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ABSTRACT 14 

The heterogeneity of a deep marine slope channel complex is investigated through the acquisition 15 

of fifty sedimentary logs across three high-quality exposures of the late Tortonian Tachrift Complex 16 

5, which constitutes part of the Neogene sedimentary infill of the Taza-Guercif Basin, NE Morocco. 17 

Various metrics extracted from log data (net-to-gross, amalgamation ratio, facies proportions, etc.) 18 

are processed to assess heterogeneity trends across the studied deposits. Sedimentological and 19 

stratigraphic analysis indicate that the exposures constitute upstream and downstream parts of a 20 

large-scale, left-turning channel bend. Sedimentary facies comprise different types of amalgamated 21 

sandstones, heterolithic and mud-rich sediments, grouped in channel-fill and overbank facies 22 

associations. Architectural elements recognized in channel-fill deposits are mainly lateral-accretion 23 

packages (LAPs), with additional elements recognized and recorded for the first time, representing 24 

different depositional settings across the channel bend, such as outer-bank bars and inner- to outer-25 

bank transition bars. Analysis of heterogeneity metrics indicates the occurrence of two main types 26 
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of LAP, which vary depending on their upstream or downstream position across the bend, each with 27 

different internal heterogeneity (e.g., mean and lateral trends of net-to-gross, facies proportions, etc.) 28 

when compared with other elements deposited across the channel. The range and spatial 29 

arrangement of heterogeneity metrics observed could serve as an analog for assessing 30 

heterogeneity across channel bends of similar slope channel fills in the subsurface. 31 

 32 

INTRODUCTION 33 

Deep marine slope channel systems are large-scale (10’s to 100’s kms long and several to hundreds 34 

of meters thick) depositional units formed by sediments transported and deposited by powerful 35 

subaqueous gravity flows running down the continental slope (Mayall and Stewart 2000). They are 36 

usually formed down-slope of a submarine canyon, developing a series of stacked, spatially 37 

extensive and volumetrically large sand-rich deposits of channels, usually flanked by wedge-shaped 38 

related finer-grained overbank sediments (Walker 1975; Mutti and Normark 1987; Deptuck et al. 39 

2003; Macauley and Hubbard 2013; Hubbard et al. 2014; Deptuck and Sylvester 2018; Hubbard et 40 

al. 2020). Slope channel systems are characterized by significant depositional complexity typified by 41 

the close juxtaposition of thick- to thin-bedded and coarse- to very fine-grained deposits (Macauley 42 

and Hubbard 2013; Hubbard et al. 2014; 2020; Tek et al. 2021; Bozetti et al. 2023). Complex internal 43 

architecture and geometries of channel-levee sediments are due to many reasons such as channel 44 

sinuosity and erosion, sediment type and grain size, flow intensity and rheological characteristics, 45 

slope grade and topography, tectonic setting, etc. (Kolla et al. 2007; McHargue et al. 2011; Sylvester 46 

et al. 2011; Janocko et al. 2013a; Jobe et al. 2015; Sylvester and Covault 2016; Crisóstomo-Figueroa 47 

et al. 2024). 48 

Many contributions in geoscience research during recent years have been dedicated to slope 49 

channel systems, since in many cases their deposits are shown to host hydrocarbon reservoirs, and 50 

are also characterized by a great capacity for potential subsurface gas storage (Bruhn and Walker 51 

1997; Weimer et al. 2000; Kolla et al. 2001; Prather 2003; Mayall et al. 2006). Large-scale slope 52 

channels also are the main pathways of sediment transfer from continental areas to the deep marine 53 

basins (Piper and Aksu 1987; Talling et al. 2007; Ruffell et al. 2024), hence their internal architecture 54 
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and depositional characteristics are also of great interest for scientific research regarding 55 

environmental issues, such as submarine transfer and distribution of pollutants (e.g., microplastics) 56 

or organic carbon (McArthur et al. 2016; Kane and Clare 2019). Consequently, knowledge of the 57 

internal heterogeneity of slope channel systems is of importance in improving predictability and 58 

reducing uncertainty of crucial parameters (such as volume of possible reserves present, reservoir-59 

body geometry, connectivity, and compartmentalization), especially when dealing with costly 60 

offshore cases of hydrocarbon exploration and/or carbon capture and storage (CCS) projects. 61 

A particular feature of deep marine channels is their sinuous character (Kolla et al. 2007; Wynn 62 

et al. 2007), which creates extremely complex depositional sequences, formed by continuous lateral 63 

and/or downdip evolution of the channel (lateral accretion, channel sweep or swing) and also by the 64 

subsequent high aggradation rate of the whole submarine channel-levee depositional system, which 65 

is generally much larger than that observed in fluvial systems (Peakall et al. 2000; McHargue et al. 66 

2011; Sylvester et al. 2011; Jobe et al. 2016). The size of resulting submarine channel bends due to 67 

sinuosity does show a scaling relationship with channel size, as in fluvial channels (Clark et al. 1992; 68 

Crisóstomo-Figueroa et al. 2024), but generally submarine channels tend to be wider than their 69 

fluvial counterparts (Pirmez and Imran 2003). However, the size and degree of sinuosity and the 70 

evolution of channel bends are also controlled by the main avulsion processes that drive the 71 

evolution of the submarine channel-levee system through time, and which can abruptly terminate 72 

channel development (Kolla 2007; Maier et al. 2013). 73 

A large amount of field and subsurface-data studies during the last 30 years, along with recent 74 

advances in submarine imaging technology and geophysical instrumentation, allowed the scientific 75 

community to better observe a large variety of fine-scale depositional features both in and adjacent 76 

to (both ancient and recent) submarine channel deposits. These features range from thalweg scours, 77 

plugs and knickpoints to near-thalweg terraces and inner levees, along with features related to the 78 

channel-belt-bounding (outer) levee outside of the channel crest, like crevasse splays, sediment 79 

waves, splay lobes etc. (Clark and Pickering 1996; Deptuck et al. 2003; Babonneau et al. 2004; 80 

Deptuck et al. 2007; Nakajima et al. 2009; Hansen et al. 2015; Sylvester and Covault 2016; Kneller 81 

et al. 2020; Tek et al. 2022; Lobato et al. this volume). Additionally, regarding submarine-channel 82 
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evolution and deposition around channel bends, specific trends of channel migration have been 83 

shown by several outcrop and subsurface studies, revealing a systematic trend of outer-bend erosion 84 

and inner-bend deposition with subsequent formation of laterally migrating and accreting deposits 85 

(Elliott 2000; Abreu et al. 2003; Lien et al. 2003; Arnott 2007; Kolla et al. 2007; Reimchen et al. 86 

2016). Initial observations of laterally migrating deposits across submarine channel bends, mainly in 87 

seismic profiles and outcrop exposures, led to the introduction of the term lateral-accretion packages 88 

and/or deposits (LAPs or LADs, see also Abreu et al. 2003; Arnott 2007). These channel-fill deposits 89 

usually exhibit a general trend of gently dipping, coarse-grained, high net-to-gross and amalgamated 90 

sandstone and/or conglomeratic beds abruptly ending at a channel base, with finer-grained 91 

sediments on the one side (outer- or cut-bank), and interfingering with thin-bedded, low-density 92 

turbidites on the other (inner-bank) side (Arnott 2007). Several later studies have highlighted the 93 

wide variety and complexity of sedimentary facies that can be encountered in LAPs (Dykstra and 94 

Kneller 2009; Kane et al. 2009; Nakajima et al. 2009; Khan and Arnott 2011; Gamberi et al. 2013; 95 

Janocko et al. 2013a; Arnott et al. 2021; Tinterri and Civa 2021; Reguzzi et al. 2023; Zuffetti et al. 96 

2023). Also, experimental studies have shown many differences in sedimentation near channel 97 

bends between submarine and fluvial channels, with the former creating a variety of bar-like deposits 98 

(apart from point bars) such as transition and counter or outer-bank bars (Straub et al. 2011; Janocko 99 

et al. 2013b; Peakall and Sumner 2015) and generally creating depositional bars in more 100 

downstream positions of the inner bend compared to subaerial fluvial channels (Peakall et al. 2007). 101 

Channel bends are categorized as either right-turning or left-turning, based on their downstream 102 

curvature direction. Regarding more complex terminologies related to channel bends, their 103 

constituent regions, and associated deposits, the terms inner and outer refer respectively to the 104 

point-bar side and the cut-bank side of a bend. The point of maximum curvature, known as the bend 105 

apex, separates the upstream and downstream regions of the bend (Janocko et al. 2013b). 106 

Transition zones, relatively broad areas where curvature gradually shifts across the inflection point, 107 

divide two successive bends with opposite curvatures. The term “bar” denotes a constructional 108 

(depositional) macroform that is approximately as long as the channel width and exhibits a positive 109 

topographic elevation relative to the channel thalweg (Nakajima et al. 2009). Following the 110 
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classification by Janocko et al. (2013b), bank-attached bars are further identified as “point bars”, 111 

“outer-bank bars”, and transitional forms such as “inner-to-outer-bank” and “outer-to-inner-bank” 112 

bars, depending on their positional relationship with the banks. Additionally, outer-bank bars are 113 

subcategorized into “up-apex” and “down-apex” types.  114 

Many previous studies have tried to assess the depositional and facies heterogeneity that can 115 

be encountered in submarine channel-levee deposits, especially towards quantitative 116 

characterization of observed facies, facies transitions, and depositional settings (Kane et al. 2007; 117 

Schwarz and Arnott 2007; Kane et al. 2009; Pringle et al. 2010; Pyles et al. 2010; Kane and Hodgson 118 

2011; Funk et al. 2012; Moody et al. 2012; Macauley and Hubbard 2013; Nakajima and Kneller 2013; 119 

Hansen et al. 2015; Li et al. 2016; Morris et al. 2016; Hansen et al. 2017; Li et al. 2018; Fryer and 120 

Jobe 2019; Bell et al. 2020). However, internal heterogeneity of submarine-channel LAPs and related 121 

deposits accumulating at the bends of sinuous channels is still poorly constrained, although bar-like 122 

and laterally accreting deposit geometries appear to be very common in seismic imaging of 123 

subsurface analogues, with few published examples showing fine-scale quantitative facies patterns 124 

across deposits of submarine channel bends both in outcrop and in the subsurface (Nakajima et al. 125 

2009; Babonneau et al. 2010; Pyles et al. 2010). 126 

The wonderfully exposed outcrops of Channel Complex 5 belonging to the late Tortonian Tachrift 127 

Turbidite System, part of the Neogene infill of the Taza-Guercif Basin of NE Morocco (Felletti et al. 128 

2020; 2023), offer an opportunity to document the lateral and vertical heterogeneity in an ~ 1-km-129 

wide and 25-m-thick channel complex. The studied channel complex is comprising of a number of 130 

stratigraphic units which are interpreted to represent sediment accumulation across a large-scale 131 

channel bend that evolved through time (see also Marini et al., this volume). Fifty closely spaced 132 

logs of the outcrops provide a robust dataset of parameters such as bed thickness, grain size, net-133 

to-gross, amalgamation ratio, facies proportions, etc., trends of which are observed across the 134 

studied deposits. Overall, the goal of the present study is to use this unique log dataset to provide 135 

documentation and quantification of internal heterogeneity patterns across both lateral (strike-136 

oriented) or longitudinal (down-dip-oriented) transects of this large-scale submarine-channel bend.  137 

It is important to also note that the aim of this study is not to replicate every detail of the observed 138 
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outcrop heterogeneity in static reservoir models. Instead, we focus on documenting key architectural 139 

and facies heterogeneity patterns that can inform the simplification and upscaling processes required 140 

for reservoir modeling. By identifying lateral and longitudinal trends, such as net-to-gross variability, 141 

facies proportions, and amalgamation ratios across a large-scale channel bend, we aim to highlight 142 

the critical elements that influence flow behavior.  143 

 144 

GEOLOGICAL SETTING 145 

The Rifian Corridor of NE Morocco (Flecker et al. 2015; Capella et al. 2018), represents a remnant 146 

of the Rif foreland basin, a large-scale structure which was part of a series of ancient relatively narrow 147 

seaways connecting the Atlantic Ocean to the Mediterranean sea during the late Miocene (Bernini 148 

et al. 1999; Gelati et al. 2000; Sani et al. 2000; Capella et al. 2017; 2019). At present, the Rifian 149 

Corridor is composed of the infills of three main sedimentary basins: the Gharb, Fes-Meknes and 150 

Taza-Guercif Basins (Fig. 1A). The latter was established in the early Tortonian as the result of 151 

flexural loading by the advancing thrust sheets of the Rif foreland, combined with concurrent 152 

reactivation of Middle Atlas tectonic structures (Bernini et al. 2000; Gelati et al. 2000; Sani et al. 153 

2000; Capella et al. 2017).  154 

In the area of the Taza-Guercif Basin (Fig. 1B), subsidence started in the late Tortonian (Krijgsman 155 

et al. 1999), resulting in marine transgression and accumulation of shallow marine deposits (Ras El 156 

Ksar Formation) locally overlying alluvial sediments (Draa Sidi Saada Formation, Benzaquen 1965; 157 

Bernini et al. 2000; Gelati et al. 2000), (Figs. 1B, C). The overlying Melloulou Formation (also referred 158 

as  "Melloulou Unit", Gelati et al. 2000),  represents the culmination of transgression and the 159 

maximum deepening of the basin, and is consisting of a succession of interbedded hemipelagic 160 

marlstones and turbidites (Bernini et al. 1999; Gelati et al. 2000; Sani et al. 2000; Krijgsman and 161 

Langereis 2000). The subsequent closure of the Rifian Corridor during the early Messinian led to a 162 

tectonically controlled regression, successive shallowing, and final emersion of the Taza-Guercif 163 

Basin (Krijgsman et al. 1999; Krijgsman and Langereis 2000; Capella et al. 2017; 2018), typified by 164 

deposition of the upper “Gypsiferous Marls Subunit” of the Melloulou Formation (Gelati et al. 2000) 165 

and of the overlying shallow marine to continental Kef Ed Debe Formation (Sani et al. 2000). 166 
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The Tachrift Turbidite System 167 

In the southern part of the Taza-Guercif Basin, Melloulou Formation turbidite deposits crop out to 168 

the west and east of the Zobzit river, forming two distinct turbidite systems, the El Rhirane and the 169 

Tachrift systems respectively (Gelati et al. 2000) (Fig. 1B). Recent provenance studies indicate that 170 

both turbidite systems had a southernly located source originating from the Middle Atlas area (Pratt 171 

et al. 2016). The stratigraphic relationship between these two turbidite systems is still poorly 172 

understood, due to recent cover and presence of faults (Fig. 1B), but based on their lateral 173 

relationship and structural reconstructions, it was suggested that the El Rhirane system is probably 174 

older (Gelati et al. 2000). 175 

The Tachrift system is composed of a ca. 600-m-thick turbidite succession (Fig. 1C) of alternating 176 

channelized turbidites and hemipelagic marlstones (Bernini et al. 1994; Gelati et al. 2000; Felletti et 177 

al. 2020). Magnetostratigraphic and biostratigraphic studies conducted in the area during the late 178 

1990s (Krijgsman et al. 1999; Krijgsman and Langereis 2000) indicate that Tachrift system 179 

sediments were deposited within a time frame between 7.7 and 7.2 Ma with an increasing 180 

accumulation rate from late Tortonian to early Messinian. Krijgsman et al. (1999) initially recognized 181 

fifteen main turbidite layers in the Tachrift system which have been recently remapped as nine 182 

channel-levee turbidite complexes (sensu Gardner et al. 2003) (Fig. 1C) by Felletti et al. (2020). 183 

These complexes are interpreted as the depositional product of several turbidite channel belts 184 

developed along the southern bounding slope of the Taza-Guercif Basin. The ca. 25-m-thick 185 

Complex 5 occurs among these channel complexes, at the middle part of the Tachrift system 186 

stratigraphy, which is considered to have a  late Tortonian age as indicated by magnetostratigraphy 187 

(Krijgsman and Langereis, 2000). Complex 5 sediments can be observed along a ca. 1-km-long 188 

series of very well exposed outcrop transects east of the Zobzit river, exhibiting a bipartite 189 

stratigraphy (Fig. 2), consisting of a lower ca. 20-m-thick main sand-rich channel body (which is the 190 

focus of the current study) and an upper mud-rich interval into which three thin-bedded sandstone 191 

bedsets are intercalated. A main paleoflow trend towards the N-NE (perpendicularly oriented to the 192 

outcrops) is observed along Complex 5 (Marini et al., this volume), also recorded in recent studies 193 

of Tachrift system sediments (Felletti et al. 2023; Reguzzi et al. 2023).  194 
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 195 

METHODS 196 

Field Logging and Data Collection 197 

Tachrift Complex 5 channel-levee deposits are investigated by acquiring and correlating around fifty 198 

closely spaced (average spacing is ca. 50 m) sedimentary logs from three main outcrops (Figs. 1D, 199 

2). Log measurements were performed by making a combined use of a tape measure for individual 200 

bed thicknesses and a Jacob’s staff with laser sighting capability (Patacci 2016) for thicker and/or 201 

mud-rich log intervals. Log descriptions are made until a cut-off thickness of 1 cm, and included 202 

information such as bed thickness, lithology, estimation of grain size (using a comparator and a hand 203 

lens), type of sedimentary structures, paleoflow directions from sole marks and ripple marks, 204 

oxidation, and bioturbation intensity. In the thicker-bedded and coarser parts of the studied channel-205 

levee succession, characterized by frequent presence of amalgamation surfaces (sandstone-on-206 

sandstone erosional contacts), boundaries of separate event sandstone beds were carefully 207 

identified by detecting characteristic grain-size changes and erosional features (Sylvester 2007; 208 

Pantopoulos et al. 2018). Stratigraphic logs are correlated by walking out event beds between 209 

adjacent localities. Correlations of sedimentary bodies across different outcrops (where physical 210 

correlation through walking along beds is impossible) is based on their stratigraphic position relative 211 

to a distinctive and laterally continuous turbidite bed occurring close to the base or, alternatively, to 212 

the midpoint of a channelized bed set located a few meters above the top of the main part of the 213 

studied channel-levee complex (bed set 5.1 in Fig. 2). The collected graphic logs were subsequently 214 

digitized using a drawing software and extraction of quantitative data (bed thickness, grain size, etc.) 215 

is performed using EasyCore® digital core-description software.  216 

Heterogeneity Metrics 217 

A range of parameters were calculated using field logging data, to investigate the internal 218 

heterogeneity of the studied channel-levee complex, which included i) bed thickness, ii) mean and 219 

basal grain size, iii) facies thickness proportion, iv) net-to-gross, v) amalgamation ratio, and vi) 220 

thickness percentage of mud intraclast horizons. Bed thickness data was obtained from 221 

measurement of logged sandstone and mudstone bed thicknesses to a resolution of 1 cm. The term 222 
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“bed” used by the present study refers to the sandstone or mudstone lithological part of a turbidite 223 

measured in the field, and not to the overall depositional turbidite, which potentially grades from sand 224 

to silt and then to mudstone, which is referred as a “turbidite event”. For each log, grain-size data 225 

originating from the basal part of each bed, as well as from successive grain-size measurements at 226 

1 mm intervals from the base to the top of each event bed (using EasyCore log digitizing software) 227 

is used to calculate a range of basal and “bed mean” grain-size data for every bed, the variability of 228 

which in a log interval is later analyzed. Similar techniques of log digitizing and data extraction were 229 

also recently proposed by Jobe et al. (2021). Proportions of sedimentary facies are also investigated, 230 

determined as stratigraphic thickness percentage of the observed facies (defined by 231 

sedimentological characteristics during logging) in a particular stratigraphic interval. Details 232 

regarding types of facies observed in the field and their classification can be found in the following 233 

sections. The percentage of total sandstone thickness to total stratigraphic thickness for each log is 234 

calculated and will be referred as net-to-gross based on similar terminology used in previous works 235 

regarding heterogeneity of deep marine turbidite deposits (Fryer and Jobe 2019; Kus et al. 2022). 236 

Net-to-gross trends can be useful for observing vertical and lateral trends in sand content 237 

(Macdonald et al. 2011; Kus et al. 2022). Amalgamation ratio is determined as percentage 238 

transformation of the ratio of number of amalgamation surfaces divided by the total number of event 239 

beds in a given stratigraphic interval (Romans et al. 2009). Another logging parameter that is 240 

quantified and processed is the thickness of mud-intraclast-rich horizons (mud-clast breccias as well 241 

as mud-clast concentrated layers incorporated in many sandstone beds) in sand-rich intervals of the 242 

studied sediments, expressed as the percentage of the ratio of total mud-clast-layer thicknesses 243 

divided by the total stratigraphic thickness in a studied interval. The above parameters were 244 

statistically processed and plotted utilizing box-and-whisker plots (especially for measurements of 245 

bed thickness and grain size for illustrating median values and distribution variability), simple biplots 246 

(for net-to-gross, amalgamation ratio and mud-intraclast horizon-thicknesses) and stacked-bar 247 

charts for highlighting variability of facies thickness proportion. Plotting and analyses are performed 248 

using R Statistical Software (v4.2.2; R Core Team 2022).     249 

 250 
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RESULTS 251 

Stratigraphic Units 252 

Complex 5 is exposed along a ca. 1-km-long outcrop belt consisting of three main outcrops, which 253 

in the following text will be referred to as North, Southwest, and Southeast Outcrops (Figs. 1D, 2, 3). 254 

The main exposure of Complex 5 is best observed along the North Outcrop and is subdivided into 255 

four main stratigraphic divisions (which will be further referred as Units) based on major erosional 256 

surfaces, large-scale vertical changes in sedimentary facies, and lateral stratigraphic relationships 257 

(Fig. 2). Limits of stratigraphic Units are propagated from the North to Southwest and Southeast 258 

Outcrops, based on stratigraphic correlations and larger-scale stratigraphic relationships observed 259 

between the units. Groups of beds across the complex with similar sedimentological characteristics 260 

are classified as similar sedimentary facies (Table 1), which in turn are grouped in larger facies 261 

associations, each containing a range of architectural elements (Fig. 4, see also Marini et al., this 262 

volume). 263 

Sedimentary Facies 264 

Based on bed thickness, grain size, and sedimentary structures, seven main sedimentary facies (F1-265 

F7) are identified in Complex 5 that are related with depositional processes and the classical facies 266 

schemes for turbidite and sediment-gravity-flow deposits proposed by Bouma (1962), Lowe (1982), 267 

and Mutti (1992). The main sedimentary and outcrop characteristics of the seven identified facies 268 

are briefly described and presented in Table 1.  269 

Facies Associations and Architectural Elements 270 

Based on bed correlations and depositional geometries (Fig. 3; see also Marini et al., this volume), 271 

the recognized sedimentary facies are grouped into seven facies associations (FAs) representing 272 

parts of channel-fill (FA1-FA5) and overbank architectural elements (FA6, FA7). Facies associations 273 

are composed of groups of individual beds with similar sedimentological characteristics and 274 

organized by decreasing sandstone bed thickness and grain size (Figs. 4, 5, 6). These are  i) mud-275 

clast-rich channel-fill sandstones (FA1), ii) trough-cross-stratified channel-fill sandstones (FA2), iii) 276 

sand-rich channel-fill heterolithics (FA3), iv) mud-rich channel-fill heterolithics (FA4), v) channel-277 

margin deposits (FA5), vi) proximal overbank deposits (FA6), and vii) distal overbank deposits (FA7). 278 
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The four genetic units identified across the complex (labelled 1 to 4, from older to younger) range 279 

from a few meters to several meters in thickness and could be also identified in the Southwest and 280 

Southeast Outcrops (Fig. 2) based on their stratigraphic position relative to one or more datum 281 

planes, major erosional surfaces, and major changes in facies composition.  282 

Unit 1 --- The Unit is composed mainly of channel-fill facies associations (FA2, FA3) which pass 283 

rapidly into nonchannelized muddy overbank facies (FA6) at more eastward localities (24-25 and 62-284 

63 at the North and Southwest Outcrop respectively, Fig. 2). Channel-fill FAs (especially between 285 

localities 17-20 and 67 to 65) are composed of laterally accreting bed sets reflecting sediment 286 

accumulation at the inner bank of a meandering channel (sensu Abreu et al. 2003; Li et al. 2016; 287 

see also Marini et al., this volume). Since the observed bed sets exhibit an east- to southeast-288 

directed accretion trend, and the main paleocurrent direction is towards N-NE, the accumulation of 289 

Unit 1 deposits in a bar at a left-turning bend of a channel is deduced. Mud-rich facies adjacent to 290 

the eastern margin of the latter channel are probably part of a levee that gradually created a muddy 291 

sediment buildup at the outer bank of the channel bend.  292 

Unit 2 --- Deposits of this unit are composed mainly of channel-fill facies associations consisting of 293 

amalgamated to non-amalgamated sandstones (facies FA1, FA2, and FA5). Similarly to the 294 

underlying Unit 1, these channel-fill FAs pass laterally into muddy overbank deposits (FA6) at more 295 

eastern localities of both the North and Southwest Outcrops, where probably a levee depositional 296 

setting had been established (Marini et al., this volume). At Southwest Outcrop localities, (where the 297 

unit is not well-preserved due to erosion), Unit 2 is composed mainly of thick- to medium-bedded, 298 

amalgamated sandstones with deeply scoured bases. Due to the latter, is difficult to infer if these 299 

deposits are laterally accreting. In contrast, Unit 2 at North Outcrop localities is characterized by 300 

well-stratified, thick-bedded facies which exhibit a sigmoidal cross-sectional profile and 301 

aggradational geometries. The latter observations suggest that this Unit at North Outcrop areas may 302 

represent deposits of a bar developed at the outer bank of a left-turning channel bend (Marini et al., 303 

this volume), similar to larger-scale features observed mainly in the subsurface by previous studies 304 

(Nakajima et al. 2009). 305 
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Unit 3 --- The bulk of Unit 3 sediments is made up mostly of channel-fill facies associations (Fig. 4) 306 

which are laterally replaced by non-channelized, muddy facies associations (FA6) at more eastern 307 

localities (Fig. 2). These muddy FAs are probably in continuity with underlying muddy levee facies 308 

observed for Units 1 and 2. A general migration trend towards the east-southeast is observed for 309 

Unit 3 channel-fill facies associations at Southwest Outcrop localities (Fig. 3C), largely orthogonal to 310 

the main paleoflow, suggesting a similar migration of the channel pathway, which correlates with the 311 

accumulation of laterally accreting deposits at the southeastern part of the North Outcrop (especially 312 

between localities 27 and 30, Fig. 3B). The latter observations suggest possible accumulation of Unit 313 

3 deposits onto the accreting inner bank of a left-turning channel bend in continuity with underlying 314 

units (Marini et al., this volume).  315 

Unit 4 --- This Unit is characterized by both channel-fill and overbank facies associations (Fig. 4) 316 

with the former exhibiting laterally accreting deposits, implying its deposition in a meandering, 317 

leveed-channel setting probably established to the east-southeast of underlying channel-filling 318 

deposits (Marini et al., this volume). Deposition of this unit probably occurred on a pre-existing 319 

channel topography and represents a major reorganisation of the channel system towards the east-320 

southeast after a major erosional phase (Marini et al., this volume). 321 

Depositional Evolution 322 

Fieldwork observations combined with previous sedimentological interpretations indicate that 323 

observed deposits of channel-fill facies associations of Channel Complex 5 probably represent a 324 

range of bar-like deposits formed across the bend of a meandering sinuous channel (Marini et al., 325 

this volume). In order to determine the type of depositional setting across the channel’s bend, various 326 

information such as paleoflow trends as well as accretion directions and levee location in relation to 327 

the channel's pathway are utilized, and a paleogeographic reconstruction of the channel’s complex 328 

evolution through deposition of Units 1 to 4 is created (Fig. 7; for more details see also Marini et al., 329 

this volume). The proposed evolutionary model incorporates the deposits of Units 1-3 at Southwest 330 

and North Outcrop localities as upstream and downstream parts respectively of a large-scale left-331 

turning channel bend. Depositional scenarios for the evolution of Unit 4 (which reflects the final 332 
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stages of the evolution of Complex 5) were also considered in the proposed evolutionary model (Fig. 333 

7), but since its deposits are poorly preserved it is not further discussed in this work. 334 

Descriptive Statistics of Fieldwork Logging 335 

Fieldwork logging involved the detailed description of more than 2400 sandstone and 1600 mudstone 336 

beds respectively for all studied outcrops across Tachrift Complex 5 (Table 2). Mean sandstone 337 

thickness ranges from 10 to 22 cm depending on the stratigraphic unit (Table 2), with a maximum 338 

observed thickness of 200 cm. Mean mudstone thickness ranges between 7 and 17 cm with a 339 

maximum of 260 cm (mainly observed locally at the upper stratigraphic levels of the complex). The 340 

mean basal grain size of sandstone is medium sand, ranging between 0.3 and 0.4 mm for all studied 341 

logs (Table 2). In general, there is a decrease in mean sandstone thickness as well as sandstone 342 

thickness variance and basal grain size, from upstream (Southeast and Southwest) to downstream 343 

(North) outcrops for all Units except Unit 2, which exhibits an opposite trend (Table 2). In contrast, 344 

mean mudstone thickness as well as thickness variation shows a more complex pattern of 345 

downstream increase for Units 2 and 4, a downstream decrease for Unit 3, while mudstone 346 

thicknesses for Unit 1 show a stable downstream trend (Table 2). Regarding specific trends for the 347 

whole stratigraphic units, a tendency for the lower three units of having thicker and coarser 348 

sandstone and thinner mudstone beds is observed, in relation with the upper stratigraphic unit (Unit 349 

4) which is generally more thin-bedded and finer in grain size (Table 2). Unit 2 exhibits larger values 350 

of mean sandstone thickness (~ 22 cm), thickness variance, and basal grain size, as well as lower 351 

values of mudstone thickness and variation in relation with Units 1 and 3.  352 

Patterns of Internal Heterogeneity 353 

Besides general trends in descriptive statistics of logging data (bed thickness, grain size, etc.), 354 

tendencies in sedimentary heterogeneity metrics such as net-to-gross, amalgamation ratio, mud-355 

clast-horizon thickness and facies proportions are also explored. These tendencies are observed i) 356 

for the whole stratigraphic Units, ii) across individual stratigraphic Units, and for iii) contained 357 

architectural elements respectively. The analysis of the tendencies across Units will be focused on 358 

Units 1-3 (and their architectural elements) which constitute the bulk of Tachrift Channel Complex 5 359 
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sediments and mainly represent sedimentation across different settings of a slope-channel bend 360 

(Marini et al., this volume).  361 

General Heterogeneity Trends for Stratigraphic Units ---  362 

Net-to-gross and related metrics: Internal heterogeneity metrics based on simple ratios show 363 

variable trends across the studied channel complex for both upstream and downstream outcrops. 364 

The four stratigraphic units observed exhibit differences in heterogeneity patterns, with Unit 2 having 365 

larger values of net-to-gross and amalgamation ratio, along with more abundant occurrences of mud-366 

clast horizons compared with the other packages (Table 3). In general, mean values of net-to-gross, 367 

amalgamation ratio, and mud-clast-horizon thickness seem to decrease downstream in all 368 

stratigraphic units. More particularly, mean net-to-gross (NG) ranges from ~ 60 to ~ 85% in upstream 369 

outcrops to the south, decreasing to a range of 25-80% in northern downstream outcrops, with Unit 370 

4 exhibiting the lowest values. Amalgamation ratio (AR) is characterized by elevated mean values 371 

in southern outcrops (~ 28-68%), decreasing to a range of ~ 10-40% in the north (Table 3). Mean 372 

mud-clast-horizon thickness percentage (MHTP) ranges from ~ 5 to 23% in the south, diminishing 373 

to ~ 0.9-7.6% in northern more distal outcrops (Table 3). Regarding the distribution of heterogeneity 374 

metrics, boxplots of calculated values both for all outcrops studied and individual units respectively, 375 

show different tendencies for stratigraphic units sampled (Fig. 8). More particularly, Unit 2 shows 376 

higher median NG with smaller variations (at least for the 25th to 75th percentile) along with 377 

significantly elevated and variable AR and MHTP values, while both Units 1 and 3 exhibit medium to 378 

high NG (characterized by larger values and variation for Unit 3), accompanied with noticeable 379 

variation in AR values and MHTP occurrence (especially for Unit 3). Unit 4 displays lower and less 380 

variable NG, AR, and MHTP apart from southern more proximal outcrops, which show a rather 381 

elevated and variable AR pattern (Fig. 8).  382 

Facies: Spatial and lateral distribution of sedimentary facies associations is observed through the 383 

creation of a stratigraphic panel with correlated FAs between logs (Fig. 9). The increased abundance 384 

of channel-fill sandstone FAs (FA1, FA2, and FA5) at the upstream Southwest Outcrop (especially 385 

for Units 2 and 3) can be visually observed, along with an additional increased abundance of sandy 386 

amalgamated FAs at the SE part of the downstream North Outcrop (Fig. 9). Heterolithic FAs (FA3 387 
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and FA4) are more abundant at the NW part of the North Outcrop (Fig. 9). Variation in facies 388 

observed is also explored based on data from all outcrops studied. Boxplots of variation based on 389 

facies thickness percentages from each log (Fig. 10A) display different trends between stratigraphic 390 

units: Units 1 and 3 show larger variation in thickness proportion both in mud-rich and in sand-rich 391 

channel-fill heterolithics (FA3 and FA4) as well as in trough cross-stratified channel-fill sandstones 392 

(FA2) and channel-margin facies (FA5). Unit 3 also exhibits large variation of proximal overbank FAs 393 

(FA6) and an abundance of mud-clast-rich channel-fill sandstones (FA1) in relation to Unit 1. Unit 2 394 

is characterized by a significantly larger abundance and variation in mud-clast-rich channel-fill 395 

sandstones (FA1), as well as larger thickness proportions of channel-margin sandstones (FA5). Unit 396 

4 is dominated mainly by trough cross-stratified channel-fill sandstone facies (FA2) and exhibits the 397 

larger thickness proportions of overbank facies (FA6). The previous observations are also validated 398 

by pie charts showing the mean FA percentage for each stratigraphic unit (Fig. 10B). 399 

Heterogeneity trends across stratigraphic Units 1-3 ---  400 

Unit 1: At the more proximal Southwest Outcrop, Unit 1 shows a gradual decrease in sandstone 401 

thickness towards the E-SE, along with a concurrent increase in mudstone thickness and variation 402 

respectively. Grain size also follows a decreasing trend towards the E-SE, along with net-to-gross 403 

(NG), amalgamation ratio (AR) and mud-clast horizon thickness-percentage (MHTP) values (Fig. 404 

11).  Facies-thickness proportion displays a main presence of trough cross-stratified sandstone 405 

(FA2) at the western logs (with more than 40-50% thickness proportion) with subsequent dominance 406 

of sand-rich channel-fill heteroltihics (FA3) towards the E-SE. Sandstone thickness at North Outcrop 407 

also shows a decreasing trend towards the ESE, but with elevated values at the central parts of the 408 

outcrop (logs 17-20, Fig. 12).  The same trend holds also for grain size, which is also elevated around 409 

logs 24-26 (probably due to log incompleteness of poorly exposed lower thin-bedded parts). Net-to-410 

gross displays a slight increasing pattern moving from western to more eastern logs, until a more 411 

stable trend appears (with values above 50%) before quickly diminishing to the east (after log 25, 412 

Fig. 12). AR shows elevated values at the central part of the outcrop again diminishing towards the 413 

east, while MHTP increases especially near eastern logs, before completely diminishing (Fig. 12). 414 

Facies proportions are dominated by sand-rich channel-fill heterolithic facies (FA3) at the western 415 
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part of the northern outcrop, passing to more trough cross-stratified and channel-margin facies (FA2 416 

and FA5) to the central and eastern part, with overbank facies (FA6 and FA7) completely dominating 417 

at the eastern edge of the outcrop (Fig. 12). 418 

Unit 2: At more proximal settings (Southwest Outcrop), Unit 2 exhibits more elevated values of 419 

median sandstone thickness (ranging between 10 and 50 cm) and thickness variation compared with 420 

the underlying Unit 1, while mudstone thickness is characteristically low, with an exception at the 421 

eastern part of the outcrop. The Unit is also characterized by coarser sediments, with basal 422 

sandstone grain size ranging between medium and coarse sand (Fig. 11). NG displays large values 423 

(close to 100%) and is rather stable across the outcrop, diminishing to the east. AR and MHTP are 424 

also larger (with values of more than 50% and around 25% respectively) and again seem to 425 

characteristically decrease to the E-SE. Facies proportions are marked by large presence of muclast-426 

rich amalgamated sandstone facies (FA1) at the western and central parts of the outcrop, while at 427 

eastern parts there is a transition to channel-margin and proximal overbank facies (FA5 and FA6, 428 

Fig. 11). In the north, median sandstone thickness and its variance also show large values 429 

(especially between logs 16 and 27, Fig. 13), diminishing very rapidly towards the E-SE to values 430 

close to zero after log 27. Grain size seems to have a coarsening trend (from fine-medium to 431 

medium-coarse sand) moving from western to more eastern positions, again dropping rapidly to very 432 

fine-grained and silty towards the ESE margin. NG as well as AR and MHTP seem to all have 433 

characteristically elevated values between logs 12 and 27, with a slight decrease moving to the 434 

northwestern part (logs 11 to 3D, Fig. 13) and a significant drop in all values to the ESE (after log 435 

27, Fig. 13). A similar trend is also observed for FA proportions, with dominance of thick-bedded, 436 

mudclast-rich amalgamated facies (FA1) between logs 12 and 27, abundance of channel-margin 437 

deposits (FA5), and dominance of overbank deposits to the ESE margin and a gradual passage to 438 

sandy channel-fill heterolithics (FA3) towards the northwestern outcrops (logs 11 to 3D, Fig. 13). 439 

Unit 3: The unit is generally thicker than the underlying previous units ranging in thickness from 440 

around 3 up to 9 m. At more proximal positions to the south is characterized by median thicknesses 441 

of sandstone beds ranging between 10 and 25 cm across a NW-SE strike orientation, while median 442 

mudstone thicknesses are very low and close to zero. Median basal grain sizes of sandstones range 443 
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from medium to coarse sand across the transect of the Southwest Outcrop, with slightly coarser 444 

values towards the E-SE (Fig. 14). Proximal NG values are extremely large (close to 100%) across 445 

the Southwest Outcrop transect, also accompanied by elevated AR and MHTP values ranging from 446 

55 to 85% and from 5 to 30% respectively (Fig. 14). Proportions of facies associations of Unit 3 at 447 

the Southwest Outcrop are dominated by trough cross-stratified and mudclast-rich amalgamated 448 

sandstones (FA1 and FA2), while channel-margin deposits (FA5) appear at the SE margin of the 449 

proximal outcrop. In the north, the unit exhibits a gradual increase in median sandstone thickness 450 

and variation (accompanied by a concurrent decrease in mudstone thickness) moving from NW to 451 

SE positions (Fig. 15). The latter NW-to-SE-increasing trend is also observed for basal and mean 452 

grain size, which is characterized by significant content of coarse sand at the outcrops of the 453 

southeastern margin (logs 28-31). Net-to-gross, as well as AR and MHTP values, also increase from 454 

NW towards the SE margin of the outcrop, with some isolated higher values in the northwestern part 455 

(logs 3C, 3D). Proportions of facies associations reveal the main presence of mudclast-rich and 456 

trough cross-stratified channel-fill sandstones (FA1 and FA2) to the SE part of the North Outcrop 457 

and gradual dominance of both sandy and muddy channel-fill heterolithics (FA3 and FA4) at the 458 

central and northwestern part (Fig. 15).  459 

Heterogeneity Trends for Architectural Elements ---  460 

Lateral Accretion Packages (LAPs): Laterally accreting deposits of channelized-facies associations 461 

constituting large parts of Units 1 and 3 were interpreted as lateral-accretion packages (LAPs, sensu 462 

Abreu et al. 2003) and are characterized by variability in abundance of both heterolithic and 463 

sandstone-dominated facies associations (Fig. 16) as well as in values of net-to-gross and 464 

amalgamation ratio (Table 4). In general, two types of LAPs were distinguished based on fieldwork 465 

observations and statistical analysis of heterogeneity metrics: i) amalgamated and ii) semi-466 

amalgamated LAPs, which resemble the traction dominated or amalgamated and suspension-467 

dominated or semi-amalgamated types of LAPs originally proposed by Abreu et al. (2003).   468 

Amalgamated LAPs: These laterally accreting channel fills are particularly exposed along the 469 

Southwest Outcrop and constitute the bulk of Units 2 and 3 exposures at the upstream part of the 470 

complex. Mean sandstone and mudstone thicknesses range around 19 and 6 cm respectively, while 471 
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mean basal grain size is coarse sand. High (> 90%) values of net-to-gross and amalgamation ratio 472 

as well as larger abundances of mudclast-rich horizons (Table 4; Fig. 17) highlight the amalgamated, 473 

more proximal character of these LAPs. Mean heterogeneity metrics for individual Units (Table 6) 474 

also validate the latter, showing higher amalgamation ratios (of more than 50%) for LAPs of Units 2 475 

and 3 at upstream outcrop localities. Highly variable proportions of cross-stratified (FA2), as well as 476 

thick-bedded mudclast-rich (FA1) sandstones are the two most dominant facies encountered (Table 477 

5, Fig. 16), with minor abundances of the channel-margin facies association (FA5). The distribution 478 

of (log-transformed) bed thickness for mudstone and sandstone beds seems to be highly variable, 479 

and multimodal in the case of mudstone beds (Fig. 18A, B).  480 

Semi-Amalgamated LAPs: Laterally accreting channel fills of less amalgamated nature are 481 

particularly abundant at North Outcrop localities forming a large part of Units 1 and 3 sediments. 482 

Also, this type of LAPs also forms Unit 1 deposits at upstream localities of Southwest Outcrop 483 

characterized by lower amalgamation ratios of less than 50% (Table 4). For Unit 3 LAPs, there are 484 

also lower amalgamation ratios observed for downstream localities of the North Outcrop in relation 485 

to the southern upstream localities (Table 6). Medium sand is the most abundant basal grain-size 486 

class, while mean sandstone and mudstone thickness is around 17 and 7 cm respectively. Values 487 

of net-to-gross and amalgamation ratio are generally lower than those observed for more 488 

amalgamated LAPs deposits, ranging around 80% and 40% respectively. There are also lower 489 

abundances of mudclast-rich horizons. These deposits are composed mainly of sandy heterolithic 490 

(FA3) and trough cross-stratified sand-rich (FA2) channel-fill facies associations which exhibit 491 

variable proportions (Fig. 16) with an additional contribution of muddy heterolithic (FA4) and 492 

mudclast-rich amalgamated sandstone facies associations (FA1). Bed-thickness distribution for this 493 

type of LAPs is characterized by two rather distinct, “bell-like” (normally distributed) populations both 494 

for Unit 1 and Unit 3 (downstream) LAPs, indicating the possible presence of log-normal thickness 495 

distributions (Fig. 18A, C).  496 

Outer-Bank Bars: This bar-type element characterizes Unit 2 exposures across North Outcrop 497 

localities and is typified by thicker-bedded sandstones with a mean thickness of 22 cm and large 498 

thickness variability. Muddy layers are less abundant, having a mean thickness of 14 cm (Table 4). 499 
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Basal grain size ranges within medium-sized-sand values. This element exhibits high net-to-gross 500 

values (averaging around 70%), while mudclast-rich horizons are abundant, and amalgamation 501 

ratios average around 35% also showing large variation (Fig. 17). Mudclast-rich channel-fill 502 

sandstones (FA1) dominate (Fig. 16) with additional abundances of trough cross-stratified 503 

sandstones (FA2) and heterolithic channel-fills. This architectural element exhibits a complex 504 

multimodal bed thickness distribution of mudstone thickness, while sandstone thickness is more 505 

uniformly distributed and variable (Fig. 18B).  506 

Inner- to Outer-Bank Transition Bars: These deposits are composed of non-amalgamated bar-like 507 

sediments showing thin-bedded laterally accreting bedsets intercalated with heterolithic sediments. 508 

They are observed mainly at North Outcrop localities directly adjacent to LAPs and were interpreted 509 

as inner- to outer-bank transition bars (sensu Janocko et al. 2013b), reflecting downstream 510 

deposition in relation to a large-scale laterally accreting bar represented by LAPs of Unit 3. Mean 511 

sandstone and mudstone thickness range from 10 to 12 cm respectively, and sandstone beds exhibit 512 

a mean basal grain size of fine sand (Table 4). Net-to-gross and amalgamation ratios have lower 513 

mean values (around 50 and 7% respectively, Table 4), while there are no significant abundances 514 

of mud intraclasts. Muddy and sandy heterolithic channel-fill facies associations (FA3 and FA4) 515 

constitute the bulk of these deposits, exhibiting variation (Fig. 16) with a minor contribution of cross-516 

stratified sandstones (FA2). The distribution of bed thickness for both mudstone and sandstone beds 517 

seems to be highly variable and very similar (Fig. 18A).  518 

Levees and/or Overbank: Heterolithic, nonchannelized facies associations adjacent to observed 519 

channel-fill deposits were interpreted as overbank sediments. They can be observed at the eastern 520 

margins of the North, Southwest, and Southeast Outcrops at both upstream and downstream 521 

localities. They are composed mainly of muddy overbank FAs (FA6 and FA7) (Table 5, Fig. 16). 522 

Mean sandstone thickness is generally low (around 5 cm), and mudstone thicknesses range close 523 

to a mean value of 25 cm. Basal grain size of beds is usually fine sand. Observed net-to-gross is 524 

generally very low (around 20%) while amalgamation ratios and mudclast-horizon thickness 525 

percentages are negligible (Table 4). 526 

   527 
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DISCUSSION 528 

Heterogeneity of Stratigraphic Units 529 

The observed larger-scale heterogeneity metrics for the whole stratigraphic units clearly exhibit a 530 

decreasing trend from upstream to downstream localities. The latter observation implies a general 531 

decrease in net-to-gross, amalgamation ratio and mud-intraclast abundance across a downstream 532 

distance of around 500 m (Fig. 1, Tables 3, 4). The rate of downstream decrease varies depending 533 

on the unit: Unit 1 exhibits a negligible decrease in net-to-gross and a decrease of around 50-60% 534 

in amalgamation and mud-intraclast abundance. Units 2 and 3 show a slight decrease in net-to-535 

gross, a 50-60% decrease in amalgamation ratio, and an almost 100% decrease in mud-intraclast 536 

abundance. The overlying Unit 4 is characterized by the larger downstream differences, reaching 537 

values of more than 100%, implying a significant change in downstream evolution at the later stages 538 

of Complex 5 evolution. Facies-thickness proportions (Fig. 9) also show the dominance of heterolithic 539 

facies (FA3 and FA4) in Units 1 and 3. However, the higher occurrence of more sandstone-540 

dominated facies (FA1, FA2, and FA5) in upstream southern localities is evident for these latter 541 

Units, especially for upper Unit 3 deposits (Figs. 11, 14). Unit 2 is dominated mainly by amalgamated 542 

sandstone facies (FA1 and FA2), which are finer grained at downstream northern localities (Figs. 543 

11B, 13B). The overlying Unit 4 is particularly composed of heterolithics (FA3 and FA4) and large 544 

abundances of overbank facies (FA6). 545 

Regarding heterogeneity across units, there are also some interesting findings: The lower Units 1 546 

and 2 show an abrupt transition from sand-dominated to overbank FAs of very low net-to-gross 547 

towards the east-southeast both in upstream and downstream localities (Figs. 11C, 12C). The latter 548 

was interpreted as a transition from a channelized to a levee setting, probably situated at the outer 549 

bank of a left-turning (towards W-SW) channel bend (Marini et al., this volume). While Unit 1 seems 550 

to be composed mainly of trough cross-stratified channel-fill (FA2) and sandy heterolithic facies 551 

(FA3) of small-scale laterally accreting channelized deposits at both upstream and downstream 552 

localities (Figs. 11, 12), Unit 2 shows a different heterogeneity trend across its deposits. At the 553 

southern upstream areas (localities 60-67), Unit 2 is significantly affected by erosion, but it is 554 

composed mainly of high net-to-gross, amalgamated, laterally accreted bedsets of limited lateral 555 
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extent (Fig. 11). At the downstream North Outcrop, Unit 2 is characterized by more laterally 556 

extensive, finer-grained but nevertheless still amalgamated beds, with the co-occurrence of 557 

heterolithics in their upper parts at more downstream western localities (Fig. 13). The later 558 

downstream evolution of the unit was defined as the transition from inner-bank laterally accreting 559 

deposits (at upstream localities) to finer-grained, bar-like deposits of significant lateral extent (which 560 

can even reach 500 m) probably deposited as outer-bank bars (sensu Nakajima et al. 2009; Fig. 7). 561 

At higher stratigraphic levels, Unit 3 shows a more peculiar character across it, with Southwest 562 

Outcrop (upstream) deposits being more coarse-grained and dominated by amalgamated facies 563 

(Figs. 14, 15). In contrast, North Outcrop (downstream) deposits of the Unit are generally more 564 

complex, being more amalgamated at the southeastern part (Fig. 15, localities 27-33 changing 565 

towards more western localities to finer-grained, heterolithic deposits (Fig. 15, localities 8-25). The 566 

later upstream and downstream trends across Unit 3 were interpreted to reflect deposition of laterally 567 

accreting channel deposits across the inner bank of a large-scale channel bend which evolved 568 

stratigraphically above channelized, outer-bank and levee deposits of Units 1 and 2. At upstream 569 

areas the more amalgamated and coarse character of Unit 3 probably reflects the existence of 570 

amalgamated, traction-dominated LAPs deposited at the upstream part of the inner bank (Abreu et 571 

al. 2003), while the less amalgamated, finer-grained character of the Unit at downstream eastern 572 

areas (Fig. 15, localities 27-33) probably reflects the deposition of less amalgamated, suspension-573 

dominated LAPs (Abreu et al. 2003) at the more distal part of the inner bank (Fig. 7). Adjacent 574 

heterolithic deposits with abundance of amalgamated facies (Fig. 15, localities 8-25) are possibly 575 

inner- to outer-bank transition bar deposits (sensu Janocko et al. 2013b), reflecting the downstream 576 

transition of the inner-bank LAPs to less amalgamated deposits. Heterolithic bar-like sediments were 577 

also observed at more downstream western localities across Unit 3 (localities 3A-3C, Fig. 15), and 578 

could represent the marginal part of outer-bank bars deposited at the adjacent outer-bank area 579 

downflow.  580 

The overlying Unit 4 exhibits a highly variable heterogeneity pattern, affected by scarcity of 581 

exposures (especially at its upstream part), which is typified by the existence of a large-scale 582 

erosional surface at its base and also by the occurrence of thin-bedded, amalgamated sandstone 583 
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facies towards the southeastern part of the North Outcrop (localities 35-39), highlighting a major 584 

reorganization of the final depositional stages of the channel complex towards the east-southeast 585 

(Fig. 7; see also Marini et al., this volume). 586 

Heterogeneity of Architectural Elements 587 

Analysis of mean heterogeneity metrics for observed architectural elements as defined by Marini et 588 

al., this volume (Tables 4-6) confirms the existence of two types of LAPs within studied deposits of 589 

Tachrift Complex 5: i) a first type characterized by elevated values of net-to-gross (> 90%) and 590 

amalgamation ratio (> 50%), observed mainly at southern (upstream) localities of Units 2 and 3 and 591 

ii) a second type typified by lower net-to-gross (~ 80%) and amalgamation ratio (< 50%) values, 592 

which constitutes the bulk of Unit 1 deposits and can also be observed at the northern (downstream) 593 

exposures of Unit 3. The latter observation resembles previous proposals regarding variability in the 594 

degree of amalgamation of laterally accreting deposits of sinuous channels originally made by Abreu 595 

et al. (2003). Those authors observed three main types of LAPs, based also on mud-intraclast 596 

occurrence and on the spatial distribution of massive sandstones and muddy turbidites: i) 597 

amalgamated, ii) semi-amalgamated, and iii) non-amalgamated LAPs. Amalgamated LAPs sensu 598 

Abreu et al. (2003) are typified by amalgamated, thick sandstone beds accreting at the margins of 599 

sand-rich channels and are also characterized by high net-to-gross. Semi-amalgamated LAPs are 600 

commonly associated with high-sinuosity channels and could be characterized either by upward-601 

thinning packages of amalgamated, thick-bedded, traction-dominated sandstones passing to thin-602 

bedded sands at the top, or by semi-amalgamated massive sandstones interbedded with low-603 

concentration turbidites associated with small-scale sinuous channels (Abreu et al. 2003). 604 

Based on the above, the two types of LAPs encountered in the Tachrift Channel Complex 5 were 605 

classified as amalgamated and semi-amalgamated LAPs sensu Abreu et al. (2003), the former 606 

associated with thick-bedded, amalgamated deposits of Units 2 and 3 at upstream localities and the 607 

latter associated with small-scale sinuous channels of Unit 1 and downstream marginal parts of Unit 608 

3. The heterogeneity of these LAPs is highly variable, since even amalgamated LAPs of upstream 609 

localities which exhibit large net-to-gross do not seem laterally continuous for more than 300-400 m 610 

in an east-to-west direction (perpendicular to paleoflow) and are passing to more heterolithic, less 611 
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amalgamated LAPs after a downstream distance of around 500 m. Amalgamated LAPs also show a 612 

large variation of thickness, with Unit 2 LAPs (which were affected by erosion) exhibiting smaller 613 

thicknesses (of no more than 3 m) and large-scale LAPS of Unit 3 reaching a maximum thickness of 614 

10 m at upstream areas. Outer-bank bar deposits of Unit 2 at the downstream North Outcrop (Fig. 615 

13) are characterized by amalgamated sandstones (mainly facies associations FA1 and FA2) of 616 

good lateral extent (more than 500 m) exhibiting stable heterogeneity metrics (net-to-gross, facies 617 

proportions etc.) for more than 500 m in a strike-oriented east-to-west direction perpendicular to 618 

paleoflow (Fig. 13). Inner-to-outer-bank transition bar deposits of Unit 3 at North Outcrop (localities 619 

8-25) are also typified by a large variation in heterogeneity expressed by highly variable mudstone 620 

thicknesses and dominance of sandy (FA3) and muddy (FA4) heterolithic FAs (Tables 5-6, Fig. 15). 621 

Levee and overbank sediments observed mainly at the eastern margins of Complex 5 are 622 

characterized by stable heterogeneity metrics typified by very low values of net-to-gross and 623 

amalgamation ratio and the dominance of proximal and distal overbank facies associations (FA6 and 624 

FA7). 625 

Heterogeneity Trends Across a Large-Scale Channel Bend 626 

Based on observed architectural elements and the characteristics of their heterogeneity metrics, a 627 

general quantitative framework can be established regarding expected values and ranges of some 628 

basic heterogeneity parameters across a depositional setting reflecting deposition along different 629 

stages of a large-scale channel bend (Fig. 19). Initial establishment of a left-turning bend by small-630 

scale sinuous channels is typified by the deposition of semi-amalgamated LAPs and their adjacent 631 

levees (Unit 1) characterized by facies variation (occurrence of both amalgamated and heterolithic 632 

facies), net-to-gross around 75%, amalgamation ratio of < 50%, and distinct, normal-like bed-633 

thickness distributions of sand and mud (Fig. 19A). Increasing sediment input during later 634 

stratigraphic stages (Unit 2) is expressed by deposition of amalgamated LAPs at the proximal part 635 

of the bend characterized by dominance of amalgamated facies, lack of heterolithics, very high net-636 

to-gross (> 90%), and amalgamation ratios of more than 50% (Fig. 19B). At more distal localities, 637 

deposition of bar-like sediments occurs at the outer bank of the bend, characterized by dominance 638 

of amalgamated facies, high net-to-gross, amalgamation ratios of less than 50%, abundance of mud 639 



 24 

intraclasts, and occurrence of distinct, variable, and complex thickness distributions for sandstone 640 

and mudstone beds (Fig. 19B). Continuous evolution of the bend leads to the formation of large-641 

scale LAPs (Unit 3), the upstream and downstream parts of which share similar heterogeneity 642 

characteristics with previously observed amalgamated and semi-amalgamated LAPs respectively 643 

(Fig. 19C). In the downstream area of the bend at this stage, transitional inner- to outer-bar deposits 644 

are also developing, characterized by dominance of heterolithic facies, low values of net-to-gross 645 

and amalgamation ratio, and occurrence of similar, normal-like bed thickness distributions for sand 646 

and mud layers (Fig. 19C). 647 

 648 

CONCLUSIONS 649 

Quantification of sedimentary heterogeneity based on data from fifty logs across the late Tortonian 650 

Tachrift Complex 5 resulted in the following findings: 651 

• Deposits of the studied submarine-channel complex are stratigraphically organized in four 652 

main stratigraphic units which range from three to ten meters in thickness and reflect stages 653 

of channel evolution across a left-turning, large-scale channel bend. 654 

• A range of sedimentary facies comprising different types of amalgamated sandstones, 655 

heterolithic and mud-rich sediments were recognized and grouped in channel-fill and 656 

overbank facies associations. These associations characterize four main architectural 657 

elements: lateral-accretion packages (LAPs), outer-bank bars, inner- to outer-bank transition 658 

bars, and levee and/or overbank sediments, each one demonstrating different facies 659 

proportions due to sedimentation in different depositional settings across the channel bend. 660 

• Large-scale heterogeneity trends in stratigraphic units indicate a general decrease in net-to-661 

gross, amalgamation ratio, and mud-intraclast abundance across a downflow distance of 662 

around 500 m across the bend. The rate of decrease varies depending on the stratigraphic 663 

unit. 664 

• Smaller-scale heterogeneity trends in architectural elements reveal the existence of two main 665 

types of LAPs, amalgamated and semi-amalgamated ones, characterized by different values 666 

of facies proportions, net-to-gross and amalgamation ratio (AR). An observable downstream 667 
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change from amalgamated (AR > 50%) to less amalgamated (AR < 50%) LAPs is interpreted 668 

as a result of deposition in different positions across the bend’s apex, with amalgamated 669 

LAPs occurring mainly at upstream apex localities.  670 

• Observed LAP elements of Unit 3 seem to pass laterally into non-amalgamated (AR < 10%), 671 

heterolithic, laterally accreted deposits with muddy intervals characterized by high thickness 672 

variability, interpreted as transition bars between the inner and the outer bank of the apex. 673 

Also, laterally continuous, amalgamated sandstone facies of Unit 2 at downstream localities, 674 

sandwiched between LAP elements of Units 1 and 3, are typified by high net-to-gross (> 675 

90%), higher abundances of mud intraclasts, and large variability of sandstone thickness and 676 

are interpreted to reflect an outer-bank bar element. Both elements are recorded for the first 677 

time at outcrop. 678 

• A range of statistical characteristics of basic heterogeneity metrics (facies proportion, 679 

sandstone and mudstone thickness distribution, net-to-gross, amalgamation ratio) for each 680 

architectural element encountered is proposed, which quantitatively describe the degree of 681 

sedimentary heterogeneity across the documented large-scale slope-channel bend. 682 

Documentation of key architectural and facies-heterogeneity patterns can act as analog data 683 

to inform the simplification and upscaling required to reduce uncertainty for reservoir 684 

modeling of similar slope-channel-fills.  685 
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CAPTIONS 1020 

Fig. 1: A) Geological sketch map of northern Morocco illustrating key structural elements and main 1021 

terranes and Cenozoic basins (modified after Hafid et al. 2006). B)  Schematic geological map of the 1022 

Taza-Guercif basin (modified, after Bernini et al. 1994) with study area shown. C) Stratigraphy of the 1023 

Zobzit section with magnetostratigraphy (left-hand side), and numbers identifying the channel-levee 1024 

complexes of Felletti et al. (2020) (modified, after Krijgsman et al. 1999). D) Geological map of the 1025 

Tachrift Complex 5 outcrop area, showing the three main outcrop transects studied, log localities 1026 

(with numbers), main tectonic structures, and main paleoflow trend. 1027 

 1028 

Fig. 2: Stratigraphic panel of Complex 5 outcrops exhibiting the main stratigraphic Units (1-4) 1029 

recognized. A) North Outcrop. B) Southwest Outcrop. C) Southeast Outcrop. 1030 

 1031 

Fig. 3: General aspects of stratigraphic units in both North and Southwest Outcrops: A) View of 1032 

stratigraphic units between logs 17 and 20 of North Outcrop. B) Organization of stratigraphic units 1033 

observed between logs 27 and 30 at North Outcrop localities. Accretion of sandy bodies in Unit 3 1034 

towards the east can be also seen (black arrow). Frameworks highlight outcrop details presented in 1035 

Fig. 5. C) View of stratigraphic arrangement of units between logs 60 and 62 at Southwest Outcrop 1036 

localities. Lateral shifting of sandy bodies in Unit 3 can be also seen (black arrow). Frameworks 1037 

highlight outcrop details presented in Fig. 6. D) Aspects of observed stratigraphy between logs 66 1038 

and 67 at the southwestern part of the complex, in which the four stratigraphic units can be seen. 1039 

 1040 

Fig 4: Log examples, sedimentological description, and interpretation of observed facies 1041 

associations (FA1-FA7). Colors used for representing each FA in figures are also presented. 1042 

 1043 

Fig. 5: Outcrop photos of observed facies associations at Northern Outcrop locations: A) Proximal 1044 

and distal overbank deposits (FA6 and FA7) near log 28.  B) Muddy heterolithic channel-fills (FA4) 1045 

overlying trough cross-stratified sandstones (FA2) between logs 29 and 30. C) Sandy heterolithic 1046 

channel-fill sandstones (FA3), log 28. D) Thin-bedded amalgamated channel-margin deposits of 1047 
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FA5, log 27. E) Trough cross-stratified  channel-fill sandstones (FA2), near log 30. F) Thick-bedded, 1048 

mud clast-rich amalgamated sandstone of FA1, log 27. 1049 

 1050 

Fig. 6: Outcrop photos of observed facies at Southwest Outcrop locations: A) Proximal and distal 1051 

overbank sediments (FA6 and FA7) underlying channel-margin sandstones of FA5 between logs 60 1052 

and 61.  B) Proximal overbank deposits (FA6) underlying channel-margin FA5 sandstones, log 60. 1053 

C) Sandy heterolithic channel-fill sandstones (FA3), underlying mudclast-rich amalgamated 1054 

sandstones of FA1, between logs 65 and 66. D) Thin-bedded, amalgamated, mudclast-rich channel-1055 

margin sandstones of FA5, near log 61. E) Trough cross-stratified amalgamated sandstones of FA2, 1056 

top of log 61. F) Thick-bedded, mudclast-rich amalgamated sandstone of FA1, near log 64. 1057 

 1058 

Table 1: Sedimentary facies recognized in the studied part of Tachrift Channel Complex 5. See also 1059 

Marini et al., this volume. 1060 

 1061 

Fig. 7: A)-D) Paleogeographic map exhibiting the depositional evolution of Units 1 to 4 of Tachrift 1062 

Channel Complex 5, reconstructed from stratigraphic correlations and field measurements of 1063 

paleoflow and lateral-accretion directions (see also Marini et al., this volume). 1064 

 1065 

Table 2: Descriptive statistics of thickness and grain size for sandstone and mudstone beds across 1066 

stratigraphic units of Tachrift Channel Complex 5. 1067 

 1068 

Table 3: Descriptive statistics for net-to-gross (NG), amalgamation ratio (AR), and mud-clast-horizon 1069 

thickness percentage (MHTP), for Southwest, Southeast (upstream), and North (downstream) 1070 

Outcrops of stratigraphic Units of the Tachrift Channel Complex 5. 1071 

 1072 

Fig. 8: Boxplots showing distribution of net-to-gross (NG), amalgamation ratio (AR), and mud-clast-1073 

horizon thickness percentage (MHTP) for all outcrops and individual stratigraphic units of Tachrift 1074 
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Complex 5. Data for all outcrops (left), North Outcrop (center), and Southern outcrops (right): A) Unit 1075 

1, B) Unit 2, C) Unit 3, D) Unit 4. 1076 

 1077 

Fig. 9: Stratigraphic panel of Complex 5 outcrops exhibiting spatial distribution of facies associations 1078 

(FA1-FA7) recognized: A) North Outcrop, B) Southwest Outcrop, C) Southeast Outcrop. 1079 

 1080 

Fig. 10: A) Boxplots exhibiting observed variation in facies-association thickness percentage for 1081 

individual stratigraphic units. B) Pie charts of mean facies-association composition for each 1082 

stratigraphic unit. Data of all outcrops are included. 1083 

 1084 

Fig. 11: Examples of the observed trends of heterogeneity metrics for deposits of Unit 1 at Southwest 1085 

Outcrop (left) and Unit 2 at the same outcrop (right). A) Boxplots for sandstone and mudstone 1086 

thickness for each log. B) Boxplots of grain-size variation for basal and mean grain size of beds 1087 

across logs. C) Facies-associations thickness proportions. D) Biplots showing net-to-gross, 1088 

amalgamation ratio, and mudclast-horizon thickness percentage across Unit 1. Characteristic logs 1089 

of the Unit with interpreted architectural elements are on top. 1090 

 1091 

Fig. 12: Examples of the observed trends of heterogeneity metrics for deposits of Unit 1 at North 1092 

Outcrop. A) Boxplots for sandstone and mudstone thickness for each log. B) Boxplots of grain-size 1093 

variation for basal and mean grain size of beds across logs. C) Facies-associations thickness 1094 

proportions. D) Biplots showing net-to-gross, amalgamation ratio, and mudclast-horizon thickness 1095 

percentage across Unit 1. Characteristic logs of the Unit with interpreted architectural elements are 1096 

on top. 1097 

 1098 

Fig. 13: Examples of the observed trends of heterogeneity metrics for deposits of Unit 2 at North 1099 

Outcrop. A) Boxplots for sandstone and mudstone thickness for each log. B) Boxplots of grain-size 1100 

variation for basal and mean grain size of beds across logs. C) Facies-associations thickness 1101 

proportions. D) Biplots showing net-to-gross, amalgamation ratio, and mudclast-horizon thickness 1102 
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percentage across Unit 1. Characteristic logs of the Unit with interpreted architectural elements are 1103 

on top. 1104 

 1105 

Fig. 14: Examples of the observed trends of heterogeneity metrics for deposits of Unit 3 at Southwest 1106 

Outcrop. A) Boxplots for sandstone and mudstone thickness for each log. B) Boxplots of grain-size 1107 

variation for basal and mean grain size of beds across logs. C) Facies-associations thickness 1108 

proportions. D) Biplots showing net-to-gross, amalgamation ratio, and mudclast-horizon thickness 1109 

percentage across Unit 1. Characteristic logs of the Unit with interpreted architectural elements are 1110 

on top. 1111 

 1112 

Fig. 15: Examples of the observed trends of heterogeneity metrics for deposits of Unit 3 at North 1113 

Outcrop. A) Boxplots for sandstone and mudstone thickness for each log. B) Boxplots of grain-size 1114 

variation for basal and mean grain size of beds across logs. C) Facies-associations thickness 1115 

proportions. D) Biplots showing net-to-gross, amalgamation ratio, and mudclast-horizon thickness 1116 

percentage across Unit 1. Characteristic logs of the Unit with interpreted architectural elements are 1117 

on top. 1118 

 1119 

Fig. 16: Variations of facies-associations thickness proportion for each architectural element of 1120 

Channel Complex 5. 1121 

 1122 

Fig. 17: Variations of net-to-gross, amalgamation ratio, and mudclast-horizon thickness percentage 1123 

for each architectural element of Channel Complex 5. 1124 

 1125 

Fig. 18: Distributions of sandstone and mudstone bed thickness (in natural log-transformed values) 1126 

for observed architectural elements across Southwest (upstream) and North (downstream) 1127 

Outcrops. 1128 

 1129 
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Table 4: Mean values for heterogeneity metrics for architectural elements observed. Bold numbers 1130 

highlight higher values characterizing specific elements. 1131 

 1132 

Table 5: Mean values for facies-associations thickness proportions for architectural elements 1133 

observed. Bold numbers highlight the 2 main FAs dominating in each element. 1134 

 1135 

Table 6: Mean values of heterogeneity metrics for upstream and downstream Outcrops of Units 1 to 1136 

3. Abbreviations: IOBTB - Inner to Outer Bar Transition Bar, LAPs – Lateral-Accretion Packages, LV 1137 

– Levee, OBB – Outer-Bank Bar. 1138 

 1139 

Fig. 19: Basic statistical characteristics (illustrating facies-associations percentage, sandstone and 1140 

mudstone thickness distribution, mean net-to-gross etc.) of each architectural element for Units 1-3 1141 

of Tachrift Channel Complex 5. All elements reflect different depositional settings across a large-1142 

scale left-turning channel bend: A) Heterogeneity trends for semi-amalgamated LAP elements of 1143 

Unit 1 in upstream and downstream positions. B) Unit 2 main heterogeneity, reflecting amalgamated 1144 

LAPs at upstream positions and an outer-bank bar element downstream. C) Heterogeneity of 1145 

upstream and downstream parts of LAPs are also recorded for Unit 3, along with adjacent transition 1146 

bar deposits downstream.     1147 
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Table 1: Sedimentary facies recognized within the studied part of Tachrift Channel Complex 5, see also Marini et al., this volume. 1315 

FACIES FACIES 
NAME 

GRAIN SIZE AND 
SORTING 

SEDIMENTARY 
STRUCTURES AND 

BIOTURBATION 

PROCESS 
INTERPRETATION 

FACIES 
EQUIVALENTS 

F1 Mudclast-
rich coarse-

grained 
sandstone 

Medium to very coarse 
sand; mud clasts are up to 
fine cobble, subrounded; 

basal lags up to fine 
pebbles; poorly sorted 

Crude normal grading; 
coarser lags in basal 

scours; inversely 
graded sand to granule 

layers close to bed 
base; abundant mud 
clasts  dispersed or 
concentrated in the 

lower or in the upper 
part of beds, randomly 

oriented 

Traction carpet and 
“en-masse” deposition 

from high-density 
turbidity currents 

S1-S3 of Lowe 
(1982);  

F4 and F5 of Mutti 
(1992) 

F2 Mudclast 
breccia 

Mud clasts up to very 
coarse pebble, subangular 

to moderately rounded; 
matrix is medium- to very 

coarse-grained; very 
poorly sorted 

Mud clasts randomly 
oriented 

En-masse deposition 
from high-density 

flows charged with 
mud-clasts following 
interaction with levee 
mudstones (e.g., F6 

and F7) 

S1 of Lowe (1982) 

F3 Cross-
stratified 
medium-
grained 

sandstone 

Medium to coarse sand; 
mud clasts are granule to 

medium pebble sized; 
moderately sorted 

Crude normal grading; 
low-angle cross-

lamination; bioturbation 
moderate to absent, in 
the upper part of beds 

Traction deposition 
from high-density 
turbidity currents 

Tt of Lowe (1982);  
F6 of  Mutti (1992) 

F4 Structureless 
medium- to 
fine-grained 
sandstone 

Medium to fine sand; 
coarser lags at base of 
beds; moderately well-

sorted 

Crude normal grading; 
inversely graded layers 
close to base of beds; 

rare mud clasts, 
concentrated in the 

lower or in the upper 
part of beds, randomly 
oriented; bioturbation 

moderate to absent, in 
the upper part of beds 

“En-masse” 
deposition and 

traction carpets of 
high-density turbidity 

currents 

Ta division of Bouma 
(1962); S2-S3 of 

Lowe (1982);  
F7 and F8 of Mutti 

(1992) 

F5 Laminated 
fine-grained 
sandstone 

Very fine to fine sand; well-
sorted 

Normal grading; 
planar-parallel,   and 

ripple lamination; 
convolutions; 

bioturbation intense 

Traction-plus-fallout 
deposition from 

waning low-density 
turbidity currents 

Tb-d sequence of 
Bouma (1962) 

F6 Turbidite 
mudstone 

Clay to silt Faintly laminated Fallout from very 
diluted turbidity 

currents 

Te division of Bouma 
(1962)  

F7 Marlstone Clay to silt Contains pelagic 
foraminifera and 
fragments of thin-
shelled molluscs 

Hemipelagic fallout - 

 1316 
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 1318 

 1319 

 1320 

 1321 

 1322 

 1323 

 1324 

 1325 
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Table 2: Descriptive statistics of thickness and grain size for sandstone and mudstone beds across stratigraphic units of Tachrift 1326 

Channel Complex 5. 1327 

 
 Unit 

Thickness 
(m) 

Basal 
Grain Size 

(mm) 

Sandstone 
Thickness 

(cm) 

Mudstone 
Thickness 

(cm) 
 Max. Max. Ave. Ave. SD n Ave. SD n 
 
All Outcrops 
Unit 4 9.4 2.1 0.297 10.4 13.9 473 17.6 27.6 388 
Unit 3 11.2 3 0.356 14.6 17.2 1352 12.8 20 846 
Unit 2 2.9 2 0.391 22.5 24.4 232 7.6 11.7 127 
Unit 1 7.2 1.5 0.358 12.6 9.7 411 10.6 14.4 294 
 
SW and SE  
Outcrops  
(Upstream) 
Unit 4 7.9 2.1 0.330 12.2 16.7 176 12.6 21 125 
Unit 3 11.2 3 0.484 18.6 24.9 337 13.4 25.5 112 
Unit 2 2.9 2 0.492 18.4 21.9 70 5.3 9.1 30 
Unit 1 7.2 1.5 0.435 13.9 11.3 114 10.9 13.3 71 
 
North Outcrop  
(Downstream) 

         

Unit 4 9.4 1.4 0.277 9.4 11.8 297 20 30 263 
Unit 3 10.4 2 0.314 13.3 13.5 1015 12.7 19.1 734 
Unit 2 2.5 0.9 0.347 24.2 25.3 162 8.3 12.4 97 
Unit 1 4.7 1.1 0.328 12.1 9.1 297 10.4 14.8 223 

 1328 

 1329 

 1330 

 1331 

 1332 

 1333 

 1334 

 1335 

 1336 

 1337 

 1338 

 1339 

 1340 

 1341 

 1342 

 1343 

 1344 

 1345 
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 1346 

Table 3: Descriptive statistics for net-to-gross (NG), amalgamation ratio (AR) and mud-clast horizon thickness percentage (MHTP), 1347 

for Southwest, Southeast (upstream) and North (downstream) Outcrops of stratigraphic Units of the Tachrift Channel Complex 5. 1348 

Outcrop Unit NG (%) AR (%) MHTP (%) 

Mean Sd Min-Max Mean Sd Min-Max Mea
n 

Sd Min-Max 

SW and SE Outcrops 
(Upstream) 

 

 Unit 1 60.7 15.3 40.8-77.6 28.3 23.9 0-57.6 5.5 5.3 0-13.9 

 Unit 2 84.7 25.0 25.2-99.7 68.3 35.8 0-100 22.7 14.0 3.0-43.5 

 Unit 3 75.8 34.2 9.2-100 68.7 46.5 0-100 11.6 9.4 0-25.8 

 Unit 4 64.0 32.5 16.5-100 41.0 45.5 0-100 5.5 10.0 0-29.9 

North Outcrop 
(Downstream) 

 

 Unit 1 60.1 21.3 3.9-89.4 13.8 13.4 0-48.4 2.9 5.2 0-24.2 

 Unit 2 79.4 26.1 2.5-100 40.6 42.0 0-100 7.6 9.5 0-44.9 

 Unit 3 56.5 23.0 11.4-93.4 20.7 25.6 0-100 3.5 4.6 0-17.7 

 Unit 4 25.7 22.8 0-72.2 10.4 22.6 0-100 0.9 1.9 0-6.0 

 1349 

 1350 

 1351 

 1352 

 1353 

 1354 

 1355 

 1356 

 1357 

 1358 

 1359 

 1360 

 1361 

 1362 

 1363 

 1364 
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Table 4: Mean values for heterogeneity metrics for architectural elements observed. Bold numbers highlight higher values 1365 

characterizing specific elements. Abbreviations: net-to-gross (NG), amalgamation ratio (AR) and mud-clast horizon thickness 1366 

percentage (MHTP). 1367 

Facies 
Associations  

Architectural 
Elements  

Sub-
elements  

Sandstone 
Thickness 
(cm) 

Mudstone 
Thickness 
(cm) 

Basal 
Grain 
Size 

NG 
% 

AR % MHT 
% 

m sd m sd 
    

Channel-Fill  Lateral-
Accretion 
Package  

Amalgamated 19.9 23.3 6.2 7.9 cS 91.8 92.2 15.3 

Semi-
Amalgamated  

16.9 15.1 6.9 8.1 mS 80.4 41.3 6.1 

Inner- to Outer-
Bank Transition 
Bar 

n/a 9.8 8.9 11.9 13.4 fS 50.7 6.9 1.7 

Outer-Bank Bar n/a 22.1 23.6 14.2 21.6 mS 70.4 35.4 4.8 

Overbank Levee and/or 
Overbank 

n/a 4.8 5.2 24.5 35.7 fS 20.2 1.7 1.2 

 1368 
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 1372 

 1373 

 1374 

 1375 

 1376 

 1377 

 1378 

 1379 

 1380 
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 1382 
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 1384 

 1385 
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 1388 

Table 5: Mean values for facies associations (FA) thickness proportions for architectural elements observed. Bold numbers highlight 1389 

the 2 main FAs dominating within each element. 1390 

 1391 

 1392 

 1393 

 1394 

 1395 

 1396 

 1397 

 1398 

 1399 

 1400 

 1401 

 1402 

 1403 

 1404 

 1405 

 1406 

 1407 

 1408 

 1409 

Facies  
Associations 

Architectural 
Elements 

Sub-
Elements 

FA1 
% 

FA2 
% 

FA3 
% 

FA4 
% 

FA5 
% 

FA6 
% 

FA7 
% 

Channel-Fill Lateral-Accretion 
Package 

Amalgamated 
(Upcurrent) 

39.6 36.2 12.6 0 11.6 0 0 

Semi-
Amalgamated 
(Downcurrent)  

22.2 32.7 25.5 9.8 9.8 0 0 

Inner- to Outer-
Bank Transition 
Bar 

n/a 0 10.0 44.6 45.4 0 0 0 

Outer-Bank Bar n/a 35.5 14.5 20.5 29.5 0 0 0 

Overbank Levee and/or 
Overbank 

n/a 0 0 0 0 0 53.4 46.6 
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Table 6: Mean values of heterogeneity metrics for upstream and downstream outcrops of Units 1 to 3. Abbreviations: IOBTB - Inner 1410 

to Outer Bar Transition Bar, LAPs - Lateral Accretion Packages, LV – Levee, OBB – Outer Bank Bar, NG – Net-to-Gross, AR -1411 

Amalgamation Ratio, MHTP – Mudclast Horizon Thickness Percentage, FA – Facies Association. 1412 

Arch. 
Element 

Elem. 
Thickness 

Bed 
Thickness 

(cm) 

SD Bed 
Thickness 

NG 
% 

AR 
% 

MHTP 
% 

FA1 
% 

FA2 
% 

FA3 
% 

FA4 
% 

FA5 
% 

FA6 
% 

FA7 
% 

  Sand. Mud. Sand. Mud.           
Unit 3  
Upstream 

 

IOBTB n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a 
LAPs 6.1 21.8 6.6 26.8 7 93.1 67 15.1 51.0 38.0 7.3 0 3.7 0 0 
LV 3.6 4.8 19.8 6.5 33.7 31.2 10.7 7.9 0 0 0 0 0 89.1 10.9 
OBB n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a 
                
Unit 3  
Downstream 

 

IOBTB 2.3 9 13.2 6.5 10.7 41.7 7.5 0.6 0 5.6 47.3 47.1 0 0 0 
LAPs 5.6 14.9 8.4 15.1 8.8 74.3 34.7 6 19.4 52.8 17.4 5.8 4.6 0 0 
LV 1.6 5.5 32.5 4.2 38.7 15.8 3.4 0.9 0 0 0 0 0 56.3 43.7 
OBB n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a 
                
Unit 2  
Upstream 

 

IOBTB n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a 
LAPs 1.6 21.1 2.7 22.9 2.9 94.1 53.8 26.2 73.9 13.6 12.5 0 0 0 0 
LV 0.8 4.1 7.7 1.8 11.8 28.3 0 1.5 0 0 0 0 0 100 0 
OBB n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a 
                
Unit 2  
Downstream 

 

IOBTB n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a 
LAPs n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a 
LV 0.5 3.8 19.8 3.2 35.2 29.4 0 4.6 0 0 0 0 0 100 0 
OBB 1.1 32.9 2.8 29.5 1.3 98.4 24.3 9 84.4 12.1 3.5 0 0 0 0 
                
Unit 1  
Upstream 

 

IOBTB n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a 
LAPs 3.2 14.8 6.72 11.3 9.2 76.2 34.1 6.5 0 41.1 58.9 0 0 0 0 
LV 0.7 3.5 29.7 2.1 12.5 7.7 0 0 0 0 0 0 0 100 0 
OBB n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a 
                
Unit 1  
Downstream 

 

IOBTB n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a 
LAPs 2 12.9 7.3 9.2 9.2 70.5 21.9 4.2 0 19.7 47.1 18.0 15.2 0 0 
LV 1.1 5.3 27.1 4.1 25 17.5 0 0 0 0 0 0 0 92.1 7.9 
OBB n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a 
                

 1413 

 1414 


