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Abstract

The Triassic red beds of the Tabular Cover of the Iberian Meseta are an excel-
lent reservoir outcrop analogue, a direct consequence of high-quality expo-
sures, which offer exceptional three-dimensional outcrops, as well as a wide
variability of depositional environments. Fluvial and transitional with tide-
influenced and wave-influenced settings are recognised. Three point bar geo-
bodies of similar scale, but influenced by different processes, were selected from
this succession. Point bar geobody 1 was influenced by purely fluvial processes
while geobodies 2 and 3 were tide-influenced. Both types of geobody were de-
veloped as point bar deposits in sinuous channels. A fully integrated study was
carried out on these geobodies, utilising both outcrop and subsurface-based
approaches, to characterise the key differences between fluvial and tidal point
bars in the sedimentary record. The outcrop-based component involved tra-
ditional field data collection methods alongside digital techniques and data
capture, including the use of digital outcrop models. Additionally, subsurface-
based methods were employed, utilising core and wireline logs obtained from
wells drilled in close proximity to the outcrop. The integration of these ap-
proaches aims to accurately differentiate the depositional settings of the three
different geobodies, which while apparently very similar in many key respects
also exhibit considerable differences when considered from the perspective of
subsurface management of potentially similar geobodies. This study also em-
phasises the need to clearly distinguish high-sinuosity deposits based on their
depositional sub-environment in order to properly evaluate their potential for
subsurface management. Additionally, it highlights the presence and impor-
tance of internal baffles that may well influence fluid migration and indeed
even compartmentalise geobodies. Three point bar geobodies of similar scale,
but influenced by different processes, have been selected in this succession.
A fully integrated study was carried out on these geobodies, utilising both
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1 | INTRODUCTION

Following models of modern coastal depositional en-
vironments, mostly defined by Boyd et al. (1992) and
Dalrymple et al. (1992), when the ratio between sedi-
ment supply and accommodation is high, river deposition
dominates over marine redistribution and deltas typically
form elongate/lobate shorelines. In contrast, during pe-
riods characterised by an excess of accommodation over
sediment supply, embayed river palaeovalleys are trans-
gressed to become estuaries, which form during relative
sea-level rise. These depositional environments are ex-
tremely sensitive to not only changes in sea level but also
climate and sediment supply (Blum et al., 2002; Anderson
et al., 2023). Depending on whether coastlines are in re-
gression or transgression, rivers on the coastal plain will
typically experience varying degrees of interaction with
the two main factors controlling sedimentation along
shorelines, waves and tides (Olariu & Battacharya, 2006;
Posamentier & Walker, 2006; Olariu et al., 2012; James &
Dalrymple, 2010).

Shallow to marginal marine, tide-dominated environ-
ments are typically represented by mixed sand-prone and
mud-prone systems restricted to estuaries, open coast tidal
flats or tide-dominated deltas (Boyd et al., 1992; Harris
et al., 2002; Harris & Heap, 2003; Dalrymple & Choi, 2007;
Dashtgard et al., 2009; Dalrymple et al., 1992, 2012, 2015;
Desjardins et al., 2012).

The combined effect of fluvial currents and tides be-
comes a highly efficient system of sediment sorting asso-
ciated with the accumulation of sand-prone deposits in
nearshore settings, either in shallow marine or in coastal
plain marginal marine settings (Gil-Ortiz et al., 2019,
2022). The impact of sea-level variations and sediment
supply may also result in significant variability in both
stratigraphic architecture and sedimentological hetero-
geneity (Davis & Dalrymple, 2012; Ashworth et al., 2015;
Tessier & Reynaud, 2016).

The interaction between tidal and river currents is
a common feature in most marine basins. The extent of
this zone of interaction depends on several factors, mainly
including coastal plain gradient, tidal range at the coast
and fluvial discharge (Dalrymple et al., 2015). The under-
standing of depositional processes in this fluvial to tidal

outcrop-based and subsurface-based approaches, to characterise the key dif-
ferences between fluvial and tidal point bars in the sedimentary record.

fluvial point bar, outcrop analogue, outcrop/behind-outcrop characterisation, TIBEM, tidal

transition has been a significant focus of study during
the last few decades (Allen, 1991; Cuevas Gozalo & De
Boer, 1991; Ghosh et al., 2005; Dalrymple & Choi, 2007;
Van den Berg et al., 2007; Fischbein et al., 2009; Martinius
& Gowland, 2011; Martinius & Van den Berg, 2011; Sisulak
& Dashtgard, 2012; La Croix & Dashtgard, 2014; Jablonski
& Dalrymple, 2016) although several key aspects are still
poorly understood.

One such aspect is the characterisation of meander-
ing fluvio-tidal channels. These have been much stud-
ied (Fustic et al., 2012; Carling et al., 2015; Dashtgard
& La Croix, 2015; Diez-Canseco et al., 2015; Keevil
et al., 2015) due to their complexity and similarity
with pure fluvial high-sinuosity fluvial deposits (i.e.
lateral accretion surfaces, inclined heterolithic strat-
ification [IHS] and channel infill fining-upward pro-
file). In order to differentiate between these, some
key sedimentological trends must be carefully stud-
ied. These include (1) total mud volume together with
the frequency and thickness of mud beds, (2) grain-
size distribution on bars from upstream to down-
stream and (3) the cyclicity of bedding (Dashtgard &
La Croix, 2015). In addition, trace fossil data can also
substantially help to frame these deposits either in a
continental fluvial or in a fluvio-tidal depositional en-
vironment (MacEachern & Pemberton, 1994; Pearson
& Gingras, 2006; Gingras et al., 2016; Hayes et al., 2018;
Melnyk & Gingras, 2020).

Fluvial and transitional deltaic/estuarine deposits
are notably different in terms of reservoir heterogeneity,
spatial distribution and fluid flow behaviour, so com-
plexities become apparent when reservoir types are char-
acterised for subsurface management, either for oil and
gas exploration and production or, more recently, for CO,
injection and storage (Chadwick et al., 2004; Zweigel
et al.,, 2004; Ambrose et al.,, 2008; Pham et al., 2013;
Issautier et al., 2014, 2016; Gershenzon et al., 2015, 2017;
Al-Khdheeawi et al., 2017, 2018; Soltanian, et al., 2019;
Sun et al., 2023).

The aim of this study was the characterisation of the
key differences between fluvial and tidal point bars based
on a Triassic succession located in the Iberian Meseta
(Henares et al., 2014, 2016; Viseras et al., 2018; Yeste
et al., 2019, 2020, 2021), in order to provide insight and
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properly characterise and distinguish these deposits for
subsurface resource management.

2 | GEOLOGICAL SETTING

The extensive Triassic Red Bed succession of the Iberian
Meseta in south-central Spain, referred to as the TIBEM
(Viseras et al., 2011, 2018; Henares et al., 2014, 2016;
Yeste et al., 2019, 2020, 2021), is a continental deposit
that accumulated during the Tethyan rifting process (Late
Permian-Upper Triassic; Lopez-Gomez et al., 2019). The
study area, located east of Alcaraz (Albacete Province),
corresponds to the most distal part of the TIBEM outcrop,
as suggested by palaeocurrent data (Figure 1A; Fernandez
& Dabrio, 1985; Henares et al., 2014). Therefore, the
TIBEM succession in the study area comprises fluvial to
coastal deposits within a linked stratigraphic framework.

In the study area, the ca 160m thick sedimentary suc-
cession (Ladinian-Norian) is divided into four informal
member-rank lithostratigraphic units (Yeste et al., 2019).
From the base to the top, they are (Figure 1B): (i) a mud-
stone-sandstone unit (M-S Unit) that includes both a
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meandering channel system and overbank sandstone
deposits embedded in distal floodplain mudstones (Yeste
et al., 2020); (ii) a sandstone unit (S Unit) correspond-
ing to a braided system (Yeste et al., 2019); (iii) a hetero-
lithic unit (H Unit) comprising alternating sandstone and
mudstone layers deposited in a fluvial-marine transition
zone (Garcia-Garcia et al., 2017; Yeste et al., 2017); and
(iv) a mudstone-evaporitic unit (M-E Unit) composed of
silt-rich coastal plain facies and intertidal sabkha evap-
orites. Previous genetically interpreted divisions of the
Triassic red bed sedimentary succession (Fernandez &
Dabrio, 1985; Arche & Lépez-Gomez, 2014) are avoided
here in order to facilitate stratigraphic description, fo-
cussed on the basis of lithology and sedimentological
features.

Two outcrops of the Alcaraz succession were selected
for this study (Figure 1B): (1) Outcrop 1, located in the
M-S Unit and (2) Outcrop 2, located in the H Unit.

The M-S Unit, which is at least 90m thick, occurs at
the base of the studied stratigraphic succession. The lower
boundary was not observed in either outcrop or sub-
surface data in the study area, although its onlap across
Palaeozoic palaeorelief is observed in nearby outcrops.

B Succession of the
Alcaraz area
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FIGURE 1 (A) Location of the study area (Alcaraz village, Albacete province, Spain) showing the location of the studied outcrops. Red
points are well locations. Acronyms correspond to the well name. The rectangles indicate the position of the selected outcrop examples. (B)
Synthetic stratigraphic succession of the selected study area (eastern of Alcaraz village). H Unit, Heterolithic Unit; M-E Unit, Mudstone-
Evaporitic Unit; M-S Unit, Mudstone-Sandstone Unit; S Unit, Sandstone Unit. The rectangles indicate the position of the Mudstone—
Sandstone Unit outcrop example and Heterolithic Unit outcrop example, selected for this study.
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This unit is characterised by a low net-to-gross, effectively
a sand: mud ratio of 10:90. It comprises lenticular, sand-
prone packages up to 4m thick, as well as thin, tabular,
sand-prone packages, up to 2m thick, encased within
mud-prone sediments (Figure 1B). The main depositional
environment is interpreted as a high-sinuosity fluvial sys-
tem, characterised by meandering channels and associ-
ated overbank deposits (crevasse-splays) encased within
argillaceous floodplain deposits (Yeste et al., 2020). An
example of these high-sinuosity fluvial channels repre-
sented by Outcrop 1, located towards the lower part of the
M-S Unit at the Alcaraz succession, was selected for this
study (Figure 1B).

The H Unit at the Alcaraz succession is 40m thick,
characterised by medium net-to-gross (sand: mud ratio
of 60:40), comprising metre-scale heterolithic sandstone-
dominated packages encased in mudstones (Figure 1B).
Sediments were deposited in a fluvial--marine transition
zone interpreted as a mixed tidal and wave-influenced
shoreline system (Garcia-Garcia et al, 2017; Yeste
et al., 2017). An incised surface has been recognised to-
wards the middle of the H Unit succession. This major
stratigraphic surface is interpreted as an incised valley
(Garcia-Garcia et al., 2017; Yeste et al., 2017). Confined
within this incised valley, two sand-prone packages are
described. Towards the base of the incised valley, the first
sand-prone package is characterised by storm-dominated
shoreface deposits (Garcia-Garcia et al., 2017). The top
of this package is eroded by the second sand-prone pack-
age confined within the incised valley, characterised by a
high-sinuosity tide-dominated system (Yeste et al., 2017),
which was the selected example, Outcrop 2, for this study
(Figure 1B).

3 | METHODS AND DATA

A multidisciplinary outcrop/behind-outcrop (OBO) char-
acterisation workflow was applied in this study, including
a detailed sedimentological description from both surface
(outcrop-derived and digital outcrop-derived observations
and measurements) and subsurface (cores and well log-
ging) data (Figure 2).

Digital outcrop models (DOMs) have also been created
from photogrammetry with a remotely piloted aircraft
system (RPAS) to complete the outcrop-derived measure-
ment dataset. The RPAS used was a multi-rotor octocopter
with a Sony ILCE 6000 camera of 24 Mpx. For the DOM
the professional software Agisoft PhotoScanr,, was used,
which was specifically designed for drone-based mapping.

Wells were drilled with continuous core recovery, and
wireline log data were also obtained. Cores were slabbed
to enhance the visibility of sedimentary features on the

core surface and allow the identification of the main
simple lithofacies classes (Table 1). Well log data include
the total gamma ray log (GR) in addition to borehole im-
aging from Optical and Acoustic televiewers (OBI and
ABI, respectively). The GR log provides total gamma ra-
dioactivity counts from U, Th and K in API units. The
ABI is a slim-hole logging tool with an ultrasonic trans-
ducer sensor, which provides a 360° oriented acoustic
image (amplitude and travel time). The OBI is also a
slim-hole logging tool but with a high-sensitivity digital
image sensor which provides a 360° RGB true colour-
oriented image of the borehole wall. Dip tadpoles inter-
preted from the ABI and OBI, together with GR pattern
analysis, provide information on the spatial distribution,
orientation and dip of the main sedimentary surfaces
and structures.

Two outcrops were selected to apply the OBO charac-
terisation workflow, as previously described, based on their
exceptional three-dimensional exposure and logistical ease
for drilling behind the outcrop. Outcrop 1 includes geo-
body 1, while Outcrop 2 includes both geobodies 2 and 3.

In Outcrop 1, where geobody 1 is located, four slim-
hole (6.25” diameter), behind-outcrop wells allowed sub-
surface characterisation (Figure 1A). From south to north,
these wells are MB1, with 4.6 m of core and well logging
interval; MB2, with 1.9m of core and well logging inter-
val; MB3, with 4.8 m of core and well logging interval; and
MB4, with 8 m of core and well logging interval.

In Outcrop 2, where geobodies 2 and 3 are located,
six slim-hole (6.25” diameter), behind-outcrop wells al-
lowed subsurface characterisation by providing informa-
tion from the wells and cored intervals (Figure 1A). From
north to south, these wells are K3-1, with 7.55m of core
and well logging interval; K3-2, with 14.7m of core and
well logging interval; K3-3, with 9.8 m of core and well
logging interval; K3-4, with 34.55m of core and well log-
ging interval; K3-5, with 15m of core and well logging
interval; and K3-6, with 35.6m of core and well logging
interval.

4 | RESULTS

Twelve lithofacies were identified in this study, and de-
tailed descriptions of three point bar geobodies (Point bar
geobodies 1-3), including lateral and vertical lithofacies
variation, geometric data, bounding surfaces and the di-
mensions of the sedimentary bodies, from both outcrop
and subsurface data, were used to characterise the spa-
tial distribution of heterogeneities. Point bar geobody
1, drilled by Wells MB1 to MB4, is located at Outcrop 1.
Point bar geobodies 2 and 3 are located at Outcrop 2, infill-
ing the incised valley (Figure 1). Point bar geobody 2 was
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FIGURE 2 Outcrop/behind-outcrop (OBO) characterisation workflow designed and applied in this study including outcrop-derived
and digital outcrop-derived observations and measurements, core description, gamma ray logging and borehole imaging logs. ABI, Acoustic

televiewer log; GR, gamma ray log; OBI, Optical televiewer log; RPAS, remotely piloted aircraft system.

drilled by Wells K3-2 to K3-5, while Point bar geobody 3
was drilled by Wells K3-1 to K3-4.

4.1 | Lithofacies

Twelve lithofacies were classified mainly according to
grain size and dominant sedimentary structures. The
bioturbation index (BI) was also established using the
Reineck scale (Reineck, 1963; Taylor & Goldring, 1993).
These lithofacies are described and interpreted below.
The sedimentological characteristics of the documented
lithofacies are summarised in Table 1 and illustrated in
Figure 3. The most relevant ichnotaxa are also illustrated
with core examples in Figure 4.

4.1.1 | Lithofacies Gm: Conglomerate lag
Lithofacies Gm is composed mainly of sandy conglomer-
ates dominated by pebble-sized mud clasts embedded in
a medium-grained to very fine-grained sandstone matrix
(Figure 3A). This lithofacies appears massive, with weak
horizontal bedding or rare cross-bedding. Lithofacies Gm
occurs as single beds, up to 20cm thick, with an erosive
base and is gradational into trough cross-bedded sand-
stone (Lithofacies St) and/or ripple cross-laminated sand-
stone (Lithofacies Sr). Mud clasts occur as bed parallel
aligned and/or randomly oriented (Figure 3A), showing
normal and inverse grading. Bioturbation is absent or not
recognised in this lithofacies (BI 0).

The erosional base and poorly sorted clasts in a
medium-grained to very fine-grained matrix indicate

deposition under high-energy traction currents. The nor-
mal grading suggests rapid deposition from decelerating
turbulent flows, whereas the inverse grading indicates
dispersive pressure (Lowe, 1979), or deposition during
a waxing flow stage (Ichaso & Dalrymple, 2014). Poorly
sorted beds with a high matrix percentage might also
indicate deposition from high-concentration sediment
flows (Nemec & Steel, 1984) and/or rapid accumulation
in a sandy setting (Ichaso & Dalrymple, 2014). The mud
clasts are most probably derived from cut-bank caving and
slumping and/or reworking of desiccated mud drapes pre-
viously deposited on the point bar (Thomas et al., 1987).

4.1.2 | Lithofacies Sm: Massive sandstone
Lithofacies Sm comprises massive beds of medium-
grained sandstones without any apparent internal struc-
ture (Figure 3B). This lithofacies is characterised by good
to moderate sorting with a sand: mud ratio of between
100:0 and 90:10. The thickness of single beds varies be-
tween 5 and 40cm. Rarely, intraformational mudstone
rip-up clasts are also present in this lithofacies (Figure 3B).
Bioturbation is absent or not recognised in this lithofacies
(BI 0).

These massive sandstones are interpreted as the depos-
its of short-lived mass flows which dumped sediments at
a rate too fast for hydraulic sorting processes to work ef-
fectively (Smith, 1986; Hjellbakk, 1997). Such flood flows
may develop by adding sediments to fast-flowing stream
flows (Turner & Monro, 1987). The presence of intrafor-
mational mudstone rip-up clasts indicates relative short
transport distance for the sediments (Hjellbakk, 1997).
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TABLE 1 Lithofacies identified in this study. See Figure 3 for photographic examples of each lithofacies.

Code  Texture and fabric Sedimentary structures and characteristics
Gm Pebble-cobble. Clastor ~ Massive, weak horizontal bedding or planar cross-
matrix supported bedding. Erosive base and mud rip-up clasts
Sm Fine to medium sand Massive. Rarely, presence of mud clasts
Sh Fine to medium sand Horizontal lamination. Occasionally presence of
mud drape and flame structures
St Fine to medium sand Trough cross-bedding. Sometimes, mud chips
lining the cross-beds
Sr Very fine to fine sand Current ripple lamination. Presence of occasional
Arenicolites and Taenidium burrows
Sw Very fine to fine sand Wave ripple lamination. Presence of occasional
Planolites and Thalassinoides burrows
Sb Very fine to medium Massive. Presence of rhizoliths, Arenicolites,
sand Planolites, Taenidium and Thalassinoides
burrows
HS Very fine sand to fine Flaser bedding. Sand alternates with minor mud
sandstone drapes
HSi Very fine sand to silt Heterolithic trough cross-bedding. Presence
and clay of sand-mud couplets forming bundles.
Rarely, presence of mud clasts and convolute
lamination
HMi Very fine sand to silt Inclined heterolithic bedding. Frequent presence
and clay of slumped layers. Presence of occasional
Arenicolites and Taenidium burrows
HM Very fine sand to silt Wavy and lenticular bedding. Roughly equal
and clay volumes of sand and mud. Current, wave and/
or combined-flow ripples are also present.
Presence of occasional Arenicolites and
Thalassinoides burrows
Fm Clay Massive to horizontal lamination (lower flow
regime). Presence of rhizoliths. Intense
bioturbation, including scattered Taenidium
burrows
4.1.3 Lithofacies Sh:

This facies is interpreted as an upper flow regime

Main process/interpretation

Associated with high-energy traction current

Associated with rapid transport and deposition
of sand during major floods

Associated with upper flow regime deposition

Migration of megaripples and dunes. Moderate
to strong river and tide-influenced currents

Migration of current ripples. Associated with
moderate to strong river and tide-influenced
currents

Oscillatory flow during both fair weather and
storm events

Structureless due to bioturbation

Tide-influenced unidirectional currents with
low to moderate speeds. Alternation of low
and high energy conditions. Sandy ripples
were deposited by high energy tidal and/
or fluvial flows, while muddy drapes were
deposited during slack water conditions

Tide-influenced unidirectional currents with
moderate speeds. Sand bedsets are formed
by tidal currents. Mud drapes are formed
during the low energy periods of slack water

Tide-influenced unidirectional currents with
moderate speeds, whereas the mud layers
accumulated from suspension under low
energy, slack water conditions

Tide-influenced unidirectional currents with
low to moderate speeds. Alternation of low
and high energy conditions. Sandy ripples
were deposited by high energy tidal and/
or fluvial flows, while muddy drapes were
deposited during slack water conditions

Settling from suspension in very low energy
conditions

Parallel-laminated sandstone

Lithofacies Sh consists predominantly of horizontal to
low-angle (<10°) parallel-laminated fine-grained to very
fine-grained sandstones (Figure 3C). This lithofacies is
characterised by good to moderate sorting with a sand:mud
ratio varying between 100:0 and 80:20. The horizontal-
laminated sandstones occur as single beds, from 0.1to 1.2m
thick. Rarely, flame structures are also present (Figure 3C).
Bioturbation is not recognised in this lithofacies (BI 0).

deposit, formed during flood conditions (Miall, 1992;
Broughton, 2016; Gil-Ortiz et al., 2019; Yeste et al., 2020).
The well-laminated sandstones indicate a high degree
of hydrodynamic sorting, directly related to flow in-
tensity and particle-by-particle bed erosion (Simons
et al., 1965). Flame structures are caused by squeez-
ing of low-density, water-saturated muds upward into
denser sand layers owing to the weight of the sand, the
density difference and speed of deposition (Collinson
&Thompson, 1989).

85U8017 SUOLILIOD BAIEa.D 3|qed! [dde au Aq pausenob a8 S9piLe YO ‘SN JO S3|nJ o} A%eiq13UlUO AB|1M UO (SUOIPUOD-PpUR-SLUBY 0D A8 | I Afe1q 1 jeut|uo//SdNL) SUONIPUOD Pue SWe 1 8y} 88S *[7202/50/yT] uo Ariqiauliuo A|Im ‘(-oul eange ) sqnopesy Aq 28z 2dep/z00T 0T/I0p/wod A8 | imAeiq1pul|uo//sdny wo.y pepeojumod ‘0 ‘2/87S502



YESTE ET AL.

| 7

4.1.4 | Lithofacies St: Trough
cross-bedded sandstone

Lithofacies St comprises medium-grained to very fine-
grained, trough cross-bedded sandstones (Figure 3D). This
lithofacies shows good to moderate sorting and sand:mud
ratios of between 100:0 and 90:10. Lithofacies St occurs as
fining-upward cosets up to 1 m thick (the thickness of sin-
gle beds varies between 0.1 m to 1 m), with sharp or erosive

base (Figure 3D). Locally, mud drapes and mudstone in-
traclasts line set bases and foresets (Figure 3D). Less com-
monly, this facies is overlain by ripple cross-laminated
sandstones (Lithofacies Sr) or sandy inclined-bedded het-
erolithic sandstone (Lithofacies HSi). Bioturbation is ab-
sent or not recognised in this lithofacies (BI 0).

This lithofacies is interpreted as a channel fill of sinu-
ous crested dunes migrating under fluvial or tidal currents,
reflecting a moderate to strong energy regime (Collison

@ [ Lithofacies Gm: Conglomerate lag
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FIGURE 3 Typical examples of lithofacies identified in this study from slabbed cores.
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et al., 2006; Bradley et al., 2018; Viseras et al., 2018; Yeste lithofacies shows poor to moderate sorting with a sand:mud
et al., 2020). ratio varying between 100:0 and 90:10. Lithofacies Sr ap-
pears as individual sets with a thickness that varies from
around 2 to 5cm and beds up to 40cm thick. Bioturbation

4.1.5 | Lithofacies Sr: Current ripple is absent to sparse with only the presence of occasional

cross-laminated sandstone Arenicolites, Taenidium and indeterminate horizontal bur-
rows (BI 0-1).

Lithofacies Sr consists of fine-grained to very fine-grained Lithofacies Sr is attributed to the downcurrent migration

sandstones, characterised by asymmetrical ripple marks of sinuous trains of asymmetrical ripples, deposited under a
and gently inclined cross-lamination (Figure 3E). This low to moderate flow regime (Allen, 1963; Miall, 1996).
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FIGURE 4 Ichnotaxa identified in
these deposits with characteristic low-
diversity ichnofacies. (A) Wave ripple
cross-laminated sandstones with scattered
large Thalassinoides burrows filled with
gypsum. (B) Wave ripple cross-laminated
sandstones with Planolites and horizontal
indeterminate burrows. (C) Plan view

of outcropping bioturbated sandstones
with characteristic Arenicolites and
Thalassinoides burrows. (D) Inclined-
bedded heterolithic mudstones with a
Taenidium burrow. (E) Inclined-bedded
heterolithic mudstones with low to
moderate bioturbation with scattered
indeterminate horizontal burrows.

(F) Heterolithic mudstones with a
Thalassionides burrow. Ar, Arenicolites;
Pl, Planolites; Ta, Taenidium; Th,
Thalassinoides.

4.1.6 | Lithofacies Sw: Wave ripple
cross-laminated sandstone

Lithofacies Sw consists of fine-grained to very fine-
grained sandstones, characterised by asymmetrical wave
ripple cross-lamination (Figure 3F). This lithofacies is also
characterised by moderately to well-sorted sandstones
and sand:mud ratios varying between 100:0 and 90:10.
Lithofacies Sw appears as individual sets with a thick-
ness varying from 2 to 5cm and beds up to 40cm thick.
Bioturbation is absent to sparse characterised by only
low to very low-diversity assemblages of Thalassinoides
(Figure 4A), Planolites and indeterminate horizontal bur-
rows (Figure 4B) (BI 0-1).

This facies shows evidence for combined flow condi-
tions, with a dominant unidirectional component and a
superimposed oscillatory motion due to wind-driven re-
sidual motion and/or tidal currents (Hill et al., 2003; Yang
et al., 2005; Ichaso & Dalrymple, 2014).

Lithofacies Sb: Bioturbated sandstone

4.1.7 |

The bioturbated sandstone lithofacies (Sb) comprises
poorly sorted, fine to very fine-grained sandstones, 0.1 to
0.5m thick, often moderately to heavily bioturbated (BI
4-6). The most characteristic ichnotaxa identified include
Arenicolites, Planolites, Taenidium and Thalassinoides
(Figure 4C). Rhizoliths, mottling and indeterminate hori-
zontal burrows also occur. Primary sedimentary structures
are often entirely obliterated, although cross-bedding, rip-
ple cross-lamination or parallel-lamination are locally
preserved (Figure 3G). Rare scattered granule-sized clasts
are also present.

The fine-grained sandstones, showing common to
abundant bioturbation dominated by a horizontal, deposit-
feeding, low-diversity Crugziana and mixed Mermia-
Scoyenia ichnofacies (Diéz-Canseco et al., 2015), coupled
with locally preserved current-dominated structures, sug-
gest a low to moderate energy environment. This facies is
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interpreted to record colonisation by fauna and flora in
dominantly shallow freshwater environments, occasion-
ally invaded by brackish waters during upstream tidal cur-
rents incursions and reduced sedimentation during slack
water periods in a fluvial-to-tidal transition zone.

4.1.8 | Lithofacies HS: Heterolithic sandstone
Lithofacies HS is characterised by an interbedding of well
to moderately sorted, fine to very fine-grained sandstones
with thin mudstone drapes, with sand:mud ratios varying
between 90:10 and 60:40. This lithofacies displays flaser
structures together with combined current and wave rip-
ple cross-lamination (Figure 3H). Bioturbation is sparse
to low with only indeterminate horizontal burrows (BI
0-2).

Sandy ripples indicate deposition under high energy
tidal and/or fluvial flows events, while the muddy drapes
were deposited during slack water periods (Reineck &
Wunderlich, 1968; Shanley et al., 1992).

4.1.9 | Lithofacies HSi: Inclined-bedded
heterolithic sandstone

Lithofacies HSi comprises interbedded 0.1-0.6m thick,
fine to very fine-grained sandstone and mudstone,
with sand:mud ratios varying between 90:10 and 60:40
(Figure 3I). This facies is characterised by low-angle
to high-angle cross-bedding and trough cross-bedding,
showing bipolarity in palaeoflow directions. Commonly,
pebble lags are present, overlying reactivation surfaces
and grading to very fine-grained sandstones (Figure 3I).
In addition, fluid mud layers are also present in this fa-
cies (Figure 31I). Bioturbation is absent to sparse with only
indeterminate horizontal burrows (BI 0-1).

The heterolithic nature, coupled with the presence of
paired sandstone and mudstones, indicates that tidal cur-
rents played an important role in the deposition of this
lithofacies. The presence of pebble lags showing normal
grading into very-fine sandstone suggests that river floods
were also important. Fluid mud layers are commonly asso-
ciated with zones characterised by tidal processes and the
mixing of fresh and salt water which trap the suspended
sediment supplied by the river (turbidity maximum zone;
Glangeaud, 1938; Postma & Kalle, 1955; Jay et al., 2015).
Additionally, such layers also occur in close association
with river flood deposits associated with an increasing sed-
iment discharge (Ichaso & Dalrymple, 2009). This facies is
interpreted as IHS deposits formed by lateral migration of
point bars, most probably, in a tide-influenced setting.

4.1.10 | Lithofacies HMi: Inclined-bedded
heterolithic mudstone

This lithofacies comprises interbedded very fine-grained
sandstones, siltstones and mudstones, with sand:mud
ratios of between 10:90 and 40:60, characterised by
high-angle inclined lamination (Figure 3J). Commonly,
lithofacies HMi shows syn-depositional microfaults and
slumped layers (Figure 3J). This facies is very often len-
ticular bedded. Rarely, mud clasts are present in this
facies (Figure 3J). Bioturbation is rare to low charac-
terised by occasional Arenicolites and Taenidium traces
(Figure 4D,E) and also indeterminate horizontal bur-
rows (BI 1-2).

The inclined sand and mud layers were most prob-
ably produced by seasonal fluvial floods, within a tide-
influenced setting. When fluvial processes were relatively
weaker, tidal action predominated, leading to the depo-
sition of muddy IHS characterised by lenticular bedding
and muddy/silty interlayers. Soft-sediment deformation
reflects loading and rapid deposition on water-logged sedi-
ment on an inclined surface (Allen, 1977). This lithofacies
is interpreted as IHS deposits formed by lateral migration
of point bars.

4.1.11 | Lithofacies HM:
Heterolithic mudstone

The mud-dominated heterolithic facies (Lithofacies
HM) is characterised by mixed sand-mud heterolith-
ics, with sand:mud ratios varying between 10:90 and
40:60 (Figure 3K). This facies shows dominantly wavy
and commonly lenticular bedding, together with cur-
rent, wave and/or combined-flow ripples. Soft-sediment
deformation and syn-depositional microfaults are
also present in this facies (Figure 3K). Bioturbation is
sparse to low with scattered Arenicolites, Thalassinoides
(Figure 4F) and indeterminate horizontal burrows (BI
0-2).

The sand beds and lenses represent energetic pulses
in a broadly low-energy setting where background sedi-
mentation was dominated by mud settling out of suspen-
sion (Reineck & Wunderlich, 1968; Shanley et al., 1992).
During the higher energy pulses, sand was moved by both
unidirectional and oscillatory (wave-generated) flows
(Gil-Ortiz et al., 2019). The presence of a spectrum of
small-scale combined-flow structures suggests flow vari-
ation during deposition (Dumas et al., 2005; Ichaso &
Dalrymple, 2014), from oscillatory to unidirectional cur-
rents reflecting the superimposition of river flood or tidal
currents on wave action.
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4.1.12 | Lithofacies Fm: Massive to
laminated mudstone

Lithofacies Fm consists principally of metre-scale bedsets
of claystones, muddy siltstones or siltstones. This lithofa-
cies is composed of red to dark grey, massive and/or thin-
laminated mudstones with abundant pedogenic features
such as rhizoliths, mottling, nodules, cutans, slicken-
sides, indeterminate trace fossils and Taenidium burrows
(Figure 3L). Horizons marked by desiccation cracks and
both coal and dark carbonaceous shales, characterised by
horizontal lamination, are also present. This lithofacies is
also characterised by low to intense bioturbation (BI 2-5),
although, in these muddy, dark red-coloured sediments,
bioturbation is commonly difficult to distinguish with
confidence. (Figure 3L).

Mudstone deposits with abundant bioturbation, palae-
osols and desiccation cracks levels imply low energies and
subaerial emergence. This lithofacies is interpreted as the
deposits of a floodplain characterised by widespread pa-
laeosol development and/or deposition from suspension
in a floodplain swamp environment.

4.2 | Point bar geobody 1: Fluvial
point bar
4.2.1 | Description

The geobody in Outcrop 1 occurs as an asymmetrical,
sigmoidal-shaped body, up to 3.6m thick and with a lat-
eral extension of up to 40 m (perpendicular to flow). This
geobody is bounded by a horizontal and scoured base,
while the top is horizontal and undulatory (Figure 5A,B).
This geobody is recognised in outcrop by the occurrence
of several inclined master bedding surfaces, showing an
upward increase in dip angle (Figure 5C).

This example is characterised by a fining-upward
facies succession passing from mudstone rip-up clast
conglomerate to very fine-grained sandstones, with rela-
tively high proportions of cross-bedded sandstone (over
35%) and low heterogeneity (less 9% of fines; Figure 6).
Internally, these deposits comprise sets of trough cross-
bedded sandstone (Lithofacies St) and current ripple
cross-laminated (Sr) sandstone towards the top of the
facies sequence (Figure 7). Commonly, conglomerate
lag deposits (Gm) are located at the base of these sets.
Locally, mud drapes also occur between the inclined mas-
ter surfaces. These elements pinch-out laterally, reducing
the thickness of the body to only 1.5m (red; Figure 5C).
In addition, conglomerate lag deposits (Gm) and mud
drapes laterally disappear together with a considerable re-
duction of trough cross-bedded (St) sandstones (less 2%)

and current ripple cross-laminated (Sr) sandstone (up to
90%), while parallel-laminated (Sh) sandstone (up to 22%)
become notably more common (Figures 6 and 7D,E). Rare
Taenidium and Arenicolites traces are occasionally identi-
fied although most bioturbation is restricted to rhyzoliths
in the upper muddy section of the point bar.

Towards the top of the geobody, small lenticular bod-
ies are recognised up to 0.8 m thick and with a lateral ex-
tension of up to 3m. These bodies are characterised by
parallel-laminated (Sh) and current ripple cross-laminated
(Sr) sandstone or, less commonly, small-scale trough
cross-bedded (St) sandstones (Figure 5D).

The GR of this geobody is characterised by a cleaning-
upward (funnel shape) profile at the base, and a dirtying-
upward (bell shape) towards the top (Figure 7A), with API
values ranging from 35 to 182. Dip tadpole analysis, with a
total of 32 measurements, shows principally unidirectional
azimuths and low to high dip angles of lateral accretion
surfaces. These measurements show predominantly north-
east dipping lateral accretion surfaces, with a mean azi-
muth of N14E, ranging from NOE to N359E (Figure 7A).

4.2.2 | Interpretation

These asymmetrical sigmoidal geometries, observed in
outcrop, together with the characteristic occurrence of sev-
eral inclined surfaces perpendicular to the palaeocurrent
and the fining-upward succession suggest point bar depos-
its. The inclined surfaces with increasing dip angle are thus
interpreted as lateral accretion surfaces, forming a point
bar element (sensu Bridge, 1993). The vertical succession
of facies reflects lower velocity flows developing progres-
sively through the filling of the channel (Visher, 1965). The
presence of current ripples flowing upslope along these
accretion surfaces (i.e. perpendicular to the palaeoflow) is
interpreted as the result of the helicoidal flow developed
in the meander bend (Viseras et al., 2018). The occurrence
of mud drapes between the lateral accretion surfaces rep-
resents deposition during a waning flood stage (Thomas
etal., 1987; Viseras et al., 2018). The small lenticular bodies
at the top of the point bar are interpreted as chute channels,
on the basis of a fining-upward trend, geobody dimensions,
geometry and context within the point bar element. The
horizontal-laminated (Sh) and current-rippled (Sr) sand-
stones represent deposition during higher flood stages
(Nemec & Postma, 1993; Miall, 1996; Ghinassi, 2011).
During this phase, the water overtops the point bar, scour-
ing the chute channels (Briant, 1983; Ghinassi, 2011). The
basal coarsening-upward (funnel shape) interval in the
GR log would correspond to the presence of mudstone rip-
up clasts (Selley, 2004; Viseras et al., 2018). The presence
of scarce horizontal-feeding Arenicolites and Taenidium

85U8017 SUOLILIOD BAIEa.D 3|qed! [dde au Aq pausenob a8 S9piLe YO ‘SN JO S3|nJ o} A%eiq13UlUO AB|1M UO (SUOIPUOD-PpUR-SLUBY 0D A8 | I Afe1q 1 jeut|uo//SdNL) SUONIPUOD Pue SWe 1 8y} 88S *[7202/50/yT] uo Ariqiauliuo A|Im ‘(-oul eange ) sqnopesy Aq 28z 2dep/z00T 0T/I0p/wod A8 | imAeiq1pul|uo//sdny wo.y pepeojumod ‘0 ‘2/87S502



12

YESTE ET AL.

38.66-m

T i e
o Jasm NaooE A =
35.30m J

lateral. e
- accretion
surface

lateral
accretion
surface

FIGURE 5 Outcrop interpretation of a Fluvial-dominated point bar. (A) Digital outcrop model of Outcrop 1 showing well locations.
(B) Interpreted digital outcrop model of Outcrop 1 showing width, thickness and orientation measurements for both channel and point bar
deposits. (C, D) Interpreted close-up views of fluvial-dominated point bar deposits showing chute channel deposits.

burrow assemblages are interpreted as the Mermia-
Scoyenia Ichnofacies, characteristic of freshwater depos-
its (Diéz-Canseco et al., 2015). The absence of any other
marine indicators in this point bar geobody might indicate
deposition in a fully fluvial setting.

4.3 | Point bar geobody 2:
Tide-influenced point bar
431 |

Description

Geobody 2 occurs in outcrop as an asymmetrical, sigmoidal-
shaped body, up to 3.7m thick with a lateral extension of up

to 62m (apparent width, perpendicular to flow) in outcrop.
However, in wells, its thickness can be up to 8 m. This geo-
body is bounded by a scoured base, while the top is horizon-
tal and undulatory (Figure 8A,B). Several inclined master
bedding surfaces are recognised in outcrop (Figure 8C).
This example is characterised by a fining-upward facies
succession passing from mudstone rip-up clast conglomer-
ate through very fine-grained sandstones into heterolithic
mudstones (Figure 9). Common conglomerate lag depos-
its (over 19%), cross-bedded sandstone (over 29%) and me-
dium heterogeneity (over 13% of heterolithic sandstones)
are observed in this geobody (Figure 10). Internally, this
geobody is composed of several fining-upward sets, each
characterised by basal reactivation surfaces and rip-up
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FIGURE 6 Well cross-section containing four wells (MB1-MB4), drilled at Outcrop 1. Sedimentological logs and lithofacies proportions

from core description are shown for each well. A digital orthophotography map showing the outcrop-cliff and well locations is also

displayed.

mud clasts (Gm), trough cross-bedding (St) very-fine
sandstones, inclined-bedded heterolithic (HSi) sand-
stones and inclined-bedded heterolithic (HMi) mudstones
towards the top, respectively (Figure 11). Commonly,
soft-sediment deformation (convolute lamination) and

pebble-size mudclast foresets are observed in sandstone
beds within the inclined-bedded heterolithic (HMi) mud-
stone facies. Locally, mud drapes also occur between
the inclined master surfaces. Laterally, an increase in
parallel-laminated (Sh) sandstone and current ripple
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FIGURE 7 Summary of subsurface data for the fluvial-dominated point bar example (Point bar geobody 1). (A) Gamma ray and
sedimentological log from Well MB3. Azimuth rose diagram of lateral accretion surfaces is also shown. (B) Slabbed core views from Well
MB3. (C-E) Slabbed core views from Wells MB4, MB2 and MBI, respectively. See Figure 6 for the locations of the wells.

cross-laminated (Sr) sandstone is observed (Figures 9 and and wave ripple cross-laminated (Sw) sandstones appear
11). Rare, flame structures are also present in lithofacies towards the top of this geobody. Locally, towards the top of
Sh. In addition, thin sets of bioturbated (Sb) sandstones  the geobody, lenticular bodies are recognised (Figure 8D),
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FIGURE 8 Outcrop interpretation of both tide-influenced and tide-dominated point bars. (A) Digital outcrop model of Outcrop

2 showing well locations. (B) Interpreted digital outcrop model of Point bar geobody 2 showing width, thickness and orientation
measurements for both channel and point bar deposits. (C) Interpreted close-up view of tide-influenced point bar deposits, showing lateral
accretion surfaces and lithofacies in outcrop. (D) Interpreted close-up view of tide-influenced point bar deposits showing lateral accretion
surfaces and chute channel deposits. (E) Interpreted digital outcrop model of Point bar geobody 3 showing width, thickness and orientation

measurements for both channel and point bar deposits.

up to 0.5m thick and with a lateral extension of up to 2m.
These bodies are predominantly characterised by trough
cross-bedded (St) sandstones and current ripple cross-
laminated (Sr) sandstone.

The GR response of this geobody is characterised by
values ranging from 63 to 188 API, with a mean of 119 API
and a bell-shape profile followed by a cylindrical shape
(Figure 11A,B). Dip tadpole analysis, based on a total of 34
measurements, principally shows unidirectional azimuths
and low to high dip angles. The predominant azimuths of
lateral accretion surfaces are towards the south-east, with

a mean azimuth of N140E, ranging from N132E to N146E
based on an average of measurements of Wells K3-2, K3-3,
K3-4 and K3-5.

4.3.2 | Interpretation

As in the case of point bar geobody 1, this geobody is also
interpreted as point bar element (sensu Bridge, 1993).
However, the significant proportion of heterolithic sand-
stones, especially towards the base of the geobody, coupled
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with the presence of paired sandstone and mudstones,
indicates that tidal currents played an important role in
its deposition. Point bar geobody 2 is accordingly inter-
preted as tide-influenced, a conclusion also supported by
a Mermia-Scoyenia and Cruziana Ichnofacies in some sec-
tions, with scattered Arenicolites, Planolites, Taenidum,
Thalassinoides and indeterminate horizontal deposit-
feeding burrows, which place the depositional environ-
ment of this point bar in a fluvial-tidal transition zone.
As with the fluvial point bar (geobody 1), helicoidal flow
is indicated by upslope flowing ripples. The mud drapes
intercalated with sandstones and IHS are interpreted as
the record of frequent oscillations of energy associated
with tidal currents. The small lenticular geobodies located
towards the top of the point bar are interpreted as chute
channels.

4.4 | Point bar geobody 3:
Tide-dominated point bar

441 | Description

Geobody 3 occurs as packages up to 6.6 m thick and with
lateral extensions of up to 52m (apparent width, per-
pendicular to flow) in outcrop. This geobody is bounded

by both an erosive base and top, truncated by point bar
geobody 2. THS is recognised in outcrop (Figure 8E).

This geobody is characterised by a complete spec-
trum of heterolithic structures (flaser, wavy and len-
ticular bedding), with low proportions of cross-bedded
sandstone (<14%) and high heterogeneity (over 68% of
heterolithic mudstones; Figure 10). Inclined-bedded
heterolithic (HMi) mudstones are the dominant litho-
facies in this point bar geobody (Figure 12). Dewatered,
deformed layers are also observed. In addition, this
geobody is also characterised by a basal conglomer-
ate lag (Gm) and several superimposed sets character-
ised by reactivation surfaces, rip-up mud clasts, trough
cross-bedded (St) fine sandstones and fine to very fine
sandstones with current ripple cross-lamination (Sr;
Figure 12).

In the GR log, geobody 3 is characterised by values
ranging from 85 to 202 API, a mean value of 142 APT and
a cylindrical shape (Figure 12B). Dip tadpole analysis,
based on a total of 31 measurements, shows principally
unidirectional azimuths and low to high dip angles asso-
ciated with lateral accretion surfaces. The predominant
azimuths are towards the south-east, with a mean az-
imuth of N155E, ranging from N138E to N168E based
on an average of measurements from Wells K3-1, K3-2
and K3-4.
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4.4.2 | Interpretation

This geobody is interpreted as a point bar element (sensu
Bridge, 1993) as suggested by the presence of IHS and the
palaeocurrents (Thomas et al., 1987; Shanley et al., 1992;
Dalrymple & Choi, 2007). The basal lag is interpreted as
deposited under high energy conditions along the thalweg
of tidal or fluvio-tidal channels (Dalrymple & Choi, 2007).
Above this, the lithofacies comprising this geobody, mainly
characterised by inclined-bedded heterolithic (HMi) mud-
stones, suggests that the sediment accumulated under
fluctuating energy conditions, which may be due to a
marine influence. The presence of interbedded sandstone
and mudstone shows a subtle rhythmicity, providing evi-
dence for a tidal influence, together with a low-diversity
mixed Mermia-Scoyenia and Cruziana Ichnofacies with
scattered Arenicolites, Taenidum, Thalassinoides and in-
determinate horizontal deposit-feeding burrows, which
support the proximity to a marginal to shallow marine
setting. Geobody 3 is interpreted as having accumulated
within the point bars of a meandering, tide-dominated
channel.

5 | DISCUSSION: TIDAL VERSUS
FLUVIAL POINT BAR

The hydrodynamics and sedimentology of both fully
fluvial and marine environments have been extensively
studied, as have the interaction between tides and riv-
ers in the fluvial-tidal transition zone (Allen, 1991;
Cuevas Gozalo & De Boer, 1991; Dalrymple & Choi, 2007;
Fischbein et al., 2009; Ghosh et al., 2005; Jablonski &
Dalrymple, 2016; La Croix & Dashtgard, 2014; Martinius &
Gowland, 2011; Martinius & Van den Berg, 2011; Sisulak
& Dashtgard, 2012; Van den Berg et al., 2007).

Key aspects differentiating fluvial point bars from
tide-influenced or tide-dominated point bars discussed
in this work include frequency and thickness of mud
layers, grain-size distribution, cyclicity of bedding and
ichnofacies (Table 2). The abundance of these sedi-
mentological features mostly depends on the proximity
of coastal high-sinuosity systems to the sea and con-
sequently, the relative position of the river meanders
in the fluvial-tidal transition zone, which in marginal
marine settings is defined as a transitional zone charac-
terised by a combination of fluvial and tidal processes
(Figure 13A). The inner boundary of this transition zone
is located at the maximum landward limit of tidal in-
fluence, whereas the outer boundary is located at the
maximum seaward limit of fluvial-dominated dynam-
ics (Dalrymple & Choi, 2007; Figure 13A). The seaward
decrease in the intensity of river flow and the seaward

increase in the intensity of tidal currents become the key
to understanding the different sedimentary processes
operating within the fluvial-tidal transition zone.

The frequency and thickness of mud layers consti-
tute a critical point in the sedimentological analysis. A
key aspect regarding this issue is to properly differenti-
ate whether the presence and amount of mud is exclu-
sively controlled by the relative position of point bars in
a fluvial or fluvial-tidal zone with respect to the shore-
line (Figure 13A), or if it is due to energy fluctuations re-
lated to unidirectional flow discharges within a meander
belt. The former case may be characterised in terms of
the difference between regular or extensional point bars
and translating or counter point bars (Smith et al., 2009;
Hubbard et al., 2011; Durkin et al., 2020).

Whereas a regular sandy point bar may present an
increase in shale content, depending on its relative po-
sition with respect to upstream (less mud content) or
downstream location (more mud content), a counter
or translating point bar may present a characteristic
heterolithic to mud-prone fabric, even in a purely flu-
vial setting. A quantitative analysis of the mud layers,
lateral evolution of sedimentary structures and ichno-
facies interpretation may thus become crucial in distin-
guishing between these two cases. A plan view of these
deposits could also provide insight into the convex or
concave-bank shape of these point bars. Regular point
bars are typically deposited under a convex scroll pat-
tern, whereas translating point bars normally present
a characteristic concave scroll pattern, although in this
case, the exposure of the studied deposits is very limited
from this perspective.

As demonstrated by this study, fluvial point bars (point
bar geobody 1) normally present sand-prone facies with
a characteristic fining-upward succession and low to very
low mud content, almost always restricted to the upper
part of the geobody, mostly representing the abandon-
ment of the active channel and subsequent frequent col-
onisation by land flora (Figure 13B). Fluvial deposits of
this type may act as excellent reservoirs in the subsurface
and have been successfully tested as potential reservoirs
for CO, injection and storage (Issautier et al., 2014, 2016;
Gershenzon et al., 2015, 2017; Soltanian, et al., 2019; Sun
et al., 2023).

Downstream, the tidal influence increases as the con-
tinental fluvial plain reaches the fluvial-tidal transition
zone. This is so, as long as both the coastal plain gradi-
ent is sufficiently low and provided there is a reasonable
and effective tidal range, allowing tides to travel upstream
and interact with fluvial processes along the river course.
This is especially highlighted in point bar geobody 2,
where heterolithic layers are seen to increase in volume
by more than 25% in some well sections and also to show
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significantly thicker mudstone drapes over primary sedi-
mentary structures such as trough cross-bedding and cur-

rent ripple cross-lamination.

The presence of mostly inclined heterolithic sand-
stones, but also heterolithic mudstones, between major
lateral accretion surfaces and the frequency of thin

centimetre to decimetre-thick fining-upward sandstone
successions also highlights the role of energy fluctua-
tions mostly associated with tidal interaction in a fluvial-
tidal transition zone (Allen, 1991; Cuevas Gozalo & De
Boer, 1991; Ghosh et al., 2005; Makaske & Weerts, 2005;
Dalrymple & Choi, 2007; Van den Berg et al.,, 2007;
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TABLE 2 Comparative table of the key features differentiating point bars according to their sub-environment identified in this study.

Ichnofacies assemblage and
other bioturbation traces

Frequency and thickness of

mud layers

Repetition of sequences/cyclicity

Grain-size distribution

Point bar sub-environment

Mermia-Scoyenia ichnofacies.

Cyclicity not observed

Thin commonly bioturbated

Fining-upward sandy sequences
Average sand:mud ratio 90:10

Fluvial

Common palaeosols

cm-scale mud layers restricted
towards the upper part of the

sequences

Mixed Mermia-Scoyenia and

Certain repetition of cm-sandy

Mud drapes on primary

Vertically stacked cm-to dm-

Tide-influenced

Cruziana ichnofacies

heterolithic sequences

sedimentary structures and
sandy heterolithics (IHS)

fining-upward sandy to sandy

heterolithic sequences
Average sand:mud ratio 75:25

Certain repetition of cm-muddy Mixed Mermia-Scoyenia and

Mud drapes on primary

Aggradational cm-scale silty to

Tide-dominated

Cruziana ichnofacies

heterolithic sequences

sedimentary structures and
muddy heterolithics (IHS)

muddy heterolithic sequences

Average sand:mud ratio 20:80

Fischbein et al.,, 2009; Martinius & Gowland, 2011;
Martinius & Van den Berg, 2011; Fustic et al., 2012;
Musial et al., 2012; Sisulak & Dashtgard, 2012; La Croix
& Dashtgard, 2014; Carling et al., 2015; Dashtgard & La
Croix, 2015; Diez-Canseco et al., 2015; Keevil et al., 2015;
Jablonski & Dalrymple, 2016).

The vertical evolution of sedimentary structures also
shows a waning trend between sequences bounded by
erosive surfaces, apparently with a certain repetition
under energy fluctuations. The fining-upward grain-size
distribution, presence of IHS and mud drapes is inter-
preted in terms of deposition of tide-influenced point bars
(Figure 13C).

An alternative explanation for the increase of mud
content and heterolithic fabric in these deposits might be
on the basis of a different depositional pattern, perhaps
due to the presence of a high resistive layer on the valley
margin offering resistance to downstream flow, thereby
initiating a translating migration of the point bar and
deposition of a counter point bar (Page & Nanson, 1982;
Nanson & Page, 1983; Smith et al., 2009; Hubbard
et al., 2011; Ghinassi et al., 2016, 2018; Durkin et al., 2020;
Fietz et al., 2021).

However, the generally fine to very fine-grained size,
the moderate to relatively good sorting of sandstones, as-
sociated with not only a long source to sink distance but
also an effective mechanism of sediment washing (such
as waves or tides; Gil-Ortiz et al., 2019, 2022) and the lim-
ited, but characteristic, Mermia-Scoyenia and Crugziana
Ichnofacies present in this geobody all suggest the initial
interpretation of a tide-influenced point bar that is pre-
ferred here.

The point bar geobody 3, shows a lower section mostly
comprising inclined heterolithic mudstone layers and het-
erolithic mudstones interpreted as IHS associated with
deposition of point bars in a protected low-energy setting.
In this case, there is a more than 70% increase in muddy
lithofacies content relative to the tide-influenced point
bar. The sand to mud ratio is around 20:80, highlighting
a major decrease in the energy of the system, showing a
very homogeneous grain-size distribution. Furthermore,
there is also a certain repetition of centimetre-thick, in-
clined heterolithic mudstones and heterolithic mud-
stones showing a cylindrical GR profile associated with
a gentle fining-upward shaly section, interpreted as tide-
dominated point bar and channel deposits in a protected
low energy transitional non-marine to shallow marine
environment (Figure 13D). A mixed Mermia-Scoyenia
and Cruziana ichnofacies assemblage was also identified
supporting the interpretation of a marginal marine setting
close to the shoreline.

Once again, an alternative scenario is also possible,
considering the probable occurrence of counter point
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bar deposits intercalated in a more proximal domain
with fluvial deposits, although the fine-grained to very
fine-grained size and good sorting of sandstones, to-
gether with the additional ichnofossil data from these
deposits, strongly favour a distal fluvial-tidal transition
zone as the more probable setting for the deposition of
this point bar.

6 | CONCLUSIONS

The TIBEM succession shows an exceptional record of
fluvial to tide-dominated high-sinuosity river deposits.
The studied section includes three point bar geobodies
from two selected outcrops; a point bar in the lower con-
tinuous tabular M-S Unit and two other point bars in an
upper incised valley infilling H Unit.

This high-resolution sedimentological study, combin-
ing outcrop and subsurface data, highlights the complex
interaction of depositional processes in channels within
the fluvial-marine transition zone. It also emphasises the
need to establish key criteria that aid in identifying the po-
sition of these channels within the fluvial-marine transi-
tion zone, as this has potentially significant implications
when assessing these geobodies as reservoirs.

On the basis of grain-size distribution, frequency and
thickness of mudstone beds, cyclicity of bedding and
ichnofacies, three different point bar types were identi-
fied, ranging from a fluvial system to a tide-dominated
marginal marine environment. The three types of point
bar geobodies studied exhibit similar dimensions, repre-
senting identical equivalent potential reservoir volumes.
However, the grain-size distribution, clay content and fre-
quency of mud layers, representing potential permeability
barriers/baffles they present, will differ significantly be-
tween the point bar types.

The fluvial point bar (Point bar geobody 1) is the geobody
with the least heterogeneity from the three studied, charac-
terised by fining-upward sandy sequences and a sand:mud
ratio of 90:10. The tide-influenced point bar (Point bar geo-
body 2) exhibits heterogeneous facies at the base, while
sandy facies predominate towards the top. This is charac-
terised by vertically stacked decimetre to centimetre-thick
fining-upward sandy to sandy heterolithic sequences and
a sand:mud ratio of 75:25. In contrast, the tide-dominated
point bar (Point bar geobody 3) is characterised by aggra-
dational centimetre-scale, silty to muddy heterolithic se-
quences and a sand:mud ratio of 20:80, presenting purely
sandy facies only at its base. This point bar geobody may
represent a potential lateral barrier of some significance
when considering it as reservoir in the subsurface.

The presence of mud drapes as potential permeability
barriers/baffles is also important, predominant in both

the fluvial point bar (Point bar geobody 1) and the tide-
influenced point bar (Point bar geobody 2). However,
thicker mud layers, as well as the presence of paired sand
and mud layers, are typical in the tide-dominated point
bar and the tide-influenced point bar (Point bar geobody
3 and 2, respectively), especially towards the base of the
latter. In contrast, the fluvial point bar (Point bar geo-
body 1) shows only thin and rare mud layers, restricted
to the top of these deposits, representing the abandon-
ment of the channel and associated with the common
occurrence of palaeosol development. The presence of
paired sand and mud layers has not been observed in this
point bar.

In conclusion, fluvial point bars and tide-influenced
point bars would form the best reservoir geobodies in
fluvial to fluvial-tidal transition zones, showing the
best facies in terms of reservoir quality. However, it is
worth noting that the presence of mud drapes may im-
pede internal lateral continuity. Tide-dominated point
bars, in contrast, given the greater potential for flow
baffles/barriers and notably lower net to gross, should
be carefully characterised and identified in the subsur-
face to properly manage reservoir capacity and fluid
flow evolution.
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