation, is the possibility
that some pipes may have formed in a syn-sedimentade (Fig. 10). It is possible that
some tall pipes may have grown by persistent oscglic fluid expulsion during
continued sedimentation, and the later propagatitases may then eradicate traces of

the earlier fluid expulsion (see Discussion).

3. Discussion: Pipe Genesis

Hypothetical mechanisms for pipe-genesis must bk @b explain salient pipe
characteristics such as formation in layered clayttiated sedimentary successions,
almost ubiquitous vertical orientation or geologitaavitropism,” frequent association
with overpressured root zones, apparent exclusgtartce between neighbouring pipes,
and varied termination conditions such as pockmarksunds and diffuse termination
within the sediment (Table 1). This section revigmsviously suggested pipe formation

mechanisms, suggests two new potential mechan@msjiscusses their limitations.

3.1 Hydraulic Fracturing



Hydraulic fracture is frequently proposed to explpipe formation (Lgseth et al., 2001,
2011; Cartwright et al., 2007; Hustoft et al., 2@G0W 2009; Moss and Cartwright 2010;
Plaza-Faverola et al., 2011; Davies et al., 20lt2}his hypothesis, overpressure in the
root zone induces hydraulic fracturing in the oweden and a network of hydraulic
fractures propagates towards the surface norm#ig¢aninimum stress (Fig. 11). The
conditions necessary for hydraulic fracturing oédb units above a source unit are
generally taken to be that the fluid pressure g gburce should exceed the sum of the
minimum stress in the overburden plus the tengiength (see Cosgrove (2001) for
review). The minimum stress may locally approacé tiverburden stress for poorly
consolidated, clay-rich overburden sediments witghlvalues of K (the ratio between
horizontal and vertical effective stresses; Tertagghal. 1996). Hence, high values of
fluid overpressure in potential source units arecuirement for this mechanism to apply.

Some experimental work has been undertaken to a&ealthe conditions

necessary for hydraulic fracturing of unconsolidasediments as opposed to capillary
invasion (Fauria and Rempel, 2011), but it is mehallenging to validate these
conditions in the subsurface. In this context, 8eleét al., (2003) and Reilly and
Flemings (2010) both argue in favour of fluid floa networks of hydraulic fractures
and, importantly, document fluid pressures in shvalburied regional aquifers reaching
the minimum stress value at crestal regions wherding is observed. Trehu et al.
(2004) show that pressure in a gas column trappmtedih a vent is equal to the
overburden stress, and also argue for venting ydadulic fracture networks.
Since fluid escape pipes are universally quasicadrtthe development of pipes by this
mechanism would be favoured in regions where th&man compressive stress is
vertical. A possible exception would be the case gfipe that formed in an inclined
fracture and later migrated by gradual erosionvienaually align itself with the shortest
vertical path (see Ligtenburg, 2005). This mechanis observed in laboratory scale
models, but migrating pipes erase the stratigragbiyg their path.

The required overpressured zone can result froimdlasydrodynamics, build-up
of gas pressure due to organic matter evolutiodrdtg dissociation or gas trapping at
hydrate seals beneath the gas hydrate stabilitg gelemings et al., 2003; Trehu et al.,
2004; Liu and Flemings, 2006), rapid glacial seditrleading (Hustoft et al., 2009), or



rapid loading by evaporate deposition (e.g. Bertehial. 2013)), amongst others.

Presence of methane as a free gas phase is comhmieg to pipe formation, and the

relatively modest gas column heights needed tauracshallow sediments are widely

found in basins and may explain the preponderahggpes with heights less than 200-

300m (Hornbach et al., 2004; Table 1). An interegtand unresolved question however,
concerns the gas saturation required to (a) represeontinuous column, and (b) to

promote fracture propagation driven by the non-iwgttmethane) as opposed to wetting
phase (pore water)(P. Flemings, Pers. Comm., 2®igé¢. genesis as hydraulic fractures
agrees with the spatial alignment of pipes relativecal structures such as hinges, folds
or minor faults that may affect the stress fieldd dransverse pipe ellipticity in some

cases (such as in Hustoft et al., 2010).

It is important to stress that there is thus fardm@ct evidence of hydraulic
fracturing within any in situ pipe observed on seisdata, possibly because of lack of
well calibration, so there may be lessons to bemkxzhby analogy with outcropping pipes
or similar structures. At least one study has ifiedt possible analogues to subsurface
fluid escape pipes on Rhodes (Greece) where cirdw&tures and brecciation are
observed (Lgseth et al., 2011). It is also posshdt exposed mud volcano conduits may
provide partial analogues for fluid escape pipebak been suggested, for example, that
the initial stages of formation of mud volcano coitsl may be similar to the formation
of fluid escape pipes and that there may be a psocentinuum whereby fluid escape
pipes evolve into mud volcano conduits as the catipa of the fluid evolves to include
solid componentsCartwright, 2007; Huuse et al. 20XQutcropping mud volcano
conduits typically exhibit increased density ofcltae networks towards the central
highly brecciated zone, and show evidence of mudrsltransport upwards via the
fracture network (Morley, 1997; Clari et al., 20Bberts et al., 2010).

It is less easy to draw analogies with verticammeks of sandstone intrusions
(formed by fluid pressure in a sand slurry mobdizeégom a highly overpressured
‘source’ sand body; Hurst and Cartwright, 2007).tcBap studies of these networks
commonly show that aspect ratios of sandstone dwkesstrongly elliptical in the
horizontal rather than closely grouped with veftichAmensions greater than the
horizontal (Vetel and Cartwright, 2010).



Arguments against the hydraulic fracture genesipipés relate to source zone
and pipe geometry. First, well imaged root zonesasthat many pipes do not initiate at
pressure foci such as structural crests of largjelan@s or lateral pressure transfer zones
such as in updip pinchout positions (Fig. 3; Stueng Flemings 2000; Flemings et al.,
2003), but emanate from synclinal topographic leawggently dipping layers with no
structural closure to build gas columns. Second, hidraulic fracturing model is not
consistent with the slender columnar geometry oteskfor some pipes which may reach
a slenderness d=20: it is mechanically unwarranted that individdedctures will
propagate from the root zone to the pipe terminitis such high aspect ratios. From this
perspective, the assumption that potential hydrdtdicture heights can be inferred from
compiled pipe height data remains highly questitmébavies et al., 2012).

Fluid-driven erosion and flow localization alongethertical plane of hydraulic
fractures (Novikov and Slobodsky, 1978) could euahly evolve into a single pipe or
multiple aligned pipes with a proper exclusion amgte between them (Ligtenburg, 2005).
Fluid-driven erosion is addressed next in the cdrdgéfluidization.

3.2 Erosive Fluidization

Fluidization is the mobilization of granular matdsi by seepage forces (Kunii and
Levenspiel, 1969; Lowe, 1975; Mourgues and Cobb20f)3). Fluidization is a widely
observed phenomenon in geological systems (Wool%5; McCullum, 1985; Nichol,
1995), and has been invoked in association with ftmmation of pockmarks, mud
volcanoes, hydrothermal vent complexes and kimteedipes (Lorenz, 1975; Brown,
1990; Nermoen et al., 2010). In fact, small-scadpeeimental studies have shown that
the typically upwards-widening, steep, conical ae of diatremes or hydrothermal
vent complexes can be reproduced in the labordtpfiuidization of a granular medium
under a high pressure input jet of water or aig (ER2)(Woolsey, 1975; McCullum, 1985;
Nichol, 1995; Nermoen et al., 2010). Pressure dégmnfluid expansion (e.g., gas
exsolution or steam expansion) increases the efffoyi of fluidization, as observed in
multiphase magmatic eruptions, diatremal structued kimberlites (Woolsey, 1975;
McCullum, 1985), and is considered responsible thee development of pockmarks

(Judd and Hovland, 2007). Furthermore, fluid-pressdriven pipe formation may



explain clustering patterns and exclusion distdmegveen pipes determined by lateral
drainage efficiency within the overpressured zdviess et al., 2010b).

While fluidization can capture some of the finahddcteristics of some localized
flow structures, this model does not explain itida conditions. In particular, the
necessary flow velocity for fluidization will noegelop in layered sedimentary columns
where low permeability, fine-grained layers hindlerd flow, even when overpressure
develops in underlying high permeability reservaifsg. 12c). In fact, an initiation
mechanism such as hydraulic fracturing is needeadr go flow localization and
fluidization pipe formation to provide the criticBbw velocity needed for fluidization in
the overburden. Alternative, retrogressive top-d@iping can develop in a fluidized bed
when the hydraulic gradient (the difference in laydic head between the source layer
and the outlet divided by the length) exceeds h@ #iow localization nucleates at
preferential points (Note: higher gradients willioeeded in partially lithified sediments).
Retrogressive erosion (from the exit to the souisep well-known pipe formation
mechanism beneath dam failures (Terzaghi et al )19&6d only requires a high
hydraulic gradient across a permeable granular unedor flow localization to emerge.
We highlight that flow localizes at the outlet whiwould be the seabed in the case of
pipes from where the pipe would then propagate deawds towards the overpressured
source.

Clearly, erosive fluidization cannot explain pipeish a diffuse upper termination
within the sediment column (e.g. Fig. 8b). In amdif internal erosion would erase the
layered stratigraphy of the host medium that ismegally observed within the pipe (Fig.
12)(McCullum, 1985; Nermoen et al.,, 2010). Therefoerosive fluidization cannot
explain the genesis of pipes that exhibit cleaatgjraphic continuity across the full
width of pipes as observed using high resolutiaensie data where the wavelength is
much smaller than the pipe diameter (e.g. Figs & 6). Top-down piping is also
unlikely to explain cases where there are stromgntational controls on pipe distribution

exerted by underlying source layers such as submahannels (e.g. Davies, 2003).

3.3 Capillary invasion



Gas migrates through water-saturated sediments wheedifference between the gas

pressure pand the water pressurg exceeds the capillary entry pressure (similar to
capillary trapping in petroleum reservoirs Schoeltl979; Watts, 1987; Berg, 1975).

From Laplace’s equation:

> 2ycos0

Py ~Pw h
wherey is interfacial tensiorf is contact angle and r is the effective pore thradius.
The pressure difference is determined by the haftite continuous gas column,Hnd

differences in unit weightg, andyy,

Py —Pu =Hy (Ve — V)

Capillary invasion has been suggested as a mechdarspipe formation when
the root zone can generate free phase gas (e.@ndurlemings, 2006, 2007). A recent
model links pipe formation (although termed gaswmteys by the authors) to pockmark
formation using the process of capillary invasi@athles et al., 2010). In this model, gas
trapped at a capillary seal accumulates up tot@alrthickness until the buoyancy at the
top of the seal forces the gas through the powatkrat which point it forms, an upward
migrating gas column that advances as a pistordepthces pore fluiden route (Fig. 13).
Cathles et al., (2010) suggest that pipe growth vélcontrolled by capillary barriers in
the overburden (bedding), which give the chimneglatively flat topped geometry and
limit its width. They argue that the diameter oé tbhimney will be controlled by the
sediment heterogeneity and envisage that gas atirate the pore space in the chimney
and thus move easily through it with little viscaesistance. They argue that pockmarks
form when the pipe extends about halfway to thdle@afrom the source layer (Fig.
13a-c) and final expansion of gas at the seaflesults in a final more dramatic stage of

pockmark formation (Fig. 13d).



The most positive feature of this model is thatffers a logical explanation for
the classic columnar, vertical geometry of pipessda on the buoyancy of the free gas
phase. A pre-requisite of the model is therefore #xistence of a gas column of
sufficient height to initiate capillary failure ahe seal. However, for many pipes
observed on seismic, particularly those emanatimg fsynclinal positions, or from
simple monoclinal flanks, the trap configurationedonot easily equate with the
necessary column height requirements.

How realistic is a piston like capillary invasiompwards through highly
heterogeneous sediments typical of many successioang observed fluid escape
pipes? Pipe growth by capillary invasion is hindeby fine-grained layers with small
pore-size. In relatively homogeneous sedimentsrdhtspread against finer layers will
control the effective diameter of pipes. Howevartical permeability heterogeneity can
be several orders of magnitude between alterndéiggrs typically found in marine
hemipelagic depositional settings where pipes aseiwed (Yang and Aplin, 1998). In
this case, gas invasion will more likely take tbeni of stacked ‘pancake’ or ‘Christmas
tree’ topology (Fig. 14) of a type observed duri@@, injection in the long term
sequestration project in Norway (Arts et al. 20G4jher than the universally columnar
geometry exhibited by pipes (Figs. 1-5). Recenteolsions of highly irregular
vertically stacked amplitude anomalies are alsodgexamples of what might be more
typically expected from upward gas migration byildagy invasion of a multilayered
stratigraphy (Foschi et al., 2014).

Note that the formation of a preferential gas ntigra pathway does not
necessarily imply any deformation of the layerectgiraphy which are observed in
high-resolution seismic images of pipes, e.g., flagistortion, pinching and sagging.
While specifically excluded in Cathles et al., (@DHhnalysis, gas-driven opening mode
discontinuities may emerge during gas invasionn(Jand Juanes, 2009; Shin and
Santamarina, 2010 & 2011; Fauria and Rempel, 2011).



3.4 Localized subsurface volume | oss

Localized subsurface volume loss causes a pipesghapllapse geometry in the
overburden with slenderness ratios comparable toyrpges reviewed here (Whittaker
and Reddish, 1989). Contrary to erosive fluidizatipipes generated by local volume
loss preserve the initial stratigraphy, albeit fayappear down-shifted (Fig. 15; Qiliang
et al., 2013). Collapse of the initial void propegaupwards in a columnar zone of
fracturing that significantly enhances the vertipgrmeability of the overburden and
promotes fluid escape preferentially via the pipdcDonnell et al., 2007). Mineral
deposits are frequently encountered in these shestwhich when mineralised are
commonly termed breccia pipes.

Subsurface volume loss can result from the disswludf carbonate or evaporites
(Bertoni and Cartwright, 2006; Cartwright et al0ZQ McDonnell et al., 2007; Qiliang et
al., 2013), hydrate dissociation (augmented by eygsmnsion and migration), or even
organic matter degradation. Many pipes have beesergbd within the gas hydrate
stability zone (Moss et al., 2010a; Davies and ICI2010). An important difference
between this mechanism and that of hydraulic fragteapillary invasion or erosive
fluidisation is that no initial overpressure comatitis specifically required in the ‘source’
unit i.e. the unit undergoing volume loss, althosgh overpressure may exist.

In unconsolidated sediments, these pipes may bimited by sharp shear
localization along peripheral walls, stress releratwithin the pipe, and sediment
expansion and loosening within the pipe (Cha, 200#)en sediments have experienced
some degree of lithification the upward propagatioay evolve as successive roof
collapse events. This “stoping” mechanism has Iseggested for the formation of mud

volcano conduits (Roberts et al., 2010).
3.5 Syn-sedimentary For mation
A compacting basin sustains upwards fluid flow. Thev field is not necessarily

uniform, and often localizes into a few drainagéhpaas new sediments are deposited.

Localized flow may be preserved during sedimentatihis is the case when sediments



have a broad grain size distribution or the depwsal sequence consists of successive
fine-coarse grained layers: drag forces drive firmns away from the injection point
and form an aquitard layer concentrically away frima flow field. In the meantime,
coarser grains fill the space above the injectiomtp As sedimentation continues, a
highly conductive syn-sedimentary pipe made ofcba&rser fraction is formed (Fig. 10).

In contrast, syn-sedimentary pipe formation is egpected in homogeneous
media made of uniform grain size sediments, agthesure field decays rapidly away
from the injection point. This fluid-dependent gwmesssure release genesis underlies self-
regulation between sedimentation and fluid pressure

Many tall pipes may have started their evolutionsasrt pipes, and grown
upwards as sedimentation occurs. Dating of synasewtiary pipes should rely on
detecting thickness changes or segregation atsbwithin the main conduit.

Syn-sedimentary pipes may end within the sedimgrdalumn as fluids leak-off
the main conduit and lower velocities cannot drage fgrains away. Similar to
fluidization, syn-sedimentary pipes prevent therfation of fine grain layers within the

pipe; however, grains coarser than the Stokes gramnmay form layers within pipes.

4. Concluding Remarks

Pipes are remarkable features that can exert aotiorg role in the overall subsurface
geo-plumbing. The salient characteristics of pipedude: favoured in layered, clay-
dominated sedimentary basins, development in either single formation event or in
episodic formation; decisive vertical orientatianay exhibit pronounced slenderness
ratiosQ2=10 or greater; often linked to high-pressure mmtes (sometimes related to gas
accumulation) or collapse structures; possibleorgi clustering; alignment may reflect
subsurface features; termination my take placbeseafloor (pockmarks or mounds) or
within the sediment (paleo-pockmarks or in difftsenination); and, the structure of the

host sediment may be preserved within the pipkeéeat in large pipes).



Not all pipes are made equal! Furthermore, it ipanant to distinguish between
initiation and growth mechanisms. Indeed, fielddevice suggests several genetic
processes at work. Therefore, it may be unwarrattexssume that all pipes form in a
single, catastrophic phase of fluid expulsion frandeep, highly overpressured source
region.

Hypothetical formation mechanisms must be able toplagn salient
characteristics identified above. The frequentlywoked hypothetical genesis by
hydraulic fracture cannot explain the most commeatdres observed in most pipes.
However, it may be an initiator to pipe formatidmut followed by flow localization and
erosive fluidization. These processes can be augmday capillary effects related to gas
phase accumulations, gas exsolution and expansiwmre is clear evidence that some
pipes form as the overburden collapses above dizedazone of volume contraction.
Other pipes may have developed by a syn-sedimeptacgss, growing vertically during
prolonged joint phases of fluid escape and contisedimentation.

Observations summarized in this review are hampésegroblems related to
seismic imaging of vertical structures, where Hkteand vertical seismic velocity
anomalies are present. This leads to consideralglertainty in the true structure of pipes,
with many potential artefacts contributing to tleesenic appearance of pipes. Analogues
such as mud volcano conduits may provide valuabteght into these potentially
important fluid escape pathways.

This review has focused primarily on synthesisiagmmic observations of pipes,
and assessing potential genetic mechanisms irctimaéxt. If additional constraints are
available for the composition of the fluids trandpd through the pipe at the time of
formation, e.g. from direct seafloor sampling (e§mith et al. 2014), associated
diagenetic phenomena at the vent (e.g. Gay et @619, or from rock physical
calibrations of associated direct hydrocarbon iaidics such as acoustically soft
amplitude anomalies (Foschi et al. 2014), thenat rhe possible to narrow down the
range of potential mechanisms further on a caseabg basis.

Finally, it seems likely that fluid escape pipes dar more common in
sedimentary basins than the current limited liteon the subject suggests. The pipe

structures represent a clear manifestation of ahflow localization phenomena at a



range of scales, and may be integral to many hwilbon plumbing systems in
petroliferous basins worldwide.
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Location Height Width Top at| Buried DHls Ellipticity | Reference Mechanism
(range in| (range in| Surface top
m) m)

Offshore Nigeria Y Y AAs, Logseth et al. 2011 HF
blanking

Offshore Ireland <1500 200-600 N Y AAs, Van Rensbergen et alHF
blanking 2007

Offshore Mauretania 140-340 <200m? N Y AAs Dawed Clark, 2010

Offshore Namibia 50-1100 30-450 Y Y AAs, Upto7:1| Moss and Cartwright,HF
blanking 2010a

Offshore Norway 600-1200 200-600 N Y AAs, Hansen et al. 2005
blanking

Hikurangi, New Zealand 250-600 100-300 Y N AAs, Netzeband et al. 2009
blanking

Offshore  Vancouver Is. 100-200 <100 Y N AAs, Zuhlsdorff &  Spiess| HF

Canada blanking 2004

Offshore Norway 80-700 50-915 Y Y AAs, Mean 2:1| Hustoft et al. 2010 HF
blanking

Offshore 25-450 60-300 Y Y AAs, Andresen et al. 2011 HF

Angola blanking

Offshore Angola 200-700 50-300 Y Y AAs, Gay et al. 2007
blanking

Table 1: Compilation of published examples of pip&sbreviations are as follows: Y- yes, N- no; Afsnplitude anomalies; HF-

hydraulic fracturing.



Observed Characteristics Implicationsfor Pipe Genesis

formation in layered, clay-dominated

. . low vertical hydraulic conductivit
sedimentary basins y y

either single-time formation event or | sustained overpressure generation and
episodic formation sporadic release events

gravi-tropic guided formation

decisive vertical orientation ,
mechanisms

may exhibit pronounced 10:1 slendernessngth-persistent formation mechanism

often linked to high-pressure root zone

S, . . )
) .| fluid driven mechanisms
sometimes related to gas accumulatior]

apparent exclusion distance between

) . . drained root zone
neighboring pipes

me pi form v Il . :
some pipes form above collapse not fluid driven

structures

possible regional clustering shared formation raa@m

alignment may reflect subsurface associated to fluid flow conduits or local
features strains that favor pipe nucleation

[72)

termination my take place at pockmark
or mounds on the seafloor or at similar
paleo-features within the sediment

vigorous fluid flow and sediment
erosion/transport

pipe genesis associated to a deep cavity
collapse at the root zone, or a fluid-drive
diffuse termination within the sediment| pipe formation where gradually dissipates
into a highly permeable layers and can|no
longer sustain pipe growth

D
5

. fluid driven mixing is not enough to
the structure of the host sediment maybe . g . g

‘ . eradicate the sedimentation structure of
preserved -at least in large pipes-

formation does not involve high fluid flu

X

intermediate layers may be missing

o selective fluid-driven removal
within pipes

~N O o B~ WDN

Table 2: Salient pipe characteristics and poteitiglications. This table summarises the
diverse observations made of pipes using seisnte;, dad attempts to highlight a link
between each observation and some aspect of pi@sigelt is intended more as a ‘rule

of thumb’ or as a ‘primer’ for further analysis,canot as a rigorous analytical tool.
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Figure Captions

Figure 1: Seismic expression of fluid escape piped/ertical seismic profile through a

series of fluid escape pipes from offshore Nam{fi@am Moss and Cartwright, 2010a).

Arrow depicts the base of the pipe, SB- seabeddderence attribute time slice through
a group of pipes showing the typical circular tb-sircular planform, with diameters of

100-300m, located offshore Namibia.

Figure 2: Seismic characteristics of fluid escajpep (see text for full explanation). A:
Seismic profile from offshore Nigeria (from Lgse#t al. 2011), showing pipes
emanating from a reservoir interval ¢c.1000ms (TWg&)ow the seabed, terminating in
buried or surface pockmarks. B: pipes from offshNi@way, emanating from a gas
bearing layer, with convex upwards deformation agthstrata and terminating at seafloor
pockmarks (from Plaza Faverola et al. 2010a). Gfilershowing several pipes (labelled
as chimneys to be consistent with the original rejuall with loss of coherence and
subtle convex upwards deformation, from offshorevidry (from Hustoft et al. 2010). D:
chair seismic display of two orthogonal seismicfige and a coherence slice showing
chimneys (pipes) from offshore Norway, with varmlskafloor expression, but including
a large mound (from Hustoft et al. 2010). E: A pigem offshore Norway, with variable
relief exhibited by the convex upwards deformedhtsir terminating in a seafloor
pockmark (from Hustoft et al. 2010).

Figure 3: Seismic interpretation of fluid escappegiis made complicated by different
types of seismic artifact. A: A profile from thedfae-Shetland Basin, offshore Scotland,
showing a zone of attenuation and seismic disradigneath the root zone of some pipes
in a fluid source unit (from Cartwright, 2007). Beismic profile from offshore Namibia

showing two prominent pipes. The left hand pipewdieterminates downwards above a
coherent reflection (CR), whereas the root of ttheopipe is harder to interpret, because

of scattering and distortion possibly linked toaamplitude anomaly (AA).
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Figure 4: Seismic image of a large pipe from offghorway, showing highly variable
seismic expression vertically along the pipe, frarwide root zone, badly affected by
artifacts, to a narrower disrupted zone with migratartifacts (MA), upwards to a zone
with convex upwards deformation across sharp itilagpoints (IP) to a shallow region

of laterally extensive high amplitude reflectiohARs)(from Hansen et al. 2005).

Figure 5: Seismic profiles across large diametpepifrom offshore Namibia. A: profile
showing a pipe with concave downwards relief argtaltinuity of stratal reflections at
pipe margins. Note the variable geometry evidenhathorizons indicated with circles.
B: profile showing thinning of the basal layers it the pipe interior close to the root

zone (arrowed).

Figure 6: Amplitude display of a mapped horizort tisantersected by numerous pipes,
offshore Namibia. Some of the pipes are quite shatplineated by this attribute image
(e.g. P), but in others (e.g. Q), the amplitudenaaiees associated with the pipe extend

laterally outside the pipe margins, blurring theagnition of the margin.

Figure 7: Seismic profiles showing variation in gexry of pipes. A: profile from
offshore Namibia showing an upward tapering congipe geometry. B: profile from
offshore Mauretania showing a downward taperingaarpipe geometry (from Davies
and Clarke, 2010). C: profile from offshore Namilsiaowing an upwards bifurcating
pipe geometry, with pipes A and B linked at a sndiligh amplitude reflection (see

arrows).

Figure 8: Seismic profiles showing the upward teations of pipes. A: Upward
termination in of a pipe at a large seafloor pockm@om Andresen et al. 2011). B:
Upward termination with gradual reduction in coneaselief and local stacking of
overlying high amplitude reflections (HARS) (fromosgk and Cartwright, 2010a). Note
the bottom simulating reflector (BSR) crossing piyge with no loss of continuity.
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Figure 9: Seismic profile showing a pipe structtivat is interpreted to feed a series of
near-vertically stacked pockmark craters (P)(frond#esen and Huuse, 2011).

Figure 10: Cartoon representation of a model forsgdimentary, episodic pipe growth.
A: step 1, initial formation of pipe at timg tB: step 2, no pipe growth during deposition
up to layer at time;t C: step 3: new phase of growth of the pipe aétioverprints the

earlier pipe structure. D: step 4, growth contingess new layers of sediment are

deposited to timest

Figure 11: Conceptual model of pipe growth by hwdlcafracturing. A: an initial
fracture nucleates and propagates upwards frormtedace between the overpressured
layer and the overlying seal (inset shows the pires@) — depth (Z) plot for this intitial
propagation of a hydraulic fracture, at depth Zd antical fluid pressure in the source,
Pr, where this pressure intersects the fracturdigma (F)(see Watts, 1987). H is the
hydrostatic gradient, and L the lithostatic gradidt As fluid escapes into the seal, a
network of small, distributed hydraulic fracturesopagates upwards, with some
widening of the fractured region. C: The escapéwd from the overpressured zone is
focused into the region of fractures because ofeodd permeability of the fractured
seal, and fractures selectively widen and propadateA threshold is reached where
fluid flow and fracture network linkage result imcreased focusing of flow, higher flow
velocity, and possible gas expansion to form thd established cylindrical conduit
(pipe) and associated surface expulsion featusesCartwright et al. 2007for details and

original source references)

Figure 12: Simplified view of a fluidization modé&r diatreme formation. A: gross
geometry of a sedimentary diatreme formed by fiaaton. B: Details of the reservoir-
seal interface, where the pressure gradient dfiuesflow across the boundary and flow
in the seal fluidizes the overburden to form thgeglike conduit. C: Enlargement of the
interface to highlight the difficulty in achievirftyidization velocity within the seal when

it is largely composed of clay-sized patrticles.
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Figure 13: Schematic evolutionary cartoon of theilzy invasion model for pipe
formation (after Cathles et al., 2010). A. Gasafimn height d is trapped beneath a seal.
B. Seal failure results, and a piston of gas rideplacing the pore fluid in the
overburden (black arrows). C. When the gas ‘pister@bout halfway to the surface, the
surface begins to deform and small pockmarks faomfflow routes emanating from
the top of the ‘piston.” D. When the piston apptoes the surface, a large pockmark
forms with diameter similar to the piston width.

Figure 14: The ‘Christmas Tree’ mode of upward @igm of gas across layers with
contrasting values of horizontal permeability (KiQompetition between vertical and
lateral migration of the gas results in a highlyraed margin to the zone of gas saturated
sediments (shown as dark stipple tone), and notgalar, parallel-sided columnar

structure as idealized for example in Figure 1B@eismic examples of pipes.

Figure 15: Seismic profile from the South China,&@wing pipe structures formed by
the dissolution and collapse of an underlying cadbe reservoir. The root zones are

clearly visible in the carbonate layer. SB is seélalbeom Qiliang et al. 2013.
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Highlights for IMPG-D-14-00298

Cartwright and Santamarina

Fluid escape pipes are formed by focused fluid expulsion, found in many
petroliferous basins
Characterized on seismic data by columnar zones of reduced reflection continuity

Pipes are tens to thousands of metrestall, and tens to hundreds of metres wide

Pipes are frequently associated with signs of free gas migration such as amplitude
anomalies or cemented zones

Genetic mechanisms include hydraulic fracturing, erosional fluidisation, capillary
invasion, and volume collapse



