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ABSTRACT

Stable supercritical-flow bedform phases under two-dimensional steady flow
are geometrically simple and include long-wavelength cyclic steps at high
Froude numbers and antidunes characterized by in-phase flow that is near
critical. Less well understood are the transitional bedform phases at the
boundaries of the stable bedform fields and bedforms developing in complex
flow geometries like the channel–lobe transition zone. This complexity is
exacerbated by the fact that natural flows are never steady. Stable antidune
bedforms may be reworked by temporally increasing discharge into chute and
pool, and cyclic step and chute and pool fields will be reworked into anti-
dunes if discharge is sufficiently decreasing. In addition, the channel–lobe
transition zone is continuously evolving in space and time due to the influ-
ence of solitary hydraulic jumps at the channel mouth on channel extension
and back stepping. This detailed outcrop study of a deep-water delta slope
belonging to the Eocene Sant Llorenc� del Munt clastic wedge exposed near El
Pont de Vilomara (north-east Spain), tackles the complex bedform architec-
ture problems by applying a method previously developed for fluvial depos-
its. Analysis of surfaces traced on high-definition, drone-derived in-strike
images combines architectural studies with facies analysis. Set boundaries of
the bedforms were thus established, revealing the upslope migration of
hydraulic jump zones and the intricate stacking of antidunes and solitary,
mouthbar related chute and pool like structures. Further analysis of the stack-
ing of bedforms and bounding surfaces provide evidence that deposition
occurred in a relatively short (few hundreds of metres) channel–lobe transi-
tion zone at the base of the delta slope. The usefulness of the bounding sur-
face hierarchy approach for turbidite deposits lies in the careful evaluation of
the spatial extent of bounding surfaces, which are easily overlooked in com-
plex architectures such as those created in the channel–lobe transition zone.

Keywords Bedform preservation, bedforms, bounding surface hierarchy,
channel–lobe transition zone, deepwater delta, supercritical flow, turbidity
currents.
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INTRODUCTION

In contrast to supercritical-flow bedforms cre-
ated by rivers, those originating from density
underflows have not received parallel attention,
in part because these flows are difficult to study
from a sedimentological perspective in the mod-
ern environment (Fedele et al., 2016). Recent
outcrop studies, new high-resolution sea floor
bathymetric and seismic data and recent labora-
tory experimental work suggest not only a wide
variety of sediment-gravity flow related bed-
forms in size and in shape (Hand, 1974; Spine-
wine et al., 2009; Hughes Clarke et al., 2012;
Cartigny et al., 2014; Covault et al., 2014;
Postma et al., 2014; Cartigny & Postma, 2016;
Fedele et al., 2016; Hughes Clarke, 2016; Mas-
sari, 2017; Hage et al., 2018; Cornard & Picker-
ing, 2019), but also that few studies exist that
deal with the preservation of these bedforms
(Slootman & Cartigny, 2020; Vendettuoli et al.,
2019).
While work on deep-water supercritical-flow

bedforms in modern environments is increasing
and images of bedform morphology on deep-
water delta slopes (Hughes Clarke et al., 2012;
Hughes Clarke, 2016), in canyons (Paull et al.,
2011, 2018) and in the channel-lobe-transition-
zone (CLTZ; Gervais et al., 2004; Deptuck et al.,
2008) started to more clearly emerge in the last
decade, few of these studies have linked sea
floor observations to sedimentary facies and
architecture (Hage et al., 2018; Vendettuoli
et al., 2019). However, these studies do provide
valuable well-supported bedform diagnostic
recognition criteria for sedimentologists to use
at the outcrop scale. Deep-water supercritical-
flow bedform recognition in outcrop is compli-
cated not only because of their size (wave-
lengths typically in the order of tens of metres
up to kilometres, see Cartigny & Postma, 2016)
but also because of their three-dimensional
structure and upslope migration pattern, with
many truncation surfaces producing structures
with variable preservation potential, as inferred
mostly from experimental work (Alexander
et al., 2001; Cartigny et al., 2014; Fedele et al.,
2016; Pohl, 2019). As pointed out by recent
studies, large supercritical-flow bedform geome-
tries in outcrop might have been misinterpreted
by being attributed to small channels (Lang
et al., 2017; Ono & Plink-Bj€orklund, 2018; Sloot-
man et al., 2019b).
Hence, there is still much to learn about the

architecture and facies of supercritical-flow

bedforms from outcrop studies in almost all
kinds of palaeoenvironments, such as outwash
plains, narrow seaways (straits), deltas, sub-
marine canyons, volcanic and glaciolacustrine
settings (e.g. Ponce & Carmona, 2011; Lang &
Winsemann, 2013; Postma et al., 2014, 2016;
Postma & Kleverlaan, 2018; Ventra et al., 2015;
Bain & Hubbard, 2016; Dietrich et al., 2016;
Lang et al., 2017; Ono & Plink-Bj€orklund, 2018;
Slootman & Cartigny, 2020; Slootman et al.,
2019a,b, this volume) as important modifications
of idealized bedform morphologies exist due to
variable discharge, net aggradation rates and the
translation of the depo-centre, which all result
in different preservation styles (Lang et al.,
2017). Therefore, establishing diagnostic criteria
for supercritical-flow bedforms such as, for
example, backset bedding is paramount.
This paper presents a detailed outcrop study

of supercritical-flow bedforms in a CLTZ of a
deep-water delta slope of the Eocene Sant
Llorenc� del Munt near Montserrat (north-east
Spain, e.g. Marzo & Anad�on, 1988). To do jus-
tice to the complex structure of amalgamated
supercritical-flow bedforms, their bounding sur-
face (BS) hierarchy was studied following a
methodology analogous to that developed by
Miall (1985) for fluvial deposits. Objectives of
this study are to evaluate the morphodynamics
and resultant style of preservation in the CLTZ.
With this study, the usefulness of the BS hierar-
chy approach for unravelling the various types
of supercritical-flow bedforms is demonstrated.

GEOLOGICAL SETTING

The Montserrat and Sant Llorenc� del Munt clas-
tic wedges are located along the south-eastern
margin of the Ebro foreland basin adjacent to
the Catalan Coastal Ranges, an Alpine structural
unit running parallel to the Mediterranean coast
in the north-eastern part of the Iberian Peninsula
(Fig. 1A).
The formation and evolution of the Montserrat

and Sant Llorenc� clastic wedges are closely
related to the tectonic evolution of the adjoining
Palaeogene Catalan Coastal Range, which com-
prises a transpressive chain characterized by a
frontal thrust formed from the propagation of a
large, out of sequence thrust through the fore-
limb of a syncline–anticline pair. During the
Lutetian, tectonic activity led to the develop-
ment of coalescing alluvial-fan systems along
the Ebro foreland margin. After a regionally
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widespread Bartonian relative sea-level rise,
these alluvial-fan systems evolved to fan deltas
prograding in a north-west to north-east direc-
tion (Marzo & Anad�on, 1988, and references
therein).
Combined biostratigraphic and palaeomag-

netic studies (summarized in L�opez-Blanco
et al., 2000c) suggest that the alluvial-fan (up-
permost Lutetian) and the fan-delta (Bartonian)
deposits forming the Montserrat Conglomerate
span as much as 4.4 Myr, from 41.6 to 37.2 Ma.
During that time span, the sedimentation and
total subsidence rates increased through time,
reflected by rapid growth of the topographic
relief in response to modest shortening and con-
siderable vertical bedrock uplift. The prevailing
warm and humid climate during that period
resulted in increased denudation rates and sedi-
ment supply to the shoreline resulting in the
formation of clastic alluvial fan and fan-delta
sediment wedges.
The here studied sections belong to the Vilo-

mara composite sequence of the Sant Llorenc�

del Munt fan-delta complex, which are nicely
exposed in the Font Nova outcrops in the Riera
de Santa Creu river valley (Fig. 1B) near the vil-
lage El Pont de Vilomara. The Vilomara
sequence is 133 m thick and comprises at its
base a transgressive sequence tract deposited on
top of a carbonate platform and a regressive
sequence tract, which is shown in Fig. 1C. Age
of the Vilomara composite sequence is approxi-
mately 38 Ma (L�opez-Blanco et al., 2000b; Steel
et al., 2000; Cabello et al., 2010). The entire
transgressive–regressive cycle spans about 90
kyr of time based on magnetostratigraphy and
biostratigraphy studies on the marine and terres-
trial strata of the Monserrat (L�opez-Blanco et al.,
2000b), and based on physical correlation with
the Llorenc� del Munt sections (L�opez-Blanco
et al., 2000a).
The estimated thickness of the regressive part

is more than 60 m in the Casa Nova section
(L�opez-Blanco et al., 2000a), and the authors
estimate that this is more than 80 m near the
more northerly situated Font Nova locality (see

Palaeozoic Palaeogene
Mesozoic. . . . .. . . . . Neogene and Quaternary... ..

.
... ..... ...

Thrust
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Fig. 1. (A) Geological and locality map of the Eocene clastic alluvial fan and fan-delta wedges of the Sant Llorenc�
del Munt modified from Steel et al., 2000 and L�opez-Blanco et al., 2000b. (B) Road map to the study localities
Font Nova 1 and 2 in the river valley of Riera de Santa Creu near El Pont de Vilomara. (C) The Vilomara compos-
ite sequence illustrating continental to marine transitions and deep-water delta clinoforms developing above the
maximum flooding surface (MFS; L�opez-Blanco et al., 2000b; Steel et al., 2000). From about Locality 1 (described
in Postma et al., 2016) clinoforms can be seen prograding northward. The measured stratigraphic thickness from
the base of Locality 1 to the top of Font Nova 2 section is about 60 m.
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Fig. 1C), which would mean a water depth of at
least 80 m if no allowance is made for compaction.
Thus the delta can be classified as a prograding
deep-water delta (Postma, 1990), inferred to be fed
by an alluvial fan or braided-river system.
The subaqueous part of the delta consists pre-

dominantly of grey mudstone alternating with
sandstone units deposited on the slope and at
the base of slope (Fig. 2; e.g. Steel et al., 2000).
The sandstone units truncate and onlap the sub-
aqueous delta slope on various scales in channel
forms from tens of metres up to a few hundred
of metres wide. The detailed internal architec-
ture of the sandy turbidite units in the Vilomara
unit is complex and has only been described
briefly in Postma et al. (2016).

METHODOLOGY

The studied sedimentary units were photographed
with a hand-held camera and with a Phantom 4 DJI
drone (DJI, Shenzhen, China). The drone was used
for in-strike images, herewith reducing the apparent
dip problem. The units were logged in detail and
grain-size trends were established. Facies descrip-
tions follow the detailed facies schemes of Talling
et al. (2012) and Postma & Cartigny (2014) and are
summarized in the caption of Fig. 3.
For architectural reconstructions of complex

sedimentary units, the authors believe it is criti-
cal to follow a methodology that honours the
hierarchy of truncation (bounding) surfaces.
Miall (1985) used the hierarchy of bounding

Font Nova 1

A

E

Fig.12

B

Font Nova 2

Palaeoflow

Palaeoflow

N S

W
Base of Font Nova 2 

starts about here

Fig. 5

c. 20 m

Fig. 2. (A) The Font Nova 1 outcrop showing sandstone bodies incising in blue grey slope mudstone. The section
bends from almost perpendicular to longitudinal relative to the palaeoflow at the right hand side of the picture.
(B) View towards the north at Font Nova 2 section, which is about in the direction of the general palaeoflow
direction (NNE). The Sandstone Units A to C are aligned by solid lines at their sharp, erosive base and dashed
blue lines at their top. Sandstone Unit B corresponds to the incising sandstones at the top of Font Nova 1 section
approximately at the level indicated by arrow in 2A. Note encircled person for scale (ca 1.9 m tall) at the left mar-
gin of the image.
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surfaces (BS) to determine a relative time and
spatial scale for fluvial sedimentary deposits.
The Miall (1985) scheme clarified that first-order
and second-order surfaces delineate ripple sets
and co-sets, respectively, third-order surfaces
denote minor bar or bedform sequences, fourth-
order sequences point to macroforms like those
formed by lateral accretion (point bar) and the
fifth-order BS would represent the channel in
which the macroform resides.
Miall’s (1985) methodology is here adapted for

turbidite systems. Since the bed sets that the

present work wishes to describe in detail are
formed by turbidity currents, and thus represent
separate events, the first-order BS delineates pri-
mary depositional structures within the turbidite
beds, i.e. set boundaries of ripples and trunca-
tion surfaces of laminations and traction carpets.
Also syn-depositional soft-sediment deformation
is regarded here as being of first-order. Second-
order BS are the turbidite bed boundaries and
represent individual turbidite events. These sur-
faces show the pinching and thickening of beds,
the latter being regarded here as the laminae of

Fig. 3. Summary of flow dynamics and facies for high (cases I and II) and low (cases III and IV) density supercrit-
ical and subcritical turbidity currents (from Postma & Cartigny, 2014). Structureless, coarse-tail normally graded
Ta unit figures as the most proximal deposit, then the planar laminated unit Tb, the rippled Tc unit and the pla-
nar bedded Td units being the most distal with unit Te representing the hemipelagic interval, the final suspension
rain that covers the entire turbidite deposit (Bouma, 1962). In this diagram the Tb facies has been expanded for
high-density, stratified flows to include the various types of traction carpet facies related to sediment fall out rate
and increase of flow speed: massive (structureless) beds (Tb4) with outsized clasts at their top, crude (Tb3a) and
spaced stratification (Tb3b), and planar laminations with spacing smaller than 0.5 cm (Tb2). Tb1 refers to plane
bed millimetre-laminations characteristic for deposition from low-concentration flows in the upper flow regime.
Look for further details and references in Talling et al. (2012) and Postma & Cartigny (2014).
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the bedform (cf. Postma et al., 2014). The third-
order BS truncates second-order and first-order
BS and marks set boundaries, similar to the set
boundaries of fluvial dunes and ripples. They
are formed by erosion in the trough of a migrat-
ing bedform. The fourth-order BS truncate third-
order. They delineate storeys in the channel fill
and may reflect minor migration of the depocen-
tre (Miall’s minor bar migration), but may also
reflect exceptional mass transport events (Picker-
ing & Cantalejo, 2015), or a vertical sequence of
evolving bedforms related to flow changes (for
example, antidunes followed by transitional
antidunes changing into cyclic steps). For a
schematic presentation of second to fifth-order
BS the reader may consult Fig. 5, which is
described below. Third-order BS (yellow)
envelop bed sets, and fourth-order BS (red) mark
stages (storeys) in channel infill. The fifth-order
BS (blue) marks the channel boundary. Here, the
descriptive terminology developed by Sprague
et al. (2005) is favoured. For full discussion on
terminology for submarine fan channel and lobe
sequences the reader is referred to a recent
review by Cullis et al. (2018).
As described above, the hierarchy thus pro-

vides relative temporal and spatial scale to the
deposits under investigation. Hence, it is recog-
nized that erosional bounding surfaces always
become a conformable bounding surface farther
down in the basin, so that eventually all bound-
ing surfaces become conformities in the lobe
fringe. At the point where erosion surfaces
become conformities the hierarchy loses signifi-
cance.
The tracing on images, necessarily required

for such detailed study of bounding surface hier-
archy, has been performed by combining HD
and 4k panorama views and close-up images,
always carefully verifying details.

DESCRIPTION

The sandstone bodies in the Font Nova sections
incise and onlap blue grey bioturbated mudstone
(Fig. 2B). The work includes both along-strike
(Font Nova 1) and along dip (Font Nova 2) to the
delta-slope transect. Because the Sandstone Unit
B of Font Nova 2 correlates with the one which is
exposed high in the cliff of the Font Nova 1 local-
ity and is of poor quality, the authors decided to
study the along-strike sandstone unit at the base
of the cliff, which has very similar sedimentology
and is only stratigraphically ca 20 m below the

Sandstone Unit B in Font Nova 2. For the purpose
of the present architectural and facies study of
bedforms this approach was not regarded as a
problem. The sedimentary logs of both localities
are given in Fig. 4.

Font Nova 1

The sandstone unit at the base of the Font
Nova 1 cliff locality (see Fig. 2B) truncates the
underlying mudstones and thin bedded tur-
bidites by means of a wide, some hundred
metres across, V-shape fifth-order BS (Fig. 5A).
Two fourth-order BS truncate a number of
third-order BS to form channel fill storeys.
Third order BS can be seen to envelop second-
order BS delineating turbidite beds (Fig. 5C
and D). The beds run concordant with the
third-order BS pinching out in both directions.
Third order BS form small, 10 to 20 m wide
lenses mimicking festoon-like set boundaries.
The BS hierarchy scheme in Fig. 5B sketches
the Font Nova 1 outcrop.
At the sole of the thick sandstone bed just

above the fifth-order BS are large grooves with a
north-west – south-east orientation and various
bounce and skip marks (Fig. 6A). Grain size
strongly varies from very fine sand to coarse
sand with fine pebbles (see log in Fig. 4). Amal-
gamation of sandstone beds is common and evi-
dent where internal truncations can be traced to
localities with mudstone partings or BS truncat-
ing the amalgamated beds. Flute casts are found
at third-order BS incisions and indicate north to
north-west palaeocurrent directions (Fig. 6B). In
particular along third-order BS and within bed
set sequences there are conspicuous facies
changes (Fig. 6C). Facies of the sandstone is
often structureless just above the BS and at the
deepest part of the incisions, yet lateral and
upward facies are characterized often by three
types of parallel bed stratification: (i) up to
decimetre-thick stratifications with diffuse
boundaries called crude-stratification (facies
Tb3a); (ii) up to several centimetre-thick stratifi-
cations with sharp boundaries called spaced
stratification (facies Tb3b); and (iii) up to 0.5 cm
thick stratifications called planar stratification
(facies Tb2 – see Fig. 3 for overview of here used
turbidite facies types). The various stratification
types can change from structureless to crude,
and from spaced to planar going from the centre
to the margin of the lens-shaped bed sets
(Fig. 6C). Soft-sediment deformation in the form
of load casts occurs often at the third-order BS
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itself, and also within the thicker beds at grain-
size breaks. Ripple cross-lamination has not
been found in these beds. Just above the lower
fourth-order BS several layers with abundant
soft-sediment deformation, folded intraclasts
and presence of abundant mudstone chips and
folded sand clasts are found (Figs 5D and 6D).

Font Nova 2

The Font Nova 2 section provides sections par-
allel to palaeoflow with Sandstone Units A to
C separated by blue grey mudstone (Figs 2B
and 4).
Sandstone Unit A shows simple architecture

of parallel beds with intervals of intensive bur-
rowing and abundant tubes of Rhyzocorallium.
Bed boundaries are diffuse and rare non-biotur-
bated facies shows structureless, lower-fine to
upper very-fine sandstone layers a few centime-
tres thick with rare fine pebble streaks, with
imbrication indicating flow direction to NNW.
The sandstone layers are separated by mudstone

drapes. Before the transition to the overlying
Unit B there is a poorly bedded and bioturbated
mudstone interval of a few decimetres thickness
that weathers more easily than the underlying
parallel bedded sandstone unit.
Sandstone Unit B has, in contrast to Unit A, a

complex architecture, which is summarized in
Fig. 7. The base of the unit is characterized by a
sudden break in grain size from silty mudstone
into fine-grained sandstone with fine pebbles.
The grain-size break coincides with a truncation
surface (fifth-order BS) on which backset beds
onlap. The onlapping beds seem to form a con-
tinuous sub-unit showing few third-order BS
making low angle truncations with beds (marked
in transparent blue in Fig. 7B). Individual beds
are enveloped by thin mudstone drapes, which
show fine laminations and rare burrows
(Ophiomorpha). The thickness of beds varies
from several decimetres down to a few centime-
tres with no obvious trend in thickness varia-
tion. Grain size of the beds is fine to medium-
grained sandstone alternating with layers of
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Fig. 4. Sedimentary logs of Font Nova 1 and 2 outcrops.
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coarse-grained sandstone and very fine to fine-
pebble streaks. Facies of the beds consists of
planar millimetre to centimetre stratification
(Tb2), spaced stratification (Tb3b), and rare
crude stratification (Tb3a) and structureless
sandstones (Tb4). The transparent blue storey
(Fig. 7B) is truncated over the full length of the
outcrop by a fourth-order BS, which is irregu-
larly undulating and associated with long and

thick backset beds and intercalated mudstone
matrix rich layers containing folded turbidite
sandstone and mudstone intraclasts (Figs 8 to
10, 11B and 11C), either onlapping directly, or
found close to the BS. The beds onlapping or
directly overlying the lower fourth-order BS
(transparent amber colour) are dominated by
various traction carpet facies from structureless
to crudely stratified (Tb3a) (Fig. 11A and C) and

Beds: 2nd order
Bed sets: 3rd order

Channel fill storeys: 4th order

Channel boundary:  
5th order

Abandonment surface

Channel boundary:  
5th order

Bounding surface hierarchy schemeB

ENE

A C

WSW

3rd order

2nd order

5th order

4th order

log Fig. 4

Fig. 6D0 10 m

C

Grooves  315o
Mudclasts

D Sand- and mudstone clas -sediment defo
Flutes 325o

3rd order

2nd order

5th order

4th order

6A 6B

Palaeoflow

log Fig. 4

6C

WSW ENE

Fig. 5. (A) Cross-section about perpendicular to flow direction at Font Nova 1 locality (see Fig. 2). The solid
coloured lines are truncation surfaces (bounding surfaces – BS). The fifth-order BS (solid blue line) marks the
sharp, erosive base of the sandstone unit, which has a wide, V-shaped channel (chute) shape. Note the flat, lens-
shaped geometries formed by the third-order bounding surfaces (solid yellow lines) truncating turbidite beds (see
Fig. 5C). Third order BS are truncated by fourth-order BS (solid red lines) delineating channel-fill storeys. The top
of the sandstone unit grades into mudstone and is indicated by a dashed blue line. Thickness of the sandstone
unit is about 3 m. (B) Bounding surface hierarchy scheme which mimics the bounding surfaces in (A). Note the
festoon-like third-order BS of the bed sets very similar to 3D cross-bedding. (C) and (D) Close-up of the inset in
(A) showing the complex architecture of turbidite beds. Note the position of the grooves at the fifth-order bound-
ing surface and the flutes at the third-order bounding surface. The dashed blue line at the top of the channel fill
sequence is here assigned to be an abandonment (fifth-order) surface. Person for scale is ca 1.9 m tall.
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A

C

Tb3a

Tb2

Tb2

Tb3b

Tb3b Tb3a

0 40 cm

B

Tb4
Tb3a

4th order BS

D
0 20 cm

Fig. 6. Details of insets in Fig. 5A and D. (A) Grooves at the base of the bed at the fifth-order bounding surfaces
(BS); pencil (ca 15 cm) for scale. (B) Flutes found at third-order bounding surfaces of 1.5 to 2.0 m wide scours;
compass for scale (ca 10 cm) (C) Detailed view of facies types in bed sets enveloped by third-order BS (yellow
solid lines). The various facies range from almost structureless (Tb4) and, occasionally, crude stratification in the
centre to spaced (Tb3b) and planar (Tb2) stratification towards the margin of the bed set. Note soft-sediment defor-
mation (flames and loadings) at the BS. (D) Soft sediment deformation in the top of the lowermost bed (locality at
inset in Fig. 5A) above the fourth-order BS. Note the numerous mudstone and sandstone clasts, some of these
being imbricated and others folded or otherwise deformed.
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contain structureless sandstone with rare pebble
layers at their top that can be assigned to facies
Tb4 (see Fig. 3). Ripple cross-lamination has not
been found. Current indicators are rare, with the
best measurements from imbricated pebble and
mudstone chips indicating north-west to north
palaeoflow (for example, Fig. 11D).
The transparent amber coloured storey

(Fig. 7B) is truncated by a second fourth-order
BS that is undulating with a 15 to 20 m wave-
length. This boundary is draped by upslope
climbing beds of similar wavelengths locally
truncated by third-order BS (yellow transparent
colour in Fig. 7B). Beds are predominantly char-
acterized by crude and spaced stratification of
type Tb4, Tb3a, Tb3b and Tb2. These deposits
are again truncated by another fourth-order BS
with wavelengths of 30 to 50 m and draped by
thinner beds than in the previous subunit (blue
transparent colour in Fig. 7B). Facies shows pre-
dominantly planar and plane bed laminations
(Tb2 and Tb1) with some spaced and crudely
stratified (Tb3a and Tb3b) facies in thicker beds
(Fig. 12C). Rare ripple cross-lamination is found
within intercalated mud-rich and burrowed
intervals (Fig. 8C). Good palaeoflow indicators
in the here found facies were strikingly rare, yet
present in the form of imbricated clay chips,
imbricated pebbles found in rare pebble layers,
and palaeoslope estimates from folded strata.
Good measurements are too few to plot them in
a rose diagram. The overall northward prograda-
tion of the delta clinoforms, however, is in
accordance with the rare-measured palaeoflow
directions.
In the overview picture with a two times verti-

cal exaggeration (Fig. 7B), the upslope stacking
of beds in Sandstone Unit B is most evident: At
first the blue unit develops, then the orange unit
followed by the yellow and the pale blue unit
that can all be traced for significant distance
upslope. The beds of the yellow and pale blue
unit show upslope migration. The coloured
units show that preservation of strata varies sig-
nificantly. The top of the sandstone unit is not

well-defined and non-erosive, and is marked
with a dashed blue (fifth-order) line (Fig. 7). The
overlying mudstone unit is truncated by Sand-
stone Unit C (see also Fig. 4).
Sandstone Unit C has very similar architecture

and facies as Sandstone Unit B (Fig. 12, see
inset Fig. 2C for locality) and is not described in
the same detail. Large backsets are also trun-
cated by wavy, third-order truncation surfaces
draped by upslope climbing thin and thick beds,
whose architecture and facies dominate the unit
in downslope direction. Individual thin beds
can be found draping the entire third-order
wavy BS and then dominated by Tb1 and possi-
bly Tc facies (the latter only judged by the wrin-
kled architecture of first-order and second-order
BS). Interestingly, the third-order BS delineate
flat, dome-shaped ‘laminae’ sets. The thick beds
are found predominantly as backset beds pinch-
ing in upslope direction. These show a variety
of stratifications Tb3a, Tb3b and Tb2 (Fig. 12C).

INTERPRETATION

Font Nova 1

Architecture
The cross-section in the Font Nova 1 outcrop
shows a large, V-shaped truncation into parallel
bedded bioturbated mudstone at the base of the
sandstone unit, which suggests a channel
boundary. A channel interpretation is also in
accordance with the bounding surface order:
fourth-order BS onlap the channel margin (fifth-
order BS), delineating channel storeys (Sprague
et al., 2005). The channel width is limited to
some hundred metres, and groove orientation
and north to north-west flute directions recon-
cile with the general progradation direction of
the delta clinoforms (Fig. 2B). It thus points to
channels formed on the delta slope. Also, the
Rhyzocorallium ichnofacies reconciles with rela-
tively high energy (turbulent), oxygenated set-
tings of a delta slope (e.g. Eagar et al., 1985) and

Fig. 8. Font Nova 2 locality (see Fig. 7). (A) and (B) Detailed bounding surface (BS) hierarchy study. Note the flat
base and upslope onlapping large, low-angle backset beds of second-order (white dotted lines). The beds are trun-
cated by third-order BS (yellow), which in turn are truncated by a fourth-order BS (red lines) that can be traced
throughout the exposed sandstone unit. Again, backset beds truncated by third-order BS cover the fourth-order
BS. The transparent orange colour marks a level of reworked strata. (C) Close up view of the reworked segment
just above the fourth-order (red) BS, showing large sandstone clasts (some of which folded) in a mudstone matrix.
The second to fifth BS hierarchy is illustrated in detail. Vertical bar gives approximate scale. Note the thin–thick
bedded sandstone unit at the top with intercalated mudstone-rich and burrowed intervals marking gradual aban-
donment.
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the absence of wave rippled beds and the total
measured thickness of the prograding delta
sequence indicate water depths below storm
wave base.
The third-order BS (set boundaries) form a fes-

toon structure, comparable to set-boundaries of
cross-bedding, that is cut perpendicular to the
palaeocurrent direction (Fig. 5). The third-order
BS envelop some tens of metres wide, lens-
shaped bed sets, the beds themselves deposited
by various types of sediment flows as shown by
their different facies (discussed below). The
mudstone partings in between the individual
sandstone beds indicate that deposition must
have occurred by many separate sediment flow
events. The authors infer that this type of archi-
tecture represents large three-dimensional (3D)
bedforms similar to those observed on the slope
and at the base of slope of the modern Squamish
deep-water delta (British Columbia; e.g. Hughes

Clarke, 2016; Clare et al., 2016; Vendettuoli
et al., 2019). Because the type of bedform is best
determined from flow parallel sections (e.g.
Alexander et al., 2001; MacDonald et al., 2009;
Cartigny et al., 2014), the analysis will be done
when interpreting the Font Nova 2 outcrop.

Facies
Most beds are dominated by various types of
stratification of facies Tb4, Tb3a, Tb3b and Tb2
(see Fig. 3) all interpreted to be produced by
traction carpets, which are commonly ascribed
to high-density turbidity currents (Lowe, 1982;
Baas et al., 2004; Leclair & Arnott, 2005; Talling
et al., 2012; Cartigny et al., 2013). Such flows
are stratified with a dense basal layer that is
interacting with the substrate and its low-den-
sity top layer. The basal layer is driven by its
own density and may also be driven by the over-
riding low-density upper part of the flow if the

0

3 m

A

B Locally reworked strata and so� sediment deforma�on

Fig. 10

Fig. 8

3rd order

2nd order

5th order

4th order

N S

Fig. 9. (A) and (B) Down flow continuation of Sandstone Unit B from Fig. 8. Note the position of two beds show-
ing deformation (orange) with respect to the fourth-order bounding surface (BS). Vertical bar gives approximate
scale.

© 2020 The Authors. Sedimentology published by John Wiley & Sons Ltd on behalf of

International Association of Sedimentologists, Sedimentology, 68, 1674–1697

1686 G. Postma et al.

 13653091, 2021, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/sed.12735 by T

echnische Inform
ationsbibliot, W

iley O
nline L

ibrary on [17/08/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



latter is faster (e.g. Postma et al., 1988). A diag-
nostic criterion for a faster flowing overriding
low-density turbidity current is poorly stratified
Tb4 facies topped by a layer of imbricated, out-
sized clast, such as present in the beds above
the first fourth-order BS. Preservation of the
deposits of high-density, stratified turbulent
underflows on delta slopes is not regarded as
uncommon (e.g. Mutti et al., 1996, 2003; Plink-
Bj€orklund & Steel, 2004; Petter & Steel, 2006;
Zavala & Arcuri, 2006; Bhattacharya & Maceach-
ern, 2009). They have been observed to occur
on the modern Squamish fjord-head delta by
daily monitoring with acoustic profilers. Real
time videos show how the dense part of strati-
fied hyperpycnal flows with basal layers of
about 1 to 2 m thick cause the upslope migra-
tion of cyclic step bedforms (Hughes Clarke,
2016).
The layers that show deformation, flames, clay

chips and deformed sand clasts above the
fourth-order BS point to slumping on a rather
small scale (up to several metres). Their origin
is easier to understand in parallel flow sections,
i.e. Font Nova 2 and is dealt with there.
Grooves at the fourth-order BS of Font Nova 1

locality and flutes at third-order BS are both

covered by Tb3a and Tb3b traction carpet depos-
its (Fig. 6), and thus were likely formed during
deposition of the basal layer. Peakall et al.
(2020) recently pointed out that the origin of
grooves and flutes must be different: grooves are
linear structures not showing evidence for roll-
ing or bouncing of clay clasts (e.g. D _zuły�nski &
Sanders, 1962), and flutes are spoon-shaped
moulds, likely to be produced by flow separation
(Allen, 1968, 1971). Hence for grooves it must
mean that the basal sediment layer was suffi-
ciently rigid (dense) to keep the clasts in posi-
tion and for the formation of flutes the basal
layer must have been sufficiently dilute to allow
internal flow separation to occur. Although flow
characteristics of the basal layer are still not
fully understood, experiments by Postma et al.
(1988) show a pseudo-laminar flowing basal
layer that is unlikely to be capable of holding
the clasts sufficiently long in position to produce
the grooves. Interestingly, however, are recent
turbidity flow measurements in the Monterey
Canyon by Paull et al. (2018), which show a
basal layer that outruns the overlying turbidity
current. If such a basal layer would slide over
the slope by hydro-planing, thus acting as a slid-
ing rigid body, it would be capable of holding

A

Fig. 9

Fig. 11B

B
0 2 m

Fig. 11C

Sand and mud clasts, so�-sediment deforma�on  

3rd order

2nd order

5th order

4th order

Fig. 12A

N S

Fig. 10. (A) and (B) Down flow continuation of Sandstone Unit B from Fig. 9. Note continuation of the lowermost
subunit with gentle backset bedding and the presence of three zones with reworked strata above the fourth-order
bounding surface (BS). Note that backset beds onlap third-order and fourth-order BS. Horizontal bar gives approxi-
mate scale.
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mud clasts in position. In this way the basal
layer was able to produce grooves before it was
remoulded and transformed into a stratified flow
of which the basal part is of high-concentration
exhibiting quasi-laminar flow behaviour that
produces the overlying traction carpet deposits.
If the here inferred flow characteristics for
grooves would hold, then it means that the flow
that initiated the channel incision would have
different flow characteristics than the flows that
shaped the bedforms higher up in the same unit.
The initiation of the channel might then be
related to a catastrophic flow event, while the
backfill would relate to ‘normal’ sustained flow
events. The importance of catastrophic versus
sustained turbidite events for bedform architec-
ture and preservation in the channel–lobe-transi-
tion-zone (CLTZ) was highlighted recently by
Vendettuoli et al. (2019) based on data of the
modern Squamish fjordhead delta. The cata-
strophic events have been related to delta-lip

collapse, while the sustaining flow events were
generated by extra river discharge from spring
meltwaters (see also Clare et al., 2016).

Font Nova 2

Architecture
The simple planar architecture and thoroughly
bioturbated beds of Sandstone Unit A in con-
junction with their Tb3a, Tb3b and Tb2 primary
structures suggest deposition by sustained sub-
critical hyper-concentrated flows (Postma & Car-
tigny, 2014) possibly in a lobe or inter slope-
channel setting.
In Sandstone Unit B the fourth-order BS

delineate four storeys (shown with a different
colour in Fig. 7B). All stories show beds onlap-
ping the fourth-order BS thus forming back sets
enveloped by third-order BS. The flat lens-
shaped architecture of third-order BS in Sand-
stone Units B and C points to tens of metres

A

C

C

C

D

A

B

C

D

Tb2

0 10 cm

0 10 cm

0 10 cm

0 10 cm

Tb3bTb3a

Tb4

Tb3a

Tb3a

Palaeo flow

Palaeo flow

Palaeo flow Palaeo flow

Fig. 11. (A) Detail of the backset beds (see inset Fig. 8C) enveloped by fine-grained intervals. The lowermost bed
shows spaced stratifications type Tb3b and Tb2 (white arrow), poor grading and virtually structureless non-graded
fine to medium sand size. (B) Reworked strata (interpreted as local slumps) showing folded sandstone clast and
mudstone layers (indicated by white dotted lines) on locally eroded strata (locality indicated by inset in Fig. 10B).
(C) Beds directly overlying the folded sediment layer shown in (B) (see inset Fig. 10B). (D) Detail of the beds at
the inset shown in (C). Note the structureless (Tb4) to crudely stratified (Tb3a) fine to medium-grained sandstone
containing streaks of imbricated mudstone-chips (indicating northerly flow direction here to the left).
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large three-dimensional bedforms similar to
those inferred from Font Nova 1 outcrop but
here in flow parallel section. This clearly points
to 3D bedforms (compare Figs 5 and 7). Because
backset development is characteristic for both
cyclic step, chute and pool and antidune bed-
forms (e.g. Alexander et al., 2001; Cartigny
et al., 2014; Postma & Cartigny, 2014; Fedele

et al., 2016), additional criteria are needed to
determine the type of bedform.

Architectural criteria for determining
supercritical-flow bedforms
The architectural differences between cyclic
step, chute and pool and antidune bedforms
have been studied from flow-parallel video

Sandstone Unit C

B

B sand and mud clasts, so�-sediment 
deforma�on 

3rd order

2nd order

5th order

4th order

A

B

N S

SENW

C

Tb3b

Tb2
0 40 cm

3rd order 
BS

Fig. 12. (A) Most down slope view on Sandstone Units B and C. The view becomes almost perpendicular palaeo-
flow to the left of the geologist (ca 1.8 m tall). Note that truncations imply strong three-dimensionality of the
bounding surface (BS). The top two wavy fourth-order BS are converging and draped by thin beds similar to those
seen in (B). (B) Wavy third-order BS (yellow). The units are dome-shaped implying three-dimensional morphology
of bedforms. The flat lens-shaped bed sets with thin beds pinching out in all directions are indicative for anti-
dunes (see Fig. 13). (C) Detail of beds showing sharp third-order BS truncating thin beds that form the antidune.
The thin beds are pervasively stratified, mainly with planar stratifications (Tb2) and spaced stratifications (Tb3b),
and show intercalated fine pebble and granule layers. Cross-bedding is absent here.
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images of runs in open channel flow experi-
ments (e.g. Alexander et al., 2001; Cartigny
et al., 2014). Careful tracing of the moving bed
surface against the glass wall of the flume in
conjunction with an algorithm that mimicked
different aggradation rates visualized resultant
architecture (Cartigny et al., 2014), which is
summarized in Fig. 13. The cyclic step architec-
ture is fairly simple, although variations on the
basis of net aggradation and erosion exist (Sloot-
man & Cartigny, 2020). Backset beds formed on
the stoss side of cyclic step and chute and pool
bedforms are straight and relatively thick where
these onlap the fourth-order BS in the blue and
orange storeys (Figs 7B, 8C, 9 and 13). The
upslope moving hydraulic jump zone is charac-
terized by soft-sediment deformation, slumping
of the lee-side (e.g. Cartigny et al., 2014) and
hindered settling forming coarse-tail graded (Ta)
beds (Postma et al., 2009). Such architecture
contrasts with 3D antidunes, which are observed
to thin in all directions (Fig. 12). For the chute
and pool bedform, the degree of preservation of
the backset beds is not only determined by the
aggradation rate but also by the erosion depth of

the co-existing up-slope migrating antidune
bedforms (Cartigny et al., 2014).
The experiments by Alexander et al. (2001)

and Cartigny et al. (2014) are using shallow
water flows, and for particulate turbidity cur-
rents such experiments are rare. The only avail-
able experimental data is on basis of
supercritical-density currents (salt solutions)
and a few reported dilute turbidity currents
(Fedele, 2002; Sequeiros et al., 2010) that move
over a loose grain bed. Here, the view is taken
that laboratory results obtained by saline density
currents can be extended to muddy turbidity
currents moving over a mobile bed of grains as
long as analogous conditions of the bed shear
stress (Shields number) and densimetric Froude
number are maintained. These experiments pro-
vide useful data that confirm the formation of
cyclic steps on internally formed deltas (Spine-
wine et al., 2009) and even cover the entire
spectrum of bedforms created by saline under-
flows from antidunes to cyclic steps (Fedele
et al., 2016, fig. 19), although observations of
long-wavelength upstream-migrating antidunes
transitioning into upper-plane bed at

Flow direction

Antidune
bed sets

Cyclic step  
bed sets

Chute & pool 
bed sets

Aggradation 0.5 mm/sAggradation 0.5 mm/s Aggradation 0.5 mm/s
m

0.3 0.40.1 0.2 0.5 m

0.05

0.15

0.25

0.35

0.1

0.2

0.3

b.l.s
m

0.05

0.15

0.25

0.35

0.1

0.2

0.3

b.l.s

0.3 0.40.1 0.2 0.5 m

m

0.3 0.40.1 0.2 0.5 m

0.05

0.15

0.1

0.2

b.l.s

• Both back- and fore set beds• Back set beds dominate

• Simple, lens-shaped, bed sets
• Long wavy BS 

• Mainly thin beds and only few thick beds   

• BS by pool erosion (yellow lines)
• Slightly undulating bed sets 

• Low variation in bed thickness

• BS by long wavy antidunes (green lines) • Up and downslope pinch out of beds

• High variation in bed thickness
• Complex, lens-shaped, bed sets 
• Wavy (antidune) bed sets 

• BS by pool erosion (yellow line)

• Simple, flat lens-shaped, bed sets

• BS by long wavy antidunes (green lines)

• Both back- and fore set beds

Fig. 13. Strata formation by cyclic step, chute and pool and antidune bedforms studied from video images of uni-
directional supercritical-flow flume experiments by Cartigny et al. (2014). Here the solid yellow lines are set
boundaries produced by upslope migration of cyclic step and chute and pool bedforms and the black solid lines
represent the laminae. Green solid lines mark set boundaries produced by upslope migrating antidunes.
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densimetric Froude numbers higher than two
are not known from modern environments.
Hence, criteria for variation in bedform dynam-
ics must come from recognizing: (i) bounding
surface hierarchy; (ii) facies; and (iii) flow direc-
tions.
Hence, in line with the experimental data dis-

cussed above, it is inferred that the simple and
straight backset beds onlapping the fifth-order
BS (blue transparent unit in Fig. 7) may thus be
related to cyclic step bedforms and the rare
third-order BS in this unit indicating some
undulation of the bedform in the third dimen-
sion. The backset beds above the fourth-order
BS truncating the basal transparent blue subunit
may be related to the upslope migration of chute
and pool bedforms or mouthbar with a chute
and pool structure (see also Postma et al., 2016),
because its backset beds are truncated by wavy,
upslope-climbing beds of 15 to 20 m wavelength
interpreted as antidunes (Alexander et al., 2001;
Cartigny et al., 2014; Fedele et al., 2016).

Bedform facies
Sedimentary facies in the Sandstone Units B
and C are very similar to that found in Font
Nova 1 outcrop and are dominated by strati-
fied sandstone of facies Tb3a, Tb3b and Tb2,
formed by traction carpets below high density
turbidity currents (e.g. Postma et al., 1988;
Sohn, 1997; Cartigny et al., 2013). The layers
with abundant localized soft-sediment deforma-
tion, large mud clasts and deformed sandstone
clasts are interpreted as small, local slumps
(marked in Figs 7, 8 and 11). These slump
deposits are covered by Tb4 and Tb3 facies
near and at the fourth-order BS (Fig. 11C) and
onlap the fourth-order BS. The onlap suggests
that the fourth-order BS represents the deepest
part of the bedform trough and its wobbly
appearance then must reflect the variation in
erosion depth that is inherent with a 3D bed-
form. Hence, the local slumps must stem from
instability of the lee face of the bedform. Such
instability of the lee side of migrating super-
critical-flow bedforms is observed in the exper-
iments of Cartigny et al. (2014). Hence, the
two stacked fourth-order BS, the lower one
with large onlapping backset beds and the
upper one with in-phase draping turbidite
beds, display similarities with the architecture
of an upslope migrating chute and pool bed-
form found in experiments with open-channel
flows (Fig. 13; Alexander et al., 2001; MacDon-
ald et al., 2009; Cartigny et al., 2014).

The flow dynamics for the bedforms in Font
Nova 2 can now be reconstructed on the basis of
antidune wavelength and facies characteristics.
Thickness of the basal layer (d) can be assessed by
using the observed antidune wavelength (L, rang-
ing from 15 to 20 m and 30 to 50 m – see Fig. 7)
in the formula d = L 9 q1/[2 9 p 9 (q1 + q2)] and
where q2 is the density of the flow, and q1 the
density of the ambient fluid empirically found by
Hand (1974). If the density of the ambient seawa-
ter is assumed to be 1035 kg m�3, and inferring a
density of the basal part of 1200 to 1400 kg m�3

(concurring with initial grain concentration of the
flow C ca 0.10 and 0.30 for Tb3 type traction car-
pets following Cartigny et al. (2013), the basal
layer thickness would be of the order of ca 1 m. In
addition, empirically-derived relations between
antidune wavelength and flow thickness, as func-
tion of grain size and Froude number for stable
antidunes (see Fedele et al., 2016) also predict
similar ranges for (main) flow thickness (for
example, d/L between 15 and 22 for these
observed grain sizes). Interestingly, similar basal
layer thicknesses where monitored to shape the
cyclic step bedforms on the Squamish delta slope
(Hughes Clarke, 2016).
The top of Sandstone Unit B is again trun-

cated by a fourth-order BS, but here draped by
long wavy antidunes of 40 to 50 m wavelength.
This would suggest a flow thickness of ca 3 m,
which is presumably the thickness of a low-den-
sity, non-stratified flow, which reconciles with
the thin beds, the Tb2 and Tb1 and rare Tc
facies and intercalated burrowed mudstone lay-
ers and gradual transition into mudstones sepa-
rating Units B and C.
In Sandstone Units B and C the chute and

pool bedform structure evolves downslope into
antidunes (Figs 2 and 12). The significance of
the downslope increase in antidunes is further
discussed below. It is further noted that the
dome-shaped set boundaries (third-order BS in
Unit C) provide evidence for a three-dimen-
sional bedform structure thus implying undula-
tory antidune crests.

DISCUSSION

Experiments demonstrate stable existence fields
for antidunes and cyclic steps, but suggest that
chute and pool bedforms are potentially unsta-
ble (Alexander et al., 2001; Cartigny et al.,
2014), with little chance to be preserved in the
record (see also Slootman et al., 2019a), yet their
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potential for preservation is demonstrated by the
here described sandstone units. The well-moni-
tored Squamish deepwater delta shows clearly
that supercritical-flow bedform architecture is
not only governed by their erratic preservation,
but much is also due to variation in discharge of
the density underflows that produce these bed-
forms (Clare et al., 2016; Hage et al., 2018; Ven-
dettuoli et al., 2019). Particularly, the CLTZ,
which is found near the base of slope of the
Squamish delta clinoform shows a variety of
bedforms with rapidly changing morphology
and preservation over very short distances (few
hundreds of metres). It also opens the possibility
that the here described chute and pool bedform
backfilling the slope channel is a consequence
of a solitary hydraulic jump migrating upslope,
thus being related to a mouthbar in the chan-
nel–lobe transition zone as invoked by Postma
et al. (2016) for slightly older deposits in the
same delta wedge (locality 1 in Fig. 1C). Thus,
instead of interpreting the Sandstone Units B
and C structures being the result of chute and
pool type bedforms, can a mouthbar origin be
inferred on basis of the here presented observa-
tions? In the following discussion this problem
is addressed and the stacking of the bedform
structures in Sandstone Unit B is evaluated.

Mouthbar in the channel–lobe transition zone

The existence of a solitary hydraulic jump mov-
ing upslope in a CLTZ was investigated by
experimental studies of Hoyal & Sheets (2009)
and Hamilton et al. (2015, 2017). The studies
showed: (i) that erosive channels are formed by
supercritical flows that feed and prograde the
lobe at the base of slope; and (ii) that a hydrau-
lic jump, which is triggered by the lobe obstruc-
tion, heralds the backfilling of the channel and
the development of backset bedding upslope of
the formed mouthbar. Hamilton et al. (2017)
found a positive relationship between channel
hydraulics and lobe element thickness of super-
critical flows. More specifically, these authors
argue that the sequent depth (ratio of incoming
flow depth and flow depth after the jump) is an
important factor between in-channel densimetric
Froude number and lobe thickness. In simple
terms, the flow has to increase its thickness to
overcome the obstruction. Supercritical flows do
this by means of the hydraulic jump, and sub-
critical flows by increasing the backwater depth.
Fluctuations in flow discharge and different dis-
charges in subsequent events may similarly have

important impacts on lobe element thickness and
the triggering of a mouthbar related hydraulic
jump (Postma & Kleverlaan, 2018). The authors
hypothesize here that high discharge flows might
develop thick basal layers that aggrade the lobe so
that they become large obstructions to lower dis-
charge flows, possibly inducing hydraulic choke
and the generation of internal hydraulic jumps.
Once the hydraulic jump scoured the substrate,
the sequent depth is increased and the hydraulic
jump zone will remain, gradually moving upslope
leaving deposits akin to cyclic steps (see Postma &
Kleverlaan, 2018) and possibly chutes and pools.
Strictly speaking such deposits must be classified
as upslope growing mouthbars, which may dis-
play all of the characteristics of a chute and pool
or cyclic step bedform in cross-section, but which
have quite different geometries and spatial extent.
The architecture of Sandstone Unit B (Fig. 7)

displays a few notable features including the very
irregular fourth-order BS on which backset beds
onlap and the domination of antidunes down-
slope of the point where the lower fourth-order
BS flattens. The occurrence of both features can
be explained by geometrical modelling of a chute
and pool form that migrates upslope starting from
a deep scour (Fig. 14A). Assuming the first deep
incision in the fourth-order BS to be caused by a
strong hydraulic jump, as evidenced by backset
beds associated with local slumps, an idealized
chute and pool profile can be migrated upslope
along the irregular BS. The exercise indicates
continued re-shaping of upslope migrating anti-
dunes, upslope migration of backset beds and
truncation features as observed in the upper three
storeys of Sandstone Unit B (Fig. 7), the backset
bed and antidune preservation being related to
the bumps in the pool-related scour. Figure 14B
also shows a striking similarity between mod-
elled and observed antidune erosion depth
(brown-yellow dashed line in Fig. 14B) as related
to the irregular fourth-order BS on which the
backset beds onlap.
However, inferring from this simple geometri-

cal modelling exercise that the observed bed-
form structures are related to a solitary, upslope
migrating hydraulic jump zone in the CLTZ,
does this reconcile with other observed phenom-
ena in Font Nova 1 and 2? Although the lobe
environment is not very well constrained here,
its presence may be suggested by the planar
beds in Font Nova 2 (Sandstone Unit A), and
the antidune fields in the most downslope parts
of Sandstone Units B and C. Furthermore, the
vertical sequence in Sandstone Unit B shows a
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backfill development: backset beds possibly
related to cyclic step bedforms onlap the fifth-
order BS, and are truncated by the chute and
pool (mouthbar) structure and covered by long-
wave antidunes that seem to herald the gradual
abandonment of the chute. Hence, there is no
repetition of an irregular fourth-order BS that
would point to aggrading bedforms (compare
with aggrading bedforms in Fig. 13). The close
proximity of the antidune field with the planar
bedded beds of inferred lobe deposits would
favour a base of slope setting with very small
lobes (Fig. 15). Hence, the inferred size of the
CLTZ is rather in the order of a few hundred
metres than a few kilometres, and thus much
smaller than the CLTZ on the modern slope of
for example the Golo Fan (e.g. Deptuck et al.,
2008) and not matching the lobe development in
small radius fans as discussed by Postma &

Kleverlaan (2018). As suggested earlier, the here
described units would best match the CLTZ at
the base of slope of Squamish delta (e.g. Vendet-
tuoli et al., 2019, fig. 2), where the base of the
chute is characterized by erosion, while aggrada-
tion of the supercritical-flow bedforms in this
trajectory is continuously subject to significant
change in discharge due to delta lip collapses
occurring intermittently with river flood gener-
ated underflows (Clare et al., 2016). Converging
fourth-order BS (Fig. 12) found in the studied
examples herein are illustrative for an extremely
discontinuous time record in the sections.

Final note on bounding surface hierarchy
approach

To understand complex architectural styles in
the rock record, the bounding surface hierarchy

9
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Model compared with

1 2
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4
65
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Sandstone Unit B
4th order BS

Re -shaped model with 2x ver cal exaggera on

Modelled with chute-and-pool idealized profile

3

1
8

Sandstone Unit B observa ons
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B

Fig. 14. A. Geometrical modelling of a chute and pool structure migrating upslope. Shape of the bedform is based
on observed antidune wavelength and height (blue line segment) and backset bed inclination (green line segment)
in Sandstone Unit B. The geometrical modelling allows first order assessment of preserved bedform architecture
by migrating the profile along the observed fourth-order bounding surface (BS) of Sandstone Unit B. Upslope
migration is chosen at the point of observed strong erosion (see Fig. 12). Successive timelines are dashed and
indicated by numbers ‘1’ to ‘9’. (B) Clean-up of the model shows outcrop conspicuous features including backset
beds associated with slump deposits (thick orange lines) and fourth-order wavy antidune BS (blue line), which
can now be compared with the outcrop simplified in the bottom profile. Note that the fourth-order wavy surface
truncating the backset beds would correspond with dotted time line 8.
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proved to be important. It focussed the descrip-
tions here of the large, near outcrop-scale bed-
forms significantly by establishing set
boundaries. The establishment of channel storey
(fourth-order) and bed set boundaries (third-
order) were crucial for determining the type of
bedform. The followed methodology is, by far,
superior to architectural tracing exercises not
using the hierarchy approach. Although time-
consuming, the authors believe that the BS
methodology has greatly improved both the
accuracy and objectivity of the observations, and
improved current understanding of the rock
record in a similar way as it did for understand-
ing the fluvial rock record (e.g. Holbrook, 2001).

CONCLUSIONS

The complex structure of amalgamated super-
critical-flow bedforms in the inferred channel–
lobe transition-zone (CLTZ) at the base of slope
of a deepwater delta of the Sant Llorenc� del

Munt delta complex were studied by examina-
tion of their bounding surface hierarchy.
Chute and pool bedform architecture is inter-

preted to be formed by mouthbar related hydrau-
lic jumps, which were compared with cyclic
step and antidune-bedform characteristics by
combining architectural studies with facies anal-
ysis, and by comparing these with supercritical-
flow bedform experiments and examples from
the modern environment.
Diagnostic features of solitary hydraulic

jumps include the presence of a deep scour
at the downslope end of irregularly undulat-
ing fourth-order bounding surfaces (BS) in a
morphodynamic setting characterized by
antidunes.
Important characteristics for recognizing anti-

dunes are upslope thinning beds, wavy trunca-
tion surfaces and upslope directed palaeoflow
in the backset beds. Characteristics for chute
and pool and/or cyclic step bedforms are long
traceable fourth-order BS associated with
downslope-thinning backset-beds with local

Fig. 15. Summary diagram showing an antidune field at the time of upslope migration of the mouthbar in the
channel–lobe transition zone (CLTZ) at the base of slope of a prograding deep-water delta (inspired by the study
of the CLTZ of Vendettuoli et al., 2019).
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slumped strata and downslope-directed flow
indicators.
The usefulness of the bounding surface hier-

archy approach (cf. Miall, 1985) for turbidite
deposits lies in the careful evaluation of the spa-
tial extent of bounding surfaces, where these are
easily overlooked in complex architectures in the
CLTZ of deep-water deltas as described here.
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