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a b s t r a c t

An understanding of the paleoenvironment and the main sedimentary processes behind preserved de-
posits is crucial to correctly interpret and represent lithofacies and facies associations in geomodels that
are used in the hydrocarbon industry, particularly when a limited dataset of cores is available. In this
paper a fairly common facies association is discussed containing massive sands - here defined as thick
(>0.5 m) structureless sand beds devoid of primary sedimentary structures, or with some faint lami-
nation - deposited by mass failures of channel banks in deep fluvial and estuarine channels. Amongst
geologists it is generally accepted that liquefaction is the main trigger of large bank failures in sandy
subaqueous slopes. However, evidence is mounting that for sand deposits a slow, retrogressive failure
mechanism of a steep subaqueous slope, known as breaching, is the dominant process. A model of
breaching-induced turbidity current erosion and sedimentation is presented that explains the presence
of sheet-like massive sands and channel-like massive sands and the sedimentary structures of the related
deposits. Sheet-like packages of spaced planar lamination that are found together with massive sand
bodies in deposits of these environments are identified as proximal depositional elements of breach
failure events. The model, acquired from sedimentary structures in deposits in the Eocene estuarine
Vlierzele Sands, Belgium, is applied to outcrops of the Dinantian fluvial Fell Sandstone, England, and
cores of the Tilje and Nansen fms (Lower Jurassic, Norwegian Continental Shelf). The possible breach
failure origin of some other massive sands described in literature from various ancient shallow water
environments is discussed. Breach failure generated massive sands possibly also form in deep marine
settings. The potentially thick and homogeneous, well-sorted sand deposits bear good properties for
hydrocarbon flow when found in such an environment. However, in case of deposition in an estuarine or
fluvial channel, these sand bodies are spatially constricted and careful facies interpretation is key to
identifying this. When constructing a static reservoir model, this needs to be considered both for in-place
volume calculations as well as drainage strategies.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

One of themain challenges of lithofacies analysis of sedimentary
successions in outcrop and particularly in the subsurface (using
core) is to understand depositional processes and apply that un-
derstanding to interpret the local depositional sub-environment
with the lowest degree of (preferably quantified) uncertainty
possible. Depositional processes that formed individual lithofacies
n Berg).
are considered in association with surrounding and genetically
related lithofacies to reconstruct the sub-regional depositional
environment. In the hydrocarbon industry, this qualitative under-
standing is used to build accurate three-dimensional geomodel
representations of facies associations and the stratigraphic archi-
tecture. To achieve this, quantified data on geometries, external
dimensions and internal heterogeneities is required. These static
geomodels are normally built at specific scales of heterogeneity
assumed to represent lithofacies (for example, a cross-stratified
bed) and/or facies association objects (for example, a tidal bar). In
order to represent all relevant heterogeneities of a hydrocarbon
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reservoir, static geomodels are integrated and used in an upscaling
methodology to result in a reservoir-scale geomodel that accurately
represents the effects of rock properties on hydrocarbon flow at all
heterogeneity scales (Nordahl and Ringrose, 2008; Ringrose et al.,
2008; Keogh et al., 2014; Nordahl et al., 2014). Multiscale geo-
models are crucial to understand possible fluid flow pathways at
specific heterogeneity levels, evaluate drainage strategies, and es-
timate how much hydrocarbon is producible initially and pro-
gressively during the lifetime of a field.

Consequently, it is important to correctly interpret and repre-
sent lithofacies and facies associations in geomodels. This is the
more challenging when a limited dataset is available. Offshore
hydrocarbon fields typically have a minute core database available
compared to the total volume of rock in the reservoir. A data set on
the possible range of geometries, external dimensions and internal
heterogeneity structure as well as the porosity and permeability
structure of facies associations is therefore key input to any geo-
model. For a valid assumption of these ranges, a correct interpre-
tation of the main depositional processes and environments
involved is crucial.

In this paper, we focus on a thus far hardly recognized but
probably fairly common facies association formed by breaching and
associated deposition of turbidites in deep fluvial and estuarine
channels. We present new, additional results to the analysis of
depositional processes of breach failure related deposits in the
Vlierzele Sands, Eocene, Belgium, presented by Van den Berg et al.
(2002), in order to support the recognition of similar deposits
elsewhere. These deposits appear as homogeneous and to a large
degree structureless sandstones and have limited lateral di-
mensions but can reach significant thicknesses (of more than 10m).
They can easily be misinterpreted in core if key criteria are not
captured, which may lead to erroneous estimations of dimensional
properties.

After stressing the importance of breaching as a failure mech-
anism in sandy slopes a depositional model of breach failure related
deposits is presented. Subsequently, we apply this model to a well-
known case in outcrop of fluvial deposits of the Fell sandstone
(Dinantian, N. England) and core of the Tilje and Nansen fms (Lower
Jurassic, Norwegian Continental Shelf) and discuss implications for
geomodelling. In addition, the possible breach failure origin of
massive sand deposits in some other environments is discussed.

2. Large slope failures in sand: liquefaction vs. breaching

In large slope failures in fine sand, such as frequently observed
in banks of estuarine channels in the SW Netherlands (Fig. 1),
mainly two contrasting processes operate, breaching and liquefac-
tion. Liquefaction involves the sudden undrained collapse of the
sand fabric, leading to an increase of pore water pressure that re-
sults in a dramatic reduction of shear strength and consequently
instability of the slope. While liquefaction may occur in loosely
packed contractant sand (with porosity > 43%), breaching is com-
mon in densely packed dilatant sands (Van den Berg et al., 2002).
Liquefied channel bank failures typically result in debris flows, that
deposit sediment en masse. Sand is called dilatant when, subject to
shear deformation, its volume expands, causing a negative pore
pressure with respect to the hydrostatic. The underpressured pore
water “glues” the sand grains together and is able to maintain a
steep (up to vertical) subaqueous slope. This slope only fails grad-
ually, because the negative pore pressure is released slowly by
water flowing in from the ambient fluid (Van Rhee and Bezuijen,
1998; Van den Berg et al., 2002). During the grain-by-grain fail-
ure the negative excess pore pressure dissipates locally, which
weakens the deposit near the interface with the water, ultimately
resulting in a thin surficial slide (Meijer and Van Os, 1976; Van Rhee
and Bezuijen, 1998). This thin skin slide causes unloading and a
drop in pore pressure, which strengthens the deposit and switches
the slope failure process back to the grain by grain mode. The cyclic
switch of failure process was named “dual-mode dilative failure” by
You et al., 2014. However, as the grain by grain and thin skin failure
processes are inextricably linked to each other, they are an intrinsic
property of breaching. Therefore, the proposed new term is not
justified and also misleading, because it erroneously suggests
another type of failure.

While a flow slide failure in sand produces a debris flow,
breaching initiates awell-defined turbidity current at the steep face
of the retrograding breach. This provides a basis for distinguishing
between deposits from the two types of flow, as long as debris flows
are not diluted into a turbidity current. Because of the limited slope
length in tidal and fluvial channels the distinction between a
liquefaction and a breaching origin can possibly be made for most
deposits that originated in proximity of a large subaqueous slope
failure in fine sand in these environments. Unconfined breaching-
related turbidites, which are thought to occur relatively
frequently in margins of coastal and deeper waters, will remain
more challenging to identify.

Themain difference between a deposit of a turbidity current and
a debris flow is that a turbidite is laid down incrementally layer by
layer, whereas a sandy debrite is deposited in an en masse fashion
(e.g. Talling et al., 2012). The latter process results in a diamict
without primary sedimentary structures or at most some contorted
bedding. In contrast, a turbidite generally shows some variant of
the 5-partite Bouma succession of sedimentary structures (Bouma,
1962).

Thick divisions of homogeneous, largely unstratified sands are a
common and often volumetrically important component of ancient
deep-water turbidite successions (e.g. Kneller and Branney, 1995;
Stow and Johansson, 2000). Although much less common,
massive sands are also described from a number of ancient fluvial
and estuarine channel deposits. They are often interpreted as sandy
debrites originating from flow slide failures (Jones and Rust, 1983;
Monro, 1986; Rust and Jones, 1987; Turner and Monro, 1987;
Martin, 1995; Hjellbakk, 1997; Martin and Turner, 1998). One case
of such type of massive sands in ancient deposits has been reported
from an estuarine setting (Van den Berg et al., 2002). In this case,
however, it was concluded that the massive sands are related to
breach failures or at least failures dominated by breaching. Indeed,
the presence of faint lamination proved that the deposition must
have occurred incrementally layer by layer.

Breaching was first identified and studied in the 1970s by the
Dutch dredging industry. The mechanism remained unknown to
the geological society for decades, partly because the research
effort in the Netherlands was largely performed in secret for pro-
prietary reasons. A second reason is that breach failure events are
easily mistaken for the well-known liquefied slope failure, because
both failures produce a similar after-event morphology and are
triggered in fine sand under similar environmental conditions (Van
den Berg et al., 2002). Only recently it became clear that breaching
may be an important source of turbidity currents in subaqueous
canyons or any other subaqueous setting where sufficient fine sand
can accumulate. Although direct observations of breaching events
are rare and restricted to tidal channels (Van den Berg et al., 2002;
Mastbergen et al., 2016) and tidal inlets (Beinssen et al., 2014;
Beinssen and Neil, 2015), indirect evidence is mounting that large
slope failures in sand are dominated by breaching:

- The presence in multibeam sounding images of series of
upstream-migrating steplike bedforms, known as cyclic steps
(Parker, 1996), that start directly downslope of submarine fail-
ure scarps (Smith et al., 2007; Paull et al., 2013; Casalbore et al.,



Fig. 1. A bank failure in the eastern part of the Western Scheldt estuary, 22 July 2014 comprising a volume of 0,8 million cubic meters A. Sedimentation e erosion patterns based on
pre- and post-event multibeam soundings (Zuidergat channel: 8 July 2014 and 29 July 2014; post-event crater: 28 April/7 May 2014 and 21 August 2014; Walsoorden shoal: laser
altimetry March 2014 and March 2015). Also indicated are scars of other recent bank failures over the past few years recorded on the shoal and the location of the bank failure
experiment, October 2014; B. Cross-section bed profiles. C. birds eye view from the east of the gap in the shoal one month after the July 2014 bank failure. Depths in meters relative
to Dutch ordnance datum, which is about present-day mean sea level. Maps, bed profiles and photo kindly provided by Edwin Paree and Marco Schrijver, Rijkswaterstaat Zee en
Delta, Middelburg, The Netherlands. Note that the initial vertical failure scarp in the shoal was smoothed by waves and tidal currents, at the time the March 2015 laser altimetry was
executed and the oblique photo was made.
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2013, 2014; Mazi�eres et al., 2014) support the occurrence of
long-lasting turbidity currents in the immediate vicinity of the
failure, which is difficult to explain in case of a liquefaction flow
slide;

- Computational results of turbidity current velocities near the
bed of a submarine canyon, obtained from a one-dimensional
model in which breach growth is incorporated, show satisfac-
tory agreement with quasi-steady flow conditions measured
during a presumed breach failure event at the canyon head
(Mastbergen and Van den Berg, 2003);

- Based on a literature survey of modern coastal sands, You et al.
(2014) state that in the majority of the published cases the sands
of coastal environments are dilative. Even sands that have been
deposited very quickly in the inner bend of a channel and might
be expected to behave contractant, may be susceptible to
breaching within a few years after deposition: some inner bends

mailto:Image of Fig. 1|tif


Fig. 2. Generalized map of the Vlierzele Sands in NW Belgium. The shape of the outcrop area is determined by present-day plateau areas (the original extent was larger, such as
shown by the outliers); Balegem: location of the sand pit studied in this paper. 1. Subcrop; 2. Outcrop; 3. Outliers with occurrence of a few meters of Vlierzele Sands; 5. Short stripes
near Balegem indicate tidal flow directions such as indicated by cross bedding. Tectonic dip is < 1� to the NNE. Dominant directions of the tidal flow (Houthuys, 1990).

Table 1
Main discriminating characteristics of massive-type sandstones and associated deposits recognized in this study.

Description Nature of lower surface Internal structures (disregarding structureless sand) Interpretationa

Sheet-like massive-type
sandbodies (SMS)

Undulose with localized cut and fill structures or
non-erosional covering pre-existent bedform
morphology

Near erosional base: spaced planar lamination may occur; near non-
erosional base: some faint laminae possible; near top: some
convolutions possible

high density
turbidite by
breach failure

Channel-like massive-
type sandbodies (SMC)

Highly erosive with steep scours Near erosional base: parallel spaced lamination, curving up the channel
margins

high density
turbidite by
breach failure

Sheet-like packages of
spaced planar
lamination (SSL)

Plane erosive Spaced planar lamination high density
turbidite by
breach failure

Scoop- or sheet-like
massive- type
sandbodies (SL)

Undulose scouring Convolutions, water escape structures very clean sand
debrite by
liquefaction

a Density flow terminology following Talling et al. (2012).
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of channels in the estuaries of the SW Netherlands and tidal
inlets of Queensland, Australia, are well-known for their
frequent occurrence of large bank failures, often repeated at
almost the same locations (Wilderom, 1979; Beinssen et al.,
2014). After a failure the original bank slope is restored in a
few years and becomes again susceptible for a next breach
failure. A well-documented example of such repeated failures is
the inner bend of the Zuidergat channel in the Western Scheldt
(Fig. 1). In a large field test executed in the same area (also
indicated in Fig.1), a bank failure that was triggered by dredging,
turned out to be dominated by breaching (Mastbergen et al.,
2016).

mailto:Image of Fig. 2|tif


Fig. 3. Low angle planar lamination truncated by tidal crossbedding in the Balegem pit, Vlierzele Sands. Red hand grip of the trowel measures 11 cm. The truncation surface is about
30 cm above the trowel.

Fig. 4. Escape structures in a layer of spaced planar lamination.
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- In liquefaction flow slide failures, where in contrast to a failure
dominated by breaching a large mass of sediment is transported
downslope in a very short spell, a tsunami may ensue, as re-
ported e.g. by Harbitz et al. (2006). However, notwithstanding
the fact that 1129 large bank failures were documented by
Wilderom (1979) in the tidal channels and estuaries of the SW
Netherlands, there are no reports of any tsunami ever observed
in this area.

Inspired by his colleagues that collaborated in the breaching
experiments in flumes at Delft Hydraulics, commissioned by the
Dutch dredging industry, Torrey (1995) was the first to link natural
bank failures with breaching. His study concerned bank failures of
the lower Mississippi. It appeared that many of the failures, some
of which involved more than a million cubic meters, occurred in
dilative sands and therefore could not be ascribed to liquefaction,
as supposed previously. At present, two decades later, breaching is
recognized as an important failure mechanism and is incorporated
in assessment rules for flooding safety in the Netherlands (Van
Duinen et al., 2013), although in some very obvious cases, such
as for instance the recurrent bank failures in the entrance of the
Arcachon basin, France (Nedelec and Revel, 2015), breaching was
still not recognized. Similarly liquefaction is still considered the
main mechanism of large slope failures that produced massive
sands in ancient deposits (e.g. Stow and Johansson, 2000). Now
that it is clear that in present-day environments breaching rather
than liquefaction is the main failure process in slopes of fine to
medium sand, it is to be expected that the depositional products of
bank failures in such sands also relate to failures dominated by
breaching instead of liquefaction. An important implication is that
by far most if not all large sandy bank failure related massive sands
must represent structureless or faintly laminated intervals of
turbidites.

In contrast to the well-known turbidites that are deposited
under practically unconfined conditions in deep water environ-
ments, flow dynamics and depositional processes in turbidity cur-
rents produced by breach failures in channel banks are strongly
influenced by the morphology of the channel. In a fluvial or estu-
arine channel, the turbidity current produced by a bank failure
comes to a halt, which results in extremely rapid sedimentation. In
the Vlierzele Sands, Eocene, Belgium, the only ancient estuarine
deposit inwhich breach failure related phenomena are described so
far, this resulted in massive sand layers that quite often bury part of
a tidal dune landscape without any erosion (Van den Berg et al.,
2002; Martinius and Van den Berg, 2011).

mailto:Image of Fig. 3|tif
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Fig. 5. A,B ¼ Overview, detail massive sand layer in outcrop; C ¼ Generalized turbidite sequence by Talling et al. (2012), slightly modified (see text).

Fig. 6. Detail of spaced planar lamination (position trowel Fig. 3).
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3. Breach failure generated turbidites in the estuarine
Vlierzele Sands, Eocene, Belgium

The Vlierzele Sands (late Lower Eocene, member of the Gen-
tbrugge Formation, Steurbaut et al., 2016) consist of a 10e20 m
thick unconsolidated body of fine glauconiferous siliciclastic sand
(100e200 mm) found at or slightly below the land surface in
northern and western Belgium (Fig. 2). The estuarine channel
nature of at least part of the Vlierzele Sands is demonstrated by 1)
some deep channel incisions into the underlying, clayey Lower
Eocene succession (Mostaert, 1985; De Batist, 1989; De Batist and
Versteeg, 1999), 2) the presence of some lignitic deposits in the
upper part of the Vlierzele Sands (Gulinck andHacquaert, 1954) and
above all 3) the mud draped cross-bedding present in the upper
part that reveals many characteristics of inshore tidal channels (Van
den Berg et al., 1998). In exposures in several sand pits near Bale-
gem, massive sand layers were found intercalated between inshore
tidal cross-bedding. These poorly structured beds were first
thought to have originated from dense storm-caused sand sus-
pensions (Houthuys and Gullentops, 1988; Houthuys, 1990), but
later reinterpreted as products of breach failures (Van den Berg
et al., 2002). The massive sands occur both in non or slightly
erosional sheets and steeply incised channel fills, termed sheet-like
massive sandstone element (SMS) and channel-like massive
sandstone elements (SMC), respectively by Martin (1995) and
Martin and Turner (1998), for much similar sandbodies in the Fell
Sandstone discussed in the next paragraph. For convenience these
acronyms are adopted in this paper. The main characteristics of the
massive sandstone facies and associated elements discussed in this
paper are described below and summarized in Table 1. The massive
sandstones range in thickness from a few decimeters up to occa-
sionally 4 m and generally are truncated by tidal cross-bedding
(Fig. 3). Although seemingly structureless, they generally contain
some solitary faint laminae or horizons with a slightly different
colour due to subtle changes in very small admixtures of organic
material, heavyminerals andmud, that demonstrate that theywere
deposited incrementally layer by layer.

mailto:Image of Fig. 5|tif
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Sheet-like massive-type sandbodies (SMS). These elements
generally have some faint parallel lamination at their base. Some
of the SMS elements cover trains of completely preserved dune
formsets constituting 3D patterns that may extend over more
than several hectares (Houthuys, 1990).
Channel-like massive-type sandbodies (SMC). In contrast to the
non-erosional, sheet-like massive sand bodies, massive sands
are also present in fills of steeply scouring channels, with steep
sides, up to vertical in places. Generally near the basal erosion
surface some faint lamination is present that curves up the sides
of the channel scour, sometimes with some erosional discon-
formities (See Fig. 9 in Van den Berg et al., 2002).
Sheet-like packages of spaced planar lamination (SSL). Ongoing
mining in the Balegem pit re-exposed several sheet-like pack-
ages of low-angle plane planar lamination (SSL), visually
showing a rather wide spacing between individual strata, that
had before been interpreted as being produced by strong wave
action (Houthuys, 1990). However, they were found in a rela-
tively deep depositional position with respect to the other types
of deposits and intercalated in massive sands (See Fig. 5.11 in
Houthuys, 1990). Some rare animal escape structures (Fig. 4)
demonstrate that the deposition rate of the planar lamination
7. Schematic overview of a turbidity flow from an ongoing breach failure in a channel, relat
s may be an order of magnitude larger. A: Cross-section of channel bend, inner bank is to th
d with at the base some faint lamination paralleling the dune (Martinius and Van den Berg, 2
massive sand (lacquer peel made at location Fig. 5B); D: Scour filled with massive sand (Va
was very high. In some of the planar laminated layers the
lamination fades upwards into a massive sand (Fig. 5). The latter
observation discloses the type of the lamination as so-called
spaced or stepped planar lamination (Hiscott, 1994; Talling
et al., 2012; Sumner et al., 2012) that corresponds to the TB-3
division as the lowermost part of the Bouma sandy high-density
turbidite succession proposed by Talling et al., 2012 (Fig. 5C), or
the S2 division in Lowe's succession (Lowe, 1982). Spaced planar
lamination is characterized by 0.5e15 cm thick strata, which in
deposits with a wide range of grainsizes show alternation of
coarser and finer grainsize (Lowe, 1982). Although the mecha-
nism of sorting producing the grainsize differentiation is still not
clear, there is consensus that this type of lamination results from
cycles of collapse and regeneration of a traction carpet beneath a
decelerating high-density current (Hiscott andMiddleton, 1980;
Lowe, 1982; Sumner et al., 2008; Talling et al., 2012; Malgesini
et al., 2015). In the well sorted overall fine-grained sand of the
Vlierzele Sands, the spaced planar stratification is accentuated
by an alternation of somewhat darker and lighter layers due to
apparent mineralogical sorting of glaucony grains (Fig. 6). As
grain-size variation in spaced planar lamination is not an
apparent characteristic in deposits of well-sorted sands, in this
ed bedforms and sedimentary structure. In reality, the number of dunes and cyclic
e right (partly after Van den Berg et al., 2002); B: Dune formset buried by massive
011); C: Spaced planar lamination merging upwards into faint lamination followed
n den Berg et al., 2002).

mailto:Image of Fig. 7|tif
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paper this term is used in a strictly descriptive sense. Within a
package of spaced planar lamination some erosional disconti-
nuities may be present (Fig. 5B). Flume experiments indicate
that spaced planar lamination in fine sands turns into struc-
tureless sand at aggradation rates larger than 0.44 mm/s
(Sumner et al., 2008). The massive sands in the Vlierzele Sands
therefore refer to very high sedimentation rates.
Scoop- or sheet-like massive-type sandbodies (SL). These massive
beds are characterized by the presence of highly contorted
bedding. In the Vlierzele Sands such sandbodies were not
encountered. In the examples discussed in this paper only one
SL element was found in one of the outcrops of the Fell Sand-
stone discussed later in this paper.

In the center of the Vlierzele tidal channel, where the turbidity
current decelerated very quickly because of the confinement of the
channel, very high sedimentation rates started directly with the
arrival of the turbidity current leaving the pre-event morphology
undisturbed. This explains the preservation of dune formsets. The
deeply scouring channels at the base of the SMC units are consid-
ered to be carved in the lower part of channel banks by the ener-
getic turbidity flow downslope of the retrograding breach failure.
Fig. 11 in Van den Berg et al. (2002) illustrates these extremes in
flow strength and deposition in a model of the morphology and
deposits produced directly after a breach failure event in a deep
tidal or river channel. In a further elaborated version, shown here in
Fig. 7, a flat area (Fig. 7C) is inferred, where spaced planar lami-
nation is produced. This zone fits well in between the zone of
erosional scours and cyclic steps near the failure (Fig. 7D) and the
Fig. 8. Reconstruction of morphology and deposits produced after a breach failure event in
turbidite after burial by fluvial or tidal cross-bedding (partly after Van den Berg et al., 200
rapid deposition area in the channel center (Fig. 7B): moderate, not
channelized erosion followed by a moderate deposition rate.

In the turbidite sequence presented by Talling et al., 2012, the
structureless to faintly laminated layer is classified TA. Recent ad-
vances in understanding indicate that structureless TA units e in
coarse grained turbidites characterized by a coarse-tail normal
grading - reflect deposition directly behind a hydraulic jump
(Postma et al., 2009). In the sequence of Talling et al. (2012) spaced
lamination (TB-3) merges upwards gradually into structureless sand
(TA), indicating a gradual transition of flow and sedimentation
conditions instead of a sudden hydraulic jump-related switch.
Therefore we changed the classification label of this unit into TB-4
(see Fig. 5C), the almost structureless “frictional traction carpet
facies” as defined and described by Postma et al. (2014) and Postma
and Cartigny (2014). A remarkable consequence is that unit TA, the
lowermost part of the classical 5-partite Bouma sequence, is lacking
in the sequence presented by Talling et al. (2012; Fig. 5C).

In the very steep slope of a retrograding wall in a breach failure,
the turbidity current quickly becomes supercritical and may
probably reach internal Froude number values slightly above 2.8,
where Kelvin-Helmholtz billows form that strongly enhance mix-
ing with the overlying fluid (Mastbergen and Van den Berg, 2003).
As a result, a dilute sediment suspension layer will quickly develop
on top of a dense near-bed high-density turbidity current (Fig. 7). It
was speculated by Van den Berg et al. (2002) that the supercritical
turbidity current passes to subcritical through a series of hydraulic
jumps and related upslope migrating cyclic steps. Although so far
no depositional evidence of the presence of such upper flow regime
bedforms was found in the Vlierzele Sands, it is nevertheless
a deep tidal or river channel. A: post-event morphology; BeE: breach failure generated
2).
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Fig. 9. The Fell Sandstone: A. The outcrop of the Fell Sandstone Group in the Northumberland Basin, and the location of Bowden Doors and Colour Heugh Crags (after Turner and
Monro, 1987); B and C. Simplified line drawings of the section exposed at Colour Heugh and Bowden Doors escarpments respectively (modified after Martin, 1995).
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Fig. 9. (continued).

Fig. 10. Two massive-type SMS sandbodies (A and B) covering dune formsets. Note the
presence of some faint lamination at the base of the structureless sand, especially for
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believed that cyclic steps were formed, because, as mentioned
earlier in this paper, in multibeam images downstream of sus-
pected breach failures generally cyclic steps are observed. The area
where cyclic steps might form is erosive as it follows the retro-
grading breach failure. This may explain the absence of hydraulic
jump related TA units in turbidites in the studied outcrops of the
Vlierzele Sands. While the lower layer of dense suspension loses
sand to the overlying dilute suspension, it gains sediment from
erosion of the bed. Numerical models are currently not able to
realistically model dense basal flows with densities over 10% vol-
ume by concentration, where grain-to-grain interaction and hin-
dered settling are the dominant sediment supporting mechanisms
(Clare et al., 2015). We speculate that over a field of cyclic steps the
dense basal layer has a more or less constant thickness averaged
over the bedforms, as suggested in Fig. 7. This statement, also
suggested by drawings in Van den Berg et al. (2002), Cartigny et al.
(2011) and Postma and Cartigny (2014), is motivated by the fact that
multibeam echo sounder pictures of cyclic step patterns after a
short initial track of growth often do not show a downstream
change in bedform dimensions (e.g. Paull et al., 2013; Smith et al.,
2005, 2007; Casalbore et al., 2014; Cartigny et al., 2017; Hughes
Clarke, 2016) that can be expected if the formative flow would in-
crease in thickness downstream (Cartigny et al., 2011).

At the distal part, away from the breach failure, the turbidity
flow is blocked by the opposite bank and therefore decelerates
quickly in the channel. This blockage explains the lofting assumed
in Fig. 7. Sand grains settle from the dilute suspension down into
the dense sublayer, where hindered settling reduces the fall ve-
locity of the grains. This process sharpens the interface between the
dilute and dense suspension layer and reduces the velocity of its
collapse, which is why we think that it will spread over an area of
the order of 5e50 ha before disappearing completely. Thereafter
the sedimentation rate will be very much reduced, the more so as
part of the plume of dilute suspension is transported away with the
tidal or fluvial flow. This explains the formation of a planar lami-
nated TB or, aided by the presence of a tidal current, a ripple-
laminated TC interval as drawn in Fig. 5C. Numerous pre- and
post failure event soundings in the tidal channels of the SW
Netherlands demonstrate that the total thickness of the turbidite
the uppermost unit. Colour Heugh, for location see Fig. 9B.
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directly after its deposition can easily surpass 10 m (Wilderom,
1979). Such a deposit constitutes an obstacle for the tidal flow
through the channel and the main part of it may therefore erode
quickly, leaving only the lowermost part a chance to preserve. In
Fig. 8, an impression is sketched of a post event morphology and
the related turbidite as it becomes sandwiched in between cross-
bedded units in the months or years after the event. Unless the
channel is abandoned by the flow, only near the thin edges of the
lens-shaped turbidite, where erosion by tidal or fluvial flow ismuch
less, the upper part of the turbidite has a chance to preserve
(Fig. 8B). As soon as the rapid aggradation of the channel by the
sustained sand supply from the breach failure reaches the level of
the steep scour gully that guides the turbidity current, erosion in
this scour switches to increasingly rapid deposition. This can
explain why deposition that often started with spaced planar
lamination was followed soon by structureless sand (Fig. 8D).

All evidence put together, it is rather obvious that breach failure
events are the origin of the massive sands in the Vlierzele Sands.
Three breach failure related sediment architectural elements can be
discriminated: (1) channel-like (SMC), (2) sheet-like (SMS) massive
sandbodies and (3) sheet-like bodies that consist of a package of
spaced planar lamination (SSL). All these three elements are the
product of turbidity currents generated by breaching and fit in the
model of Fig. 7 that explains their sedimentary characteristics and
shows how these architectural units are positioned with respect to
each other and to the location of the breach failure.
Fig. 11. Faint laminae and beds documenting the flattening of the channel during the process
climbers as “The Wave”, for location see Fig. 9C. The sandstone scarp (A) is 6,5 m high. Ph
4. Breach failure generated turbidites in outcrops of the
fluvial Fell Sandstone, Lower Carboniferous, England

The Lower Carboniferous Fell Sandstone (Mid Dinantian) com-
prises up to 350 m of sublitharenite, subarkose and quartz arenite.
The sandstone deposited in the rapidly subsiding Northumberland
Trough by what is considered a large-scale sandy braided river
system, which culminated in a fluvially dominated delta in thewest
of the trough (Monro, 1986; Turner and Monro, 1987; Martin, 1995;
Martin and Turner, 1998). The sands are generally fine, with a
median diameter of 135 mm and deposited in channels that ac-
cording to Martin and Turner (1998) were 12e18 m deep at bank-
full stage. The main outcrops where fluvial channel deposits are
exposed and studied by the authors mentioned above are known as
Bowden Doors and Colour Heugh (also named Back Bowden Doors).
As part of the present analysis, these outcrops, sketched in Fig. 9,
were revisited.

The Bowden Doors and Colour Heugh escarpments show very
well exposed fluvial cross bedding. Inserted in this unidirectional
cross bedding all three breaching-related architectural units
distinguished in the Vlierzele Sands are present. In addition to the
SMS and SMC elements in Bowden Doors, a thirdmassive sandbody
was identified by Martin (1995) and Martin and Turner (1998) that
shows some contorted bedding due to liquefaction (Fig. 9C, marked
by “SL”). The fact that original primary structures have not
completely disappeared indicates that the liquefaction caused only
of channel fill in a cross-section of a SMC sand body, Bowden Doors, location known by
oto courtesy John Dalrymple.
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Fig. 12. SMC sandbodies filled with spaced lamination. Bowden Doors escarpment, location known as “Poverty”, see Fig. 9C.

Fig. 13. Two different breaching related architectural elements inserted in fluvial cross-bedding. A. Overview; B. SSL body with spaced planar lamination; C. SMC massive-type unit
with some faint laminae. Photos courtesy of John Dalrymple. Bowden Doors escarpment, location known as “Runnel”, see Fig. 9C.

J.H. van den Berg et al. / Marine and Petroleum Geology 82 (2017) 178e205 189

mailto:Image of Fig. 12|tif
mailto:Image of Fig. 13|tif


J.H. van den Berg et al. / Marine and Petroleum Geology 82 (2017) 178e205190
a small displacement of the sand mass involved.
Like in the Vlierzele Sands, some of the massive SMS sandstone

units rest on an undisturbedmorphology of dune formsets (Fig. 10).
The Fell Sandstone escarpments are aligned more or less parallel to
the direction of the fluvial channels. Therefore, the SMC sandstone
units that run perpendicular to this, are only seen in cross-section.
In all previous studies of the Bowden Doors and Colour Heugh
escarpments, the massive sandstone above the lamination that
hugs the channel marginwas described as apparently structureless.
However, careful examination shows that often some vague
bedding or some faint laminae are present (Fig. 11), demonstrating
that these massive sands were laid down incrementally layer by
layer and not en masse by a debris flow as suggested by previous
workers (Monro, 1986; Turner and Monro, 1987; Martin, 1995;
Martin and Turner, 1998). Like in the Vlierzele Sands at the base
and margins of many of the SMC units, generally some faint
centimeter scale lamination is found. We agree with Martin (1995)
and Martin and Turner (1998) that this spaced lamination is the
result of frictional freezing. Dewatering structures preserved in the
upper portion of some of the SMC and SMS elements (Martin and
Turner, 1998) indicate the swift aggradation that caused the
absence of primary sedimentary structures in the sand above the
faintly laminated beds. In some of the SMC units, this lamination
extends over a larger distance from the erosive incision surface and
may even be present over the whole preserved channel fill (Fig. 12).
Apparently, in such cases the accumulation rate did not surpass the
critical limit for the disappearance of lamination.

The fluvial cross bedding is often organized in descending cosets
Fig. 14. Location map of the Flyndreti
(Fig. 12A). Such structures are explained by small fluvial dunes
descending the lee-sides of a larger dune and often reflect hyster-
esis in dune adaptation during the falling discharge stage in a deep
river (Allen and Collinson, 1974; Martinius and Van den Berg, 2011;
Reesink and Bridge, 2011). Intercalated between the fluvial cross-
beds in the Bowden Doors escarpment, a slightly undulating to
horizontal laminated layer was found that was not described in
previous studies (Fig. 13). Because of the large water depth such as
testified by the cross-bedded units, an upper plane bed origin is
unlikely, and, in view of thewide spacing between the laminae, this
unit is interpreted as representing the laminated third architectural
element (SSL) of breach failure related deposits that is formed in a
zone of plane beds close to the failure (Fig. 7). This architectural
element may be present at more locations in the studied escarp-
ments, as they have not systematically been inspected for their
presence.

An alternative interpretation for SSL bodies and SMS elements
with an erosional base is that they refer to hyperconcentrated
fluvial slurry flows. Actually, some of the SMS units were attributed
to such flows by Martin and Turner (1998). Although the situation
of the Fell Sandstone river in a delta makes such high energetic
flows unlikely, it is not easy to exclude a fluvial slurry flow origin,
simply because a turbidity current generated by breaching is also a
hyperconcentrated flow. The main difference is that flow strength
in a channel during aggradation by a breach failure derived turbi-
dite is low, whereas hyperconcentrated streamflows have a high
velocity. This high flow strength may be documented in sandy
deposits of hyperconcentrated streamflows by heavy mineral
nd field northwest of Trondheim.
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Fig. 15. Core description of the lower part of the Tilje Fm in Flyndretind.
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concentrations (Dilliard et al., 1999), pebble strings resting on
scoured surfaces left by erosional episodes and grainsize differ-
ences over small distances (Dilliard et al., 1999; Macías et al., 2004).
All these characteristics of hyperconcentrated streamflows are
lacking in the SSL and SMS elements in the studied outcrops of the
Fell Sandstone, which supports their breach failure related origin.

5. Possible breach failure origin of massive sands in cores of
the Norwegian Continental Shelf

5.1. The Lower Jurassic Tilje formation

The Pliensbachian to Toarcian Tilje Fm (Dalland et al., 1988)
formed in amixed-energy tide-dominated deltaic environment in a
relatively shallow-water semi-enclosed basin. A significant fraction
of the sediment delivered to the deltas and associated embayments
consisted of mud and silt, and, as a result, the reservoir intervals are
composed of sedimentary packages that are strongly heterolithic
and show a bimodal grain-size distribution (Van de Weerd, 1996;
Martinius et al., 2001; Ichaso and Dalrymple, 2014; Ichaso et al.,
2016). Deposition took place in the HalteneTrøndelag Basin that
encompassed the Halten Terrace and the Trøndelag Platform. This
coast-parallel rift-generated basin became the locus of the Jurassic
seaway that was approximately 1500 km long and 250 km wide
(Gjelberg et al., 1987; Dor�e, 1991; Brekke et al., 2001). Initially
during the Lower Jurassic, this relatively shallow seaway, with a
complex palaeogeography and serrated coastline, was semi-
enclosed and only connected to the Boreal Ocean in the north.
Later during the Lower Jurassic, an opening developed also in the
south to the Tethys Ocean. Subsidence rates varied across the
HalteneTrøndelag Basin and the Tilje Fm reaches a maximum
thickness of approximately 300 m in areas along active faults. The
formation is divided into two major third-order stratigraphic se-
quences (Martinius et al., 2001). Across the Halten Terrace, the
lower sequence is formed by sand-dominated, mostly aggrada-
tionally stacked parasequences consisting of heterolithic channel
fill, tidal bar, mouth-bar, delta-front and in places prodeltaic de-
posits. Depending on changes in direction and magnitude of the
main fluvial discharge, distributaries that became (temporarily)
disconnected from the fluvial source transformed into inshore tidal
basins, thereby changing the energy balance from fluvial-
dominated to tide-dominated.

The cored sandstone containing the almost structureless ho-
mogeneous sandstone interval in Flyndretind (Figs. 14 and 15) is
almost 19 m thick and formed by well to very well sorted, rounded
to well-rounded very fine-grained sandstone. The basal 17 m is
homogeneous, appears massive, and is largely unstructured with
faint lamination occurring in approximately 20% of the interval
(Fig. 14). Particularly in the basal 3.5 m of the cored section a
number of faintly laminated sets have spaced lamination with in-
dividual laminae of up to 5 cm thick (Fig. 16). At a few locations,
small (1e10 mm long), flat (1e2 mm thick) and parallel oriented
silty mudstone clasts occur (Fig. 17). The uppermost 2 m are formed
by very well-rounded and sorted, low-angle parallel laminated
sandstone with set thicknesses of 10 mme12 mm containing
abundant very small (less than 1 mm) organic particles and diffuse
organic material (Fig. 18). The amount of organic particles increases
upward from a few to abundant giving the impression of successive
thin dense lags. The top of the unit is muddy with thin layers of up
to 5 cm long and 6 mm thick coal fragments.

This unit is overlain by a 17.5 m thick, cross-stratified, well to
very well-rounded and sorted sandstone unit with abundant bidi-
rectional current structures. Preserved cross-stratified set thick-
nesses vary between 8 and 15 cm. Double mud drapes and organic
particles occur abundantly in the upper 7 m (Fig. 19A and B). The
uppermost 2 m is formed by thinner sets (up to 10 cm thick) with
abundant fluid mud layers and pervasive bidirectionality with an
increasing amount of coal fragments; bivalve resting traces, Pla-
nolites and Teichicnus are common (Fig. 19C and D).

The gamma-ray (GR) log for this cored part of the boring reflects
well this subdivision in two units (Fig. 20) as indicated by the
higher GR readings interpreted to reflect a higher degree of
mudstone in the upper unit. It also illustrates that the lower unit is
significantly thicker than the cored interval alone and continues for
18 m stratigraphically downwards from the base of the core. The
lowermost 4 m (section 3149 to 3145; Fig. 20) show the lowest GR
readings and is interpreted to contain the least amount of
mudstone.
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Fig. 16. AeD: Core examples of faintly laminated sets with spaced lamination (see double-sided arrows in B) with individual laminae of up to 5 cm thick (Tilje Fm, Flyndretind field).
Core width is 9 cm. A: 3125,2 m; B: 3124.9 m; C: 3122.9 m; D: 3122.5 m (see also Fig. 15).
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The in total 54.5 m thick sedimentary succession is interpreted
as genetically related containing three main intervals. The lower-
most (non-cored) 4 m are interpreted to have been formed as
channel floor deposits in a probably large and active tidal channel
in an estuary. This interval is overlain by the homogenous, 33 m
thick sandstone interval, interpreted as the product of multiple
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Fig. 17. AeD: Examples of small (1e10 mm long), flat (1e2 mm thick) and parallel oriented silty mudstone clasts, shown by arrows (Tilje Fm, Flyndretind field). Double-sided arrows
are like in Fig. 16. Core width is 9 cm. A: 3120.35 m; B: 3120.30 m; C: 3117.45 m; D: 3114.50 m (see also Fig. 15).
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turbidites in the channel each originated by a breach failure in the
channel margin (either a tidal channel bank or the edge of a large
tidal bar within the tidal basin; cf. Wilderom, 1979). This deposit
can be classified as the fill of a deep scouring tidal channel
analogous to the massive sand facies in the Vlierzele Sands
described above (Fig. 8, situation D). Thin intervals of small muddy
siltstone and coal pebbles are interpreted to indicate a (probably
minor) degree of erosion of the top of the preceding breach failure
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Fig. 18. AeD: Examples of very well-rounded and sorted, low-angle parallel laminated sandstone with set thicknesses of 10 mme12 mm containing abundant very small (less than
1 mm) organic particles and diffuse organic material (Tilje Fm, Flyndretind field). Core width is 9 cm. A: 3107.80 m; B: 3107.15 m; C: 3106.85 m; D: 3106.70 m (see also Fig. 15).
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deposit. The upper 17.5 m thick unit is interpreted as a tidal bar
with (inter)tidal flat deposits at the very top. It must be kept in
mind that although breaching rather than liquefaction is the main
failure process in slopes of clean sand, for units without some faint
lamination or a spaced planar laminated lower part, a (multiple)
debris flow origin cannot be ruled out completely.

5.2. The Lower Jurassic Nansen formation

The Hettangian to early Sinemurian Nansen Fm (Lower Jurassic;
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Fig. 19. A: Preserved cross-stratified set thicknesses vary between 8 and 15 cm, with well-developed bottomsets in which backflow ripples structures occur (3095.15 m). Double
mud drapes and organic particles occur abundantly. B: Cross-stratified, well to very well rounded and well-sorted sandstone unit with abundant bidirectional current structures
(arrows; 3104.60 m). C: Thin sets (up to 10 cm thick) with abundant fluid mud layers (red arrows) and pervasive bidirectionality (white arrows) with an increasing amount of coal
fragments (3093.30 m). D: Examples of bivalve resting traces (Rt in A), Planolites (Pl) and Teichicnus (Te; 3089.0 m). See also Fig. 15; core width is 9 cm.
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Vollset and Dor�e, 1984; Røe and Steel, 1985; Lervik, 2006) forms the
upper part of the Statfjord Group and is encountered across a
relatively large part of the Tampen area (Fig. 21). The formation
overlies the fluvial Eiriksson Fm and represents the transition from
alluvial-deltaic to marine conditions of the Amundsen Fm mud-
stones with which it is locally contemporaneous (Nystuen and F€alt,
1995; Ravnås et al., 2000). The depositional environment envisaged
for the Nansen Fm in the Oseberg field is a low-gradient, mixed-
energy transgressive delta with wave-dominated shoreline de-
posits, tidal channels and tidal bars as well as a minor amount of
tidal flat and tidal creek deposits (Røe and Steel, 1985; Ryseth,
2001; Statoil in-house data).

In contrast with the thick Tilje Fm example, the two closely
spaced almost structureless homogeneous sandstone bed examples
in the Nansen Fm are thin (80 cm and 60 cm respectively) and part
of an overall fining-upward but heterogeneous sedimentary
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Fig. 20. Gamma-ray (GR) log for the cored part of the well showing a subdivision in
two units as indicated by the higher GR readings interpreted to reflect a higher degree
of mudstone in the upper unit.
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succession of almost 23 m thick (base at 2682.25 m and top at
2659.5 m; Fig. 22B). At the base, this succession is formed by sub-
angular, poorly sorted cross-stratified sandstone with abundant
coal fragments of up to 1.5 cm long, which erodes into a very fine-
grained, well-sorted and ripple-laminated carbonaceous sand-
stone. Upward, grain sorting improves in association with a
decreasing grain size towards lower fine; sedimentary structures
are dominated by low-angle or planar lamination. A new erosion
event occurs approximately 6 m above the base, overlain by poorly
sorted, subrounded, coarse-grained low-angle cross-stratified
sandstone. Subsequently, and underlying the first massive sand-
stone bed, a thinly layered, ripple-laminated (maximum set size of
1.5 cm), organic particle rich and fine-grained sandstone bed occurs
with some formsets preserved at the top. This bed is overlain by a
homogeneous, in places very faintly laminated but mostly struc-
tureless and very fine-grained sandstone bed (80 cm thick; Fig. 22)
C1, which is eroded at its top. Two thin, fine-grained and ripple-
laminated beds follow and are overlain by the second homoge-
neous and structureless sandstone bed (60 cm thick; Fig. 22)C2
which has similar characteristics as the first occurrence. Faint
lamination occurs at the base of the second bed, and one more
erosive event occurs approximately 1.5 m above this second bed. A
number of ripple-laminated and lower-medium grained sandstone
beds form the final 7 m of the 23 m thick sedimentary succession
showing an overall upward fining to very fine-grained, ripple-
laminated and well-sorted sandstone.

This 23 m thick heterogeneous sedimentary succession is
interpreted as a complex three-stage fill of a relatively small dis-
tributary channel in the fluvial to tidal transition zone. The occur-
rence of an occasional horizontal burrow points to a low degree of
salinity influence; possible tidal indicators are rare and indecisive.
The two thin but almost structureless homogeneous sandstone
beds are interpreted as turbidite deposits that originated from
breaching of the margin of the distributary channel and can be
classified as non- or slightly erosional sheet-like deposits (SMS)
analogous to similar examples in the Vlierzele Sands described
above (Fig. 8, situation B or C). Both occurrences are assumed to
have been significantly thicker shortly after deposition but to have
later been eroded at their top by subsequent scouring events.

6. Other possible breach failure-generated turbidite cases
described in the literature

Because the process of breaching is relatively new to the geol-
ogists community, so far only the ancient turbidites discussed in
this paper have been re-attributed to breach failures, except for one
case, the massive sands in the Eocene Brussels Sands (Houthuys,
2011). Other possible examples of breach failure related deposits
that show much in common with those of the Vlierzele Sands and
the Fell Sandstone are the examples of fluvial deposits reviewed by
Martin (1995). These include cases in the Lee-type sandstones
(Pennsylvanian) of the central Appalachian Basin, USA, the Mans-
field and Brazil Fms (Pennsylvanian) of the Illinois Basin, USA, and
the Triassic Hawkesbury Sandstone of the Sydney Basin, Australia.
Possibly more candidates will emerge when known examples of
massive sands are revisited; this, however, is beyond the scope of
this paper. Instead, two cases described in the literature will be
discussed shortly, as an illustration of possible breach failure
related deposits outside the fluvial and estuarine domain, and in
order to stimulate further investigations in the recognition and
characteristics of possible breach failure related deposits in other
environments. These cases are a tide-influenced marine bay in the
vicinity of a spit-barrier complex in the Eocene Brussels Sands,
Belgium, and a delta front environment in the Cretaceous of the
Bohemian Basin, Czech Republic (Wojewoda, 1986; Uli�cný, 2001).

The marine, fine to medium grained Brussels Sands example
(transition Lower to Middle Eocene) filled, presumably in a rela-
tively short time period, a 40 km wide and over 100 km long tide-
influenced marine embayment of the North Sea in Central Belgium
(Houthuys, 2011). The process of filling is supposed to have been
governed by a barrier-spit complex that protruded into the basin.
Because the top of the Brussels Sands has been eroded, the coastal
facies of this complex is not preserved. Channels in front of the
supposed barrier protrusion were laterally filled in by sand deliv-
ered from this coastal complex. Numerous massive to faintly
laminated, well sorted sand layers are present, slightly coarser than
the surrounding sands, that are inserted in the prevailing west-to-
east lateral progradation of the fill (Fig. 23). The panel diagram of
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Fig. 21. Location map of the Oseberg West structure (Oseberg field) west-northwest of Bergen.
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Fig. 22. Core description of the lower part of the Nansen Fm in the Oseberg field showing two relatively thin intervals (1 and 2) interpreted to be formed by breaching; see text for
explanation.
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Fig. 23 illustrates the sedimentary architecture of the Brussels
Sands near Chaumont-Gistoux, situated in the center of the
embayment. The mining of a several hectares complex of sandpits
at this location was monitored using photography of the sandpit
faces from 1986 onwards. Progradation was dominantly from west
to east and the succession is formed by alternations of cross-
bedded sand (facies X), bioturbated thin cross-beds (Xb), bio-
turbated beds with the primary thin cross beds still recognizable
(Bx), and completely bioturbated, medium sand (Bm). These facies
have gradual transitions and all testify to a tidal environment
sheltered for waves and storms (Houthuys, 2011). Interpreted
successive depositional events producing the massive or faintly
laminated facies M are shown in different shades of blue (Fig. 23).
Volumes related to the largest individual massive sand bodies
(Fig. 23) easily exceed 2 to 5 million m3. The occurrence of the
massive lenses is clearly associated with incisions at the base of the
Brussels Sands oriented NNE-SSW, which probably represent
channels eroded by tidal currents in front of the eastward
expanding barrier-spit complex. Many diagnostic characteristics for
breach failure related deposits are found in these lenses: wedge
shape of each package; strong, even subvertical incisions, especially
near the top of the formation; vertical alternations of faint, sub-
horizontal lamination and massive sand bodies (Fig. 24); frequent
internal incision features (Figs. 24 and 25); incorporation of intra-
formational sand lumps, indicating a relatively short transport
distance (Fig. 26) and a complete lack of bioturbation (Fig. 24). The
top of the massive sand may show dewatering structures (Fig. 25);
so far lower boundaries draping undisturbed bed morphologies
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Fig. 23. Panel diagram showing the spatial distribution of facies of the Brussels Sands near Chaumont-Gistoux. For location see Fig. 2. Vertical exaggeration with about a factor 6.

Fig. 24. Brussels Sands. About 1 m deep internal incision (arrow) in a sand deposit
with spaced planar lamination curving upwards near the margin of the fill of the
incision.

Fig. 25. Brussels Sands: Packages of faint spaced planar lamination in a limonite-
cemented section showing evidence of dewatering: wavy deformation of faint
laminae (arrows) and dish structures in the upper part of the photo. Length of trowel
40 cm.
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have not been found. The ordinary Brussels Sands grading is
coarsening upwards. The breaching events provide a mechanism
for conveying relatively coarse sand, derived from the upper bank,
into the deeper embayment environment.

The second example comes from coarse-grained Gilbert-type
deltas in the Middle Turonian to Early Coniacian sandstones of the
Bohemian Cretaceous Basin, Czech Republic (Wojewoda, 1986;
Uli�cný, 2001). Gravelly delta foresets packages that pass down-
slope into a muddy offshore facies contain small incised channels,
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Fig. 26. Brussels Sands. Erosive incision (in bioturbated Bx to strongly bioturbated Bc
tidal cross beds) filled with well-sorted, quasi massive sand (labelled M). The massive
sand embeds lumps (arrows) eroded of adjacent layers. Note irregular erosive contact
showing nearly vertical wall in upper part of the section. Exposed section is approx-
imately 6 m high.
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parallel to the foreset slope, filled with fine to medium sand
(Fig. 27). Near the foreset toe the channel fills are seemingly
structureless to faintly bedded. In the upslope parts of some
channel fills, subparallel, slightly undulating laminae occur that
pass upslope into backsets. Some of the backsets that, considering
their scale, possibly were produced by cyclic steps, pass upwards
into spaced planar lamination (Uli�cný, 2001, Fig. 8d). The channels
and their fills were interpreted by Uli�cný (2001) as being produced
by turbidity currents triggered by liquefaction failures in the upper
part of the delta foreset slope. However, the long set length of
backset bedding could not have been formed in the short spell of
such a failure. Two alternative mechanisms could be considered,
hyperpycnal flows or breaching. Examples of comparable channel
fills interpreted to be generated by hyperpycnal flows suggest that
this leads preferentially to fills with relatively coarse sediments
Fig. 27. Deltafront foresets with amalgamated massive-type channel fills in a coarse-grain
(Nielsen et al., 1988; Massari, 1996), which is consistent with the
extreme conditions that cause these flows. The sediment of the
channel fills in the Bohemian Cretaceous Basin is, however, rela-
tively fine compared to the surrounding foresets. Therefore, a
breach failure origin of the channel fills seems more likely. Massive
sands are nowhere observed to cover undisturbed pre-existing bed
morphologies, which is understandable, as in this case the turbidity
current was not blocked by the confinement of a deep but rather
narrow channel.
7. Discussion and conclusions

7.1. Breaching conditions

In many situations of steep and long underwater sand slopes,
turbidites are considered to be produced by liquefaction failures. In
this paper, it is argued, however, that breaching rather than
liquefaction is the main failure process. Van den Berg et al. (2002)
speculated that breach failures can produce turbidity currents
that are able to bring sand to the deep ocean and might explain the
origin of thick massive sands found in some ancient deep-water
turbidite successions. Numerical computations by Mastbergen
and Van den Berg (2003) and Eke et al. (2011) supported the first
part of the speculation. These results were based on failure events
comprising relatively small volumes of sand, in the order of 0.1e0.2
million m3. Such volumes are incompatible with the large volumes
of sand needed to form turbidite sand lobes with dm - m thick TB-4
units on submarine fan lobes. Actually, evidence of historic breach
failures (Wilderom,1979; Torrey, 1995) indicates that breach failure
deposits may surpass several million m3 (Silvis and de Groot, 1995),
like measured in the Brussels Sands. Data from among others the
Karoo Basin (Pr�elat et al., 2010), suggest that individual turbidite
beds in submarine fan lobes have a sand volume in the order of one
to several million m3. Therefore, a breach failure origin of deep-
water massive sands that accumulated quickly in confined basins
is likely. To complicate matters, remote from the failure location,
turbidity currents produced by both types of failures are sustained
and produce the same structureless TB-4 unit, without leaving a clue
that allows recognition of the type of failure.

A prerequisite condition for the development of large breach
failures is the presence of an underwater slope over a considerable
depth interval, built or incised in fine to medium sand. According to
ed Gilbert-type delta of the Bohemian Cretaceous Basin (after Uli�cný, 2001, Fig. 9c).
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Fig. 28. Descriptive statistics and graphs showing the distribution of breach volume (V) of all observed breaches (N ¼ 150) recorded from the modern Eastern and Western Scheldt
as reported in Wilderom (1979).
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the data base of bank failures in the SW Netherlands this depth
should be at least around 10 m at bankfull stage (Wilderom, 1979;
Van den Berg et al., 2002). Therefore, in environments where such
slopes in fine sands are common, like channels of large lowland
rivers, deep estuarine channels and some nearshore situations,
breaching related deposits may be common. This wide variety of
environments is supported by the evidence of these deposits from
fluvial, estuarine, delta front and shallow marine areas in front of
barrier-spit complexes presented in this paper. Breaching related
deposits in these environments can be differentiated from deposits
of liquefaction failures that also may be found in these areas,
because the proximity of the failure implies that the liquefied flow
will produce a sandy debrite without any undisturbed primary
sedimentary structures. The vertical succession of sedimentary
structures in breach failure related deposits that have been
deposited close to the failure depends on the hydrography of the
area of deposition. In a channel, the turbidity current generated by
breaching will be blocked by the opposite channel margin, giving
rise to very thick massive sands that may show a non-erosional
base. In such cases of channel confinement, apart from these non
or hardly erosional sheet-like massive sandbodies (SMS), two other
breach failure related architectural elements are formed that may
preserve: channel-like massive sands (SMC) and packages of
spaced planar lamination (SSL). The recognition of two of these
three types of sedimentary structures may be considered proof of a
breach failure origin of the deposits.
7.2. Consequences for reservoir characterization

Understanding the distribution, geometry and dimensional
properties of lithological heterogeneities in tidally-influenced or
-dominated reservoirs at small- (cm to dm) to large-scale (10's of
m) is crucial for designing appropriate hydrocarbon drainage
strategies. These heterogeneities cause permeability and porosity
contrasts and compartmentalization (forming a complex 3D
network) that will significantly affect fluid flow patterns. Recovery
factors of these heterolithic units are typically below 30% and pose
one of the main challenges on the Norwegian continental shelf. To
mitigate production risk issues, the characteristics of heterogene-
ities formed in tidal environments are used to build bedform-scale
geomodels of heterolitic tidal units of (for example) the Tilje and
Nansen formations. The key to improving predictions of reservoir
performance is to represent the observed heterogeneities and
associated porosity and permeability properties in 3D from the
ripple scale to the bar scale. Working with subsurface reservoirs,
geometrical data are typically taken from outcrops and model
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realizations are populated with petrophysical data derived from
core plug and well log measurements. Upscaling of these petro-
physical models subsequently results in effective porosity and
permeability values for the tidal facies and is used to generate type
curves showing the relationship between permeability and shale
volumes. Results indicate how much volume of connected sand
must be present before the reservoir will be producible. Conse-
quently, it is important to adequately represent small- and large-
scale 3D geometrical data of all facies present in a tidal reservoir
and understand their dimensions and formative processes.

Wilderom (1979) presented data on the geometrical aspects of
151 breach failure deposits in the estuaries of The Netherlands that
occurred between 1800 and 1978 along estuary banks (two-thirds)
as well as on tidal bar flanks (one-third). He noted that the dis-
placed volume of sand during a breach failure on a tidal bar flank is
much larger than a breach failure at the estuary bank, mentioning
the example of a large tidal bar (the Spijkerplaat, located SE of
Flushing, see Fig. 2) were 14.6 millionm3 of fine sand was displaced
as the result of 5 breaching events over a period of 11 years. Based
on his dataset, Wilderom (1979) noted also that generally one-third
of the breached sand volume is transported away within months
Fig. 29. Descriptive statistics and scatterplots showing the distribution of breach thickness (
Data from the modern Eastern and Western Scheldt as reported in Wilderom (1979).
after the event (depending on the energy distribution in the
channel) and two-thirds will remain in place for a longer time
period. When considering on the one hand the detailed mapping of
a recent breach failure in the Western Scheldt (Fig. 1), and on the
other hand the results of a general statistical analysis of 68 breach
failures reported inWilderom (1979; Figs. 28e30), it is obvious that
although breach failure related deposits are very common in
estuarine environments, can be thick and may contain several
million m3 of fine sand, they are geographically restricted in both
transverse and longitudinal section.

The implication of this is that when a thick massive sand layer is
encountered in a core (such as the Flyndretind and Oseberg ex-
amples), care should be taken to not assign large dimensions to
their occurrences in the reservoir characterization and modelling
process. When found in a fluvial, tidal or shallow marine setting,
these potentially thick and homogeneous, well-sorted sand de-
posits with good properties for hydrocarbon flow are constricted by
the palaeochannel width in which they were deposited and are
spatially restricted in length and width. Based on the data of
Wilderom (1979; Figs. 28e30), even the thickest and most volu-
minous breach failure related deposits in tidal channels commonly
T), length (L) and volume (V) of breaches that have all 3 parameters recorded (N ¼ 68).
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Fig. 30. Descriptive statistics and scatterplots showing the relation between breach thickness versus length, thickness versus volume and length versus volume of breaches that
have all 3 parameters recorded (N ¼ 68). Data from the modern Eastern and Western Scheldt as reported in Wilderom (1979). A weak correlation only exists between breach
thickness and length.
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do not exceed 300 m in transverse (perpendicular to breach failure
retrogression) direction. Their longitudinal length is not much
more, unless successive breach failures occurred at close distance
(Fig. 1A), resulting in an amalgamated massive sand of somewhat
larger extension, such as found in the Brussels Sands (Fig. 23). A
thick (several meters), homogeneous sandstone occurrence
encountered in an oilfield well is often modelled as a laterally
continuous unit with good three-dimensional connectivity. How-
ever, this is possibly only the case when deposition took place a in
deep marine environment. Careful facies interpretation is key to
identifying this. When constructing a static reservoir model, the
type of environment needs to be considered both for in-place
volume calculations as well as for drainage strategy considerations.
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