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ABSTRACT 

 

This doctoral thesis (this work) is aimed at better understanding ocean bottom current 

processes and their bedforms in the contexts of 1) ancient outcrops, 2) modern oceans and 3) 

geophysical bedform processes. First, Miocene Rifian Corridor deposits in Northern Morocco 

are described, which have been interpreted to have formed under the action of ocean bottom 

currents. The independent paleontological, sedimentary, and stratigraphic analysis presented 

in this work shows that these deposits have likely been misinterpreted and actually represent 

shallow marine tide-dominated delta deposits. The implications of these findings to our 

understanding of ancient bottom current deposits in an outcrop are discussed and independent 

interpretations for these sediments are outlined.  

Second, the abyssal plain geomorphologies are compiled and analyzed to illustrate the 

bedform types and the diversity of ocean bottom current-controlled landscapes.  This work 

shows that ocean bottom current deposits comprise mostly of migrating dunes and have 

morphological, sedimentological, and process similarities to aeolian deposits. Compiled 

abyssal dune data is then used to develop a global map with regions of ocean bottom 

deposition, erosion, and stasis. A separate chapter of this work discusses the use of ocean 

floor sediment core to quantify the origin of oceanic sediments, and documents that on 

average ± 8% of the sediments on the ocean floor are derived from authigenic suspension 

fallout, as compared to ± 92% that is detrital sediment derived from continental sources. 

 The final two chapters of this work examine active aeolian systems to define physical 

laws of dune formation and migration, showing that the shapes and migration rates of dunes 

are controlled by surface-to-volume ratios. These laws are then applied to better understand 

the role of topography on dune morphology transitions. 
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Figure 3.14. Depositional setting at Ben Allou. A: Calcarenite layers are highlighted by 
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geological map is modified from Chenakeb (2004). All outcrop localities 
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Figure 4.8. slumped interval of facies 5. Thick black lines are thick mud drapes, separating 
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Figure 4.13. A: Schematic diagram of the fine-grained delta portions (prodelta and offshore) 
of strait-adjacent tide-dominated deltas at Ben Allou (vertical exaggeration is 
10x). Prodelta consists of fine-grained low-density turbidites, and coarser 
grained turbidites Shelf deposits comprise homogenous, organic-matter-bearing 
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(Bernini et al., 2000). B, C, and D: Photos of the siltstone and claystone facies 
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Figure 4.16. Schematic comparison between a tidal strait model (sensu Longhitano, 2013) 
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Purple arrows show current directions. Thicker arrows show dominant current, 
thin arrows show subordinate currents. ........................................................................ 133 

Figure 5.1. Schematic representation of three deep ocean sedimentary depositional systems. 
Left: a gravitationally driven system comprised of turbidity current driven 
channels and lobes. Middle: a system driven by both gravitational systems, 
which feed sandy material to the ‘moat’, and geostrophic bottom currents which 
redistribute a fine grained fraction into an adjacent ‘drift’. This system is called 
a moat and drift system and is a type of contourite. Right: An abyssal dunefield 
(sometimes called mudwave system). This system is comprised of transverse 
dunes that originate and move entirely under the action of geostrophic bottom 
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perpendicular to the dominant bottom current directions (e.g., the Zapiola 
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Figure 7.4. Graphs showing histograms for sedimentation rates in submarine platforms (red) 
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Figure 8.1. Schematic illustration demonstrating that surface-to-volume ratios (A/V) are 
lower for larger objects. Values for L, A and V are for the cube, but the concept 
is equally true for every object, including dunes. This study investigates the link 
between A/V and dune migration rates. ....................................................................... 228 
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within a dunefield. Data are strongly bimodal and split between ‘dry’ and ‘wet’ 
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CHAPTER 1 
 

INTRODUCTION 

In the field of sedimentology, the deep marine realm remains the largest and least 

understood environment on Earth. It covers roughly three fourths of the Earth’s surface and is by 

far its most extensive depositional environment, containing the bulk of Earth’s sediments and 

vast supplies of geo-resources. Despite its large scale, the ocean floor experiences a limited range 

of depositional processes, which are dominated by thermohaline circulation; a continuous 

overturning of vast water masses, driven by several ‘deepwater formation pumps’ that are 

located near the Earth’s poles. Zones of deepwater formation generate relatively dense water 

through cooling and salinification of ocean surface waters, in the cold, polar regions where 

permanent sea ice forms. From these areas of deepwater formation, surface waters sink to the 

bottom to form bottom waters, and then emanate across the entire ocean floor, pushing a global 

conveyer of deep ocean currents. Bottom water masses eventually reach areas of upwelling, 

which are typically adjacent to steep, active continental margins. Coastal upwelling brings deep 

ocean waters back to the surface through a complex series of mostly wind-driven processes 

(Jacox et al., 2018). In between deepwater formation and coastal upwelling, the speed and 

direction of bottom currents is largely controlled by the topography of the seafloor and the 

location of Earth’s continents. Furthermore, the rotation of the Earth leads to a so called 

‘geostrophic’ deflection of bottom currents through the Coriolis effect. These factors combine to 

form a generally stable, continuous pattern of deepwater currents called geostrophic bottom 

currents, or simply, bottom currents, which transport enormous amounts of heat, minerals, and 

sediments across the Earth, and therefore play an important role in its climate, environment, and 

geology.   

Bottom currents are relatively slow (typically 0.01-0.5 m/s according to Stow and 

Faugères, 2008), yet virtually omnipresent and incessant. They shape the geomorphology of vast 

tracts of the ocean floor by entraining, transporting and depositing sediments. This sedimentary 

material is generally supplied to the deep regions of the ocean by means of gravity-driven 

processes like turbidity currents or alternatively by the production and settling of biogenic 
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carbonates and silica in the water column. During their transit to the ocean floor and after they 

are deposited here, these sediments are affected by bottom currents. Broadly, the effects of 

bottom currents are 5-fold: 1): Supplied sediments are displaced within the water column or from 

unconsolidated deposits on the ocean floor. 2) Ocean floor sediments are redeposited to a 

different location. 3): Bottom currents sculpt sediment on the ocean floor into bedforms like 

ripples, dunes and antidunes that can be hundreds of meters high and thereby affect the 

topography of the ocean floor. 4): Strong bottom currents can remove material from the ocean 

floor and cause erosion and incision and the formation of erosional features such as furrows and 

scours. 5) Bottom currents selectively winnow small sediment grainsizes and disaggregate 

floccules of sediment to leave behind a narrower distribution of grainsizes (McCave et al., 1995).  

Arguably, ocean bottom currents are one of the most important processes in 

sedimentology, as they dominate the largest depositional environment on Earth; the ocean floor, 

have the longest continuous effects (typically longer than several million years) and generate the 

largest bedforms on Earth. Despite this, deposits that are formed by bottom current processes 

may be the least well understood. The simple reason for this is that they are hard to reach for 

primary observation, and because ancient bottom current deposits identified on land are 

extremely rare. Their rarity is due to a lack of preservation potential resulting from the various 

processes that are involved in transporting and exposing these deep marine sedimentary deposits.  

The sedimentary deposits of bottom currents are called ‘contourites’ and are defined as: 

Sedimentary deposits that have been ‘emplaced or significantly affected’ by deep marine 

geostrophic bottom currents (Rebesco et al., 2014). Currently, only a handful of such ancient 

deposits identified in outcrops on land are considered ‘possibly’ or ‘likely’ representative of 

ancient deep water bottom current deposits (Stow et al., 1998).  This scarcity leaves these 

sediment deposits to be understudied. This work aims to answer some of various gaps in our 

understanding that are related to contourites and, more broadly, the sedimentology of bottom 

currents and their deposits, and the processes that move and build such deposits and the 

bedforms that are associated with them, such as analogues deposits that are driven by air.  In 

addition to ocean bottom currents, this work also considers insights into shallow marine sediment 

deposits, sea straits, ancient stratigraphic and climatological events, and the physics of 

continuous current driven dunes and dune fields. The central focus on sedimentology and current 
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processes will recur continuously, so that ocean bottom current interested reader will not be 

disappointed.  

1.1.1 Terminology 

Three terms are often used to refer to deep-water sediment deposits affected by bottom 

currents, and include bottom current deposits, abyssal bedforms and contourites.  These terms are 

sometimes used interchangeably. In this study, bottom current deposits are used as a general term 

for sediments that have been affected by thermohaline-driven geostrophic bottom currents. The 

term ‘abyssal bedform’ is used to discuss large-scale bedforms in the abyssal ocean regions that 

were formed entirely by ocean bottom currents. Finally, the term ‘contourite’ is used to discuss 

sediment bodies that are ‘emplaced or dominantly affected by ocean bottom currents’ as 

corresponds to the definition of Rebesco et al., (2014). In this study, the latter term is mostly 

used in the context of ancient (fossil) deposits.   

1.1.2 Research motivation summary 

As explained above, this study aims to describe and interpret the effects of ocean bottom 

currents on the emplacement, erosion and sedimentary characteristics of ancient and modern 

deep-marine sedimentary environments. To achieve this, an interdisciplinary approach is applied, 

integrating a variety of methods and data types. An extensive literary review published by 

Rebesco et al., (2014) elaborates on some of the main unknowns within the current state of art 

and functioned as a starting point for this research. In this review, the authors indicate that 

significant problems exist regarding formulating diagnostic criteria in fossil contourite outcrops, 

stating:  

‘A facies model for contourites has been proposed for some time, mainly for fine grained 

contourites (Gonthier et al., 1984; Stow and Faugères, 2008). However, unambiguous and 

commonly accepted diagnostic criteria for contourites are still lacking’. 

Furthermore, they mention that there are problems with defining and quantifying the 

physical boundary conditions for the formation of bottom current deposits:  
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‘With respect to the driving processes, a more intensive collaboration between physical 

oceanographers and geologists is highly encouraged. Only such concerted effort will enable 

reconciliation between theory and experimental observations of contourite deposition and 

erosion. This work will help to provide a new understanding of contourite development from the 

combined perspective of sedimentology and fluid dynamics. 

Like them, I believe that these unknowns within the state of the art are due to a 

compartmentalization of the research focus and a lack of integration of data types and 

disciplines. Therefore, my intention is to approach the investigation of bottom current deposits 

from various angles using a range of methodologies detailed below: 

1.1.3.1 Section I: Fieldwork 

Most work to date on bottom current deposits has been focused on the core scale and 

seismic scale (Rebesco et al, 2014).  Because of their reported rarity, contourites in outcrop are 

known to be much understudied (Rebesco et al, 2014). This is unfortunate because understanding 

the formational processes of these deposits by accessing outcrop analogues in the field is relevant 

to a wide range of subjects across the Earth Sciences. This is because fossil contourites: 1) record 

paleoclimate changes, 2) record changes in ocean bottom current intensity and direction, 3) 

provide insights into shallow- to deep-marine sediment processes, 4) provide information that 

can aid in the establishment of coastal defense strategies to combat sea level rise (Oost et al. 

2016).  Study of these deposits may also provide insights that may be useful for geo resource 

exploration. Sandy contourites in particular, may be of interest to hydrocarbon explorationists as 

they can present oil and gas reservoirs in ultra-deep ocean settings.  Studies in offshore Tanzania 

(Sansom, 2018), offshore Orphan  Basin of eastern Canada (Faugères et al., 1993 in Rebesco et 

al., 2014) and in offshore Guyana are but a few of the places that these deposits are being looked 

at as reservoirs. All of the implications noted above will benefit from further study of outcrop 

examples of contourites as these permit laterally extensive sampling and logging, thus solving 

spatial limitations from core and well log studies.  
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1.1.3.2 Section II: Numerical modeling  

Increasing amounts of high-resolution bathymetry datasets with near global ocean 

coverage have become available in recent years. These data allow study of the dispersal of active 

and ancient (relict) bottom current deposits on the ocean floor. For part II of this research, 

bottom current reworked areas and abyssal bedforms are mapped, and their scale, appearance 

and geomorphologies are analyzed. The aim is to demonstrate the occurrence, morphologic 

diversity and dispersal of sediment bodies that formed under the action of bottom currents. One 

hypothesis is that the dispersal of bottom current deposits is closely linked to 1) the amount of 

sediment availability and 2), the amount of energy exerted by bottom currents on the ocean floor 

(Thran et al., 2016). This latter parameter is closely encompassed by the value of shear stress, 

which can be accurately modelled by computing the interplay of bottom current strength, current 

direction and seafloor slope gradient (Trossman et al., 2016). Furthermore ocean floor sediment 

thickness maps, published by Straume et al., (2019), can be used as a proxy for sediment 

availability. These various data types can shed light on the enigmatic dispersal and 

morphological distribution of various modern bottom current deposits.  

1.1.3.3 Section III: Geographical information systems (GIS) data. 

The various morphological expressions of bottom current depositional systems are 

difficult to study, due to the relative lack of spatial and temporal data from deep ocean areas. 

However, based on the observed physical similarities between bottom current driven systems and 

aeolian (wind driven) systems, it is shown that the more complete and accessible understanding 

of aeolian systems can be applied to lesser-known and poorly accessible deep ocean bottom 

current systems. The abundance of available GIS data on aeolian systems and wind driven 

dunefields can give insights in migration velocities of bedforms and morphological transitions 

across dunefields. Using time-series analysis of migrating dunes, a universal quantitative 

framework of wind and bottom current landscapes and landscape developments is developed. 

Existing physical ideas on sediment settling rates and surface-to-volume ratios, can be used to 

formulate hypotheses that link bedform genesis, motion and development to the geometry and 

sizes of dunes. Another key hypothesis relevant to this section of the work is that the topographic 
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changes have an effect on the evolution of dune morphologies. These hypotheses are tested using 

global GIS and high resolution bathymetry.   

1.2 Content summary  

Chapter 1 is a general introduction to this research work. The middle part describes these 

research findings and consists of three sections that are subdivided into eight chapters (chapters 

2-9 of this work). These sections and chapters are:  

Section 1: ‘sandy contourite’ outcrops of the Rifian Corridor, Morocco: 

 Chapter 2: Shallow or deep? 

 Chapter 3: Tide-dominated deltas responding to sea level changes 

 Chapter 4: Channel, dune and sand sheet architectures of strait-adjacent deltas 

Section 2: Mapping geostrophic bottom current deposits and associated sedimentary 

processes on the ocean floor: 

 Chapter 5: Deserts of the deep: Descriptions of bottom current geomorphologies 

 Chapter 6: Predicting bottom current deposition and erosion on the ocean floor  

 Chapter 7: Quantifying detrital vs. authigenic sedimentation on the ocean floor 

Section 3: The motion and dynamics of dunes: 

 Chapter 8: Why small dunes move faster than big dunes  

 Chapter 9: Dune morphology sequences and topography 

The work ends with a final, tenth chapter that has general conclusions and insights 

developed from the research.  
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1.2.1 Synthesis of chapters 

1.2.1.1 First Chapter: introduction 

1.2.1.2 Second chapter: Shallow or deep? A reinterpretation of the Rifian Corridor’s sandy 

contourites  

Sandstone layers that are exposed in the Fez-Meknes region of northern Morocco (Ben 

Allou (Sidi Chaded) and El Adergha localities), have been misinterpreted as unique examples of 

geostrophically-driven, deep marine (150-400 m water depth) sandy contourites. However, this 

independent analysis shows that these sandstones represent shallow marine (0-30 m water depth) 

tide-dominated deltas and previous studies did not account for major sea level fluctuations that 

occurred here during the late Miocene (7.5 to 7.8 million years ago). This chapter has been 

reviewed by the peer-reviewed journal Sedimentology and is under revision.   

1.2.1.3 Third chapter: Tide-dominated deltas responding to high-frequency relative sea 

level changes  

The Rifian Corridor was an ancient sea strait that connected the Mediterranean Sea with 

the Atlantic Ocean during the Miocene, from 23.0 to 7.2 million years ago. Key outcrop 

exposures of this corridor’s sedimentary fill are exposed at the Ben Allou, El Adergha, and 

Driouate localities, in the Fez–Meknes region, Morocco. These display cyclic successions of 

claystones, marlstones and calcarenites. Based on the sedimentary structures as well as 

microfossil, macrofossil and trace fossil assemblages, the calcarenites are thus interpreted as 

prograding, tide-dominated deltas that are responding to large sea level fluctuations.  This work 

is published in the peer-reviewed Journal of Sedimentary Research (Beelen, D., Wood, L., 

Zaghloul, M. N., Haissen, F., Arts, M., Ouahbi, Redouane, M. and Cardona, S., 2020, Tide-

dominated deltas responding to high-frequency sea-level changes, Pre-Messinian Rifian 

Corridor, Morocco. Journal of Sedimentary Research, 90(11), 1642-1666.). 
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1.2.1.4 Fourth chapter: Channel, dune and sand sheet architectures of strait-adjacent 

deltas, Rifian Corridor, Morocco 

  Sea straits are elongate basin geometries that are common in the sedimentary record and 

play a key role in oceanography and climate. Due to the intricate confluence of marine processes 

and the typically complex structural settings of sea strait depositional systems, many sedimentary 

and stratigraphic characteristics of strait deposits are not fully understood. To better resolve 

these, excellent exposures of marginal sea strait deposits are studied, which crop out in the Fez-

Meknes region of northern Morocco. The unique process regime in these deposits resulted in a 

gradual development from proximal to distal, tidal dune and channel bearing architectures. In the 

lower, seaward parts of the deltas, stacks of mud-free, 2 to 4 m thick dunes and large >100 m 

wide channels dominate. While the upper, landward parts of the delta mostly consist of mud 

drape bearing sand sheets.  This chapter has been accepted with revisions for publication in a 

Special Geological Society of London publication on sea straits and seaways. 

1.2.1.5 Fifth chapter: Deserts of the deep: Bottom current controlled geomorphologies on 

the abyssal plain  

  Geostrophic ocean bottom currents are persistent current processes that interact with 

gravity driven processes to form the sedimentary geomorphology of ocean basins. In this study, 

high-resolution bathymetry data are compiled to map and describe ocean bottom current 

reworked geomorphologies in deep ocean basins. This analysis shows that abyssal 

geomorphologies have many similarities to aeolian systems, reflecting similarities in their 

formation.   

1.2.1.6 Sixth chapter: Predicting geostrophic deposition and erosion on the ocean floor  

I integrate three types of data to predict where geostrophic bottom currents deposit and 

erode sediments on the ocean floor. These data types are 1) global datasets of high-resolution 

bathymetry. 2) Numerical model data of bottom current shear stress on the ocean floor and 3) 

Model data of the amount of sediment on the ocean floor. Using these data, intervals of 

geostrophic deposition and erosion can be quantified, which can then be extrapolated across the 
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ocean floor in 4.5 x 9.3 km grid size resolution, to form a global map of ocean bottom current 

deposition, erosion and stasis. 

1.2.1.7 Seventh chapter: Quantifying detrital versus authigenic sedimentation on the ocean 

floor 

I estimate what portion of oceanic sediments are formed in the water column as compared 

what portion is collected from other sources, like gravity or bottom current driven processes. 

Assuming that there is no sediment influx from gravity driven sources on isolated submarine 

platforms, the amount of water column sediment versus other sediments is estimated by 

determining the ratios between sedimentation rates on submarine platforms and the open ocean. 

This analysis shows that around 8.4% of ocean sediment is formed in the water column while the 

rest is transported through gravity processes from continents and shallow marine areas. 

1.2.1.8 Eight chapter: Why small dunes move faster than big dunes   

Larger objects have less surface area compared to volume than smaller objects with the 

same shape. This concept is relevant to the motion of dunes, because only the sediment that is 

exposed at the surface is available for transportation. To examine how dune size is thus related to 

its surface area and migration velocity, this study uses satellite images to measure the sizes of 

wind-driven barchan dunes. Their velocities are also measured by comparing the location of the 

same dune across multiple time-stamped satellite photos of a dunefield. Dune surface-to-volume 

ratios are thus shown to be universally, linearly proportional to dune velocities within a system 

of moving dunes.  

1.2.1.9 Ninth chapter: Dune morphology sequences and topography  

Surface areas and migration rates of shifting sand dunes White Sands National Park are 

mapped on satellite imagery. This shows that the dispersal of dune morphologies across this 

dunefield can be linked to local topography, whereby barchan dunes travelling upslope increase 

in size and then amalgamate transverse ridges and amalgamated barchanoids. Opposing, 
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downslope topography brings about a reversed morphological sequence in which amalgamated 

dunes disperse back into more exposed barchans. 

1.2.1.10 Tenth chapter: Summary 

The final chapter presents a general summary on the results and insights presented in this 

work.  

1.3 References 

Jacox, M. G., Edwards, C. A., Hazen, E. L., and Bograd, S. J. (2018). Coastal upwelling 
revisited: Ekman, Bakun, and improved upwelling indices for the US West Coast. Journal 
of Geophysical Research: Oceans, 123(10), 7332-7350. 

Rebesco, M., Hernández-Molina, F. J., Van Rooij, D., & Wåhlin, A. (2014). Contourites and 
associated sediments controlled by deep-water circulation processes: State-of-the-art and 
future considerations. Marine Geology, 352, 111-154. 

Faugères, J. C., & Stow, D. A. (1993). Bottom-current-controlled sedimentation: a synthesis of 
the contourite problem. Sedimentary Geology, 82(1-4), 287-297. 

Gonthier, E. G., Faugères, J. C., & Stow, D. A. V. (1984). Contourite facies of the Faro drift, 
Gulf of Cadiz. Geological Society, London, Special Publications, 15(1), 275-292. 

McCave, I. N., Manighetti, B., & Robinson, S. G. (1995). Sortable silt and fine sediment 
size/composition slicing: parameters for palaeocurrent speed and palaeoceanography. 
Paleoceanography, 10(3), 593-610. 

Oost, A. P., van der Lelij, A. C., de Bel, M., Essink, G. U., & Löffler, M. (2016). The usability of 
the sand motor concept. Deltares reference, 1221025-000. 

Sansom, P. (2018). Hybrid turbidite–contourite systems of the Tanzanian margin. Petroleum 
Geoscience, 24(3), 258-276. 

Straume, E. O., Gaina, C., Medvedev, S., Hochmuth, K., Gohl, K., Whittaker, J. M., ... & 
Hopper, J. R. (2019). GlobSed: Updated total sediment thickness in the world's oceans. 
Geochemistry, Geophysics, Geosystems, 20(4), 1756-1772. 

Stow, D. A. V., & Faugères, J. C. (2008). Contourite facies and the facies model. Developments 
in sedimentology, 60, 223-256. 



11 

 

Thran, A. C., Dutkiewicz, A., Spence, P., & Müller, R. D. (2018). Controls on the global 
distribution of contourite drifts: Insights from an eddy-resolving ocean model. Earth and 
Planetary Science Letters, 489, 228-240. 

Trossman, D. S., Palter, J. B., Merlis, T. M., Huang, Y., & Xia, Y. (2016). Large‐scale ocean 
circulation‐cloud interactions reduce the pace of transient climate change. Geophysical 
Research Letters, 43(8), 3935-3943. 

  



12 

 

 

CHAPTER 2 
 

SHALLOW OR DEEP? A REINTERPRETATION OF THE RIFIAN CORRIDOR’S UNIQUE 
SANDY CONTOURITES 

 

2.1 Abstract 

This study proposes that sandstone layers exposed in the Fez-Meknes region of Northern 

Morocco (Ben Allou (Sidi Chaded) and El Adergha localities) have been misinterpreted as 

unique examples of geostrophic bottom current-driven, deep marine (150-400 m water depth) 

sandy contourites. Instead, our independent paleontological, sedimentological, and stratigraphic 

analyses show these sandstones represent more common, shallow marine (0-30 m water depth) 

tide-dominated deltas. These findings imply that at least nine existing studies have based their 

interpretations on erroneous paleo water depth reconstructions, which been derived from 

foraminiferal assemblages from siltstone and claystone layers that interbed the sandstones. The 

foraminiferal data were obtained directly from all facies and show that, while the siltstone and 

claystone layers can be considered deep marine, the sandstones are shallow marine, and previous 

studies did not account for major sea-level fluctuations that occurred here during the late 

Miocene. These reinterpretations have a defining impact on a wide scope of topics covered by 

the existing body of work, involving: the origin of global paleoclimate changes, sandy contourite 

facies models, conditions of bottom current-controlled ecosystems and habitats, ichnofacies 

interpretations, changes in paleogeography, tectonics, and reorganizations of global ocean 

currents and Mediterranean Outflow Water changes, and finally, geographic changes and 

developments leading to the disappearance of the Rifian Corridor and the associated Messinian 

salinity crisis. Using biostratigraphy and measurements of stratal thickness, it is established that 

the successions here were responding to 70-80 m amplitude, 100 kyr period, glacioeustatic 

fluctuations. These values represent hitherto unprecedented constraints on late Miocene climate 

fluctuations, demonstrating these were similar in period and intensity as Pleistocene 

glacial/interglacial cycles. Finally, it is shown that abundant authigenic sediment generation at 

the shallow marine fringes of the Rifian Corridor exacerbated its closure. This likely had 
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significant, previously unrecognized implications to the onset of Mediterranean isolation and the 

associated Messinian salinity crisis.    

2.2 Introduction 

Contourites are deep marine sedimentary deposits that have been ‘emplaced or 

significantly affected’ by deep marine geostrophic bottom currents (Rebesco et al., 2014). 

Despite being widespread in present-day deep marine environments, ancient contourites in 

outcrop are rare. Reviews by Stow et al. (1998) and Hüneke and Stow (2008) list only seven 

outcropping deposits as ‘possibly’ or ‘likely’ representing ancient contourites. Because of their 

rarity, contourites in outcrop are much understudied (Rebesco et al., 2014).  This lack of study is 

unfortunate, since these sedimentary deposits relate to a wide range of topics, as they: record 

paleoclimatic changes (Llave et al., 2006), changes in deep marine geostrophic currents (Hüneke 

and Stow, 2008; Knutz, 2008), provide insights into marine sedimentary processes (Shanmugam 

et al., 1993) and marine paleoecology (Miguez-Salas et al., 2020; Miguez-Salas et al., 2021), and 

finally, contourites are also associated with the exploration and extraction of deep marine earth 

resources (Viana et al., 2007; Viana and Rebesco, 2007).  

In the field of ancient contourites, rocks in one specific interval: the upper Tortonian 

(upper Miocene) of the Rifian Corridor, are of unique interest. These rocks exhibit a coarse 

grainsize, suggesting deposition under powerful current conditions, and are comprised of 

relatively young, unaltered sedimentary rocks with well-established biostratigraphic age 

constraints, allowing accurate sedimentary and stratigraphic analysis (Capella et al., 2017). The 

Rifian Corridor; an ancient sea strait that existed between the Mediterranean Sea and the Atlantic 

Ocean, also played a key role in developing Mediterranean Outflow Water (MOW) and the onset 

of the Messinian salinity crisis (Ivanovic et al. 2013). Deposits of the Rifian Corridor fill are best 

exposed at the localities of Ben Allou (also called Sidi Chahed) and El Adergha, which are both 

within 30 km of the city of Fez (Fez-Meknes Region, northern Morocco, 34°02′N;  5°0′W; Fig. 

2.1). There is a growing body of research on these outcrops, which interpret these rocks as 

unique and critically important outcrop analogues to deep marine sandstone contourites (Capella 

et al., 2017).  Based upon this interpretation, these authors press forward with their insights into 

the late Miocene palaeoenvironment and palaeoceanography. Based on their interpretations, 
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authors have variously: 1) inferred global paleoclimate changes (Capella et al., 2019), 2) 

developed facies models for bottom current-controlled sedimentary environments (Stow and 

Smilie, 2020), 3) inferred reorganizations of global ocean currents (Capella et al., 2019; de 

Weger et al., 2020), 4) reconstructed conditions of bottom current-controlled ecosystems and 

habitats (Miguez-Salas et al., 2020a; Miguez-Salas et al., 2020b; Miguez-Salas et al., 2021), 5) 

inferred changes in paleogeography (Capella et al., 2017; Miguez-Salas et al., 2020b) and 

tectonics (Capella et al., 2017; Stow and Smilie, 2020; de Weger et al., 2020) and 6) redefined 

ichnofacies interpretations (Miguez-Salas et al., 2021), 7) and reconstructed bottom current and 

MOW changes near the onset of the Messinian salinity crisis (Capella et al., 2017; Capella et al., 

2019).  
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A: Present-day location of the study area relative to the European continent.      B. 
Paleogeographic reconstruction of the Rifian Corridors during the Late Tortonian (Late 
Miocene). Note that the Gibraltar Strait had not yet formed (modified from Capella et al. 
(2017a)). The white box in the top right represents the area of the image shown below. C: 
Geological map showing the location of the Ben Allou, El Adergha, and Driouate localities 
relative to the cities of Meknes and Fez. The geological map is modified from Chenakeb (2004). 
All outcrop localities considered in this study are from the Upper Tortonian interval of the Saïss 
sub-basin in the Rif Foreland. 
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The deep marine paleoenvironmental setting for these outcrops was first argued for in 

Zizi (1996) and then further evaluated in Capella et al. (2017). The latter study estimated a 

depositional water depth of 150-400 m, based on microfossil assemblages from siltstone and 

claystone facies that alternate with sandstone intervals at the locations of Ben Allou and El 

Adergha (Capella et al., 2017; Stow and Smillie, 2020). Paleo water depth reconstructions for 

these sandstones were then assumed to be the same as those interpreted for the surrounding 

siltstones and claystones (Capella et al., 2017). Several subsequent studies rely upon these 

interpreted depositional water depths for their environmental and process interpretations (Capella 

et al., 2017; Capella et al., 2019; de Weger et al., 2020; Miguez-Salas et al., 2020a; Miguez-Salas 

et al., 2020b; Miguez-Salas et al., 2021; Stow and Smilie, 2020). In this study, new data from the 

same outcrops are presented, including independent microfossil assemblages from the siltstone, 

claystone, and sandstone facies. These data lead us to conclude that the sandstones were 

deposited in shallow water, while the siltstones and claystones developed in much deeper water. 

This conclusion has defining implications for all the cited work on deep water sandy contourites. 

Besides this analysis of foraminiferal assemblages, I present independent macrofossil, 

ichnological, and sedimentary analysis, to verify and corroborate these findings, and develop 

independent interpretations on the depositional history of these key deposits.   

2.2.1 Regional context 

The northward movement of the African plate induced the formation of an orogenic arc 

that surrounded the western Mediterranean Sea, circa 20 Ma. The southern portion of this arc 

trends throughout northern Morocco, where it is called the Rif Orogenic Arc. This arc is 

comprised of a mountain range and foreland basin called the Rif foreland basin, which is further 

separated into smaller basins, with each smaller basin bounded by thick-skinned normal faults 

(Zizi, 1996). The sediments considered in this study formed in one such subbasin called the Saïss 

Subbasin (Beelen et al., 2020).  

Outcrop localities that expose these sediments are labelled according to historical names 

provided in the literature (Figs. 2.1; 2.2). The primary outcrops of study in this research are 

called Ben Allou (34° 5'52.78’N, 5°18'32.43’W). Some studies use the name Sidi Chahed in 

reference to these outcrops (e.g., de Weger et a., 2020). This outcrop exposes 209 meters of 
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stratigraphy. In addition to this outcrop, there is a much smaller outcrop called El Adergha, 

which contains 25 meters of exposure located 40 km east of Ben Allou. Both outcrops contain 

contemporaneous sandstone intervals that have been interpreted as deep marine sandstone 

contourites (e.g., Capella et al., 2017) 

2.3 Methods 

Observations were made in the field, in the Fez-Meknes Region of northern Morocco 

(Fig. 2.1). Foraminiferal assemblages were obtained from samples taken 10-15 cm depth within 

the exposed rocks. Several samples were taken from every facies across multiple intervals. 

Samples were washed and sieved using a 150-micrometer sieve. Over 200 foraminiferal 

microfossils for all facies were isolated and then identified under a microscope. Microfossil 

facies assemblages are consistent across both locations of Ben Allou (34° 5'52.78’N, 

5°18'32.43’W), and El Adergha (34° 4' 33.30’N, 4°51'36.56’W), and across various intervals 

within the exposures. Although all facies have been interpreted as deep marine contourites by 

previous authors (see above), the sandstones (facies 3) are the primary subject of this study as 

these have received by far the least scrutiny of their fauna but are leaned on most heavily to 

support previous interpretations.  

2.4 Results  

The outcrops at Ben Allou expose a laterally continuous, up to a 209-meter-thick 

succession of sedimentary rocks that formed between 7.80 and 7.50 Ma (Capella et al., 2017). 

The succession here consists of three, approximately equally thick sedimentary cycles (Fig. 2.2, 

Beelen, et al., 2020).  Each cycle comprises basal facies 1: Blue claystone (mostly clay-sized 

sediments comprised of ± 23% CaCO3), overlain by facies 2: Grey siltstones (mostly silt-sized 

sediments comprised of ± 41% CaCO3) interbedded with planar laminated sandstones, and 

capped at the top with facies 3: Yellow-brown sandstones. Facies 3: Yellow-brown sandstones 

are always bounded at the bottom by laterally extensive surfaces of erosion (Fig. 2.3A). These 

sandstones, called thus due to their grain size, can also be called packestones (sensu Dunham, 

1962) or calcarenites (sensu Grabau, 1904) because of their high fossiliferous nature and mass 

percentage of CaCO3 (± 60%, Beelen et al., 2020).  The exposed sandstones show pervasive 
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reactivation surfaces (Fig. 2.3B), inclined heterolithic stratifications (Fig. 2.3C), bidirectional 

cross-strata (Fig. 2.3D), and layers of small, muddy rip-up clasts, which sometimes form flaser 

bedding and mud drapes, occasionally containing mud cracks (Fig. 2.3E). Some intervals have 

symmetrical ripples (Fig. 2.3F), > 2 m tall tepee structures, and well-cemented red hardgrounds 

where carbonaceous microfossils have been replaced by ferruginous minerals (Fig. 2.3G). Paleo-

current direction indicators show a generally bidirectional flow, with a dominant uni-directional 

component (Capella et al., 2017). Large, 15 m-120 m wide channels are present throughout the 

sandstones. Exposures of channel fill are rhythmically bedded and show rapidly alternating 

layers of coarse- and fine grained sandstones (Beelen et al., 2020). 
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Left: stratigraphic logs of the exposures at Ben Allou and El Adergha. Exposed stratigraphic 
thickness at Ben Allou is 209 meters, thickness at El Adergha is 15 meters. All three facies are 
present at both locations. Right: Photographs showing the three facies. 
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Figure 2.3. A: Erosional boundary at the bottom of the upper sandstone layer. Cross stratified 
sandstones are above the boundary and grey marls are below the boundary. B: Large cross strata 
in the sandstones containing reactivation surfaces (marked by dashed pink lines), pink arrow 
shows paleocurrent direction. C: Inclined heterolithic stratifications, pink arrow shows 
paleocurrent direction. D: Bidirectional cross strata. Pink arrows show paleocurrent directions. E: 
Flaser bedding. F: Symmetrical ripples with a prominent Ophiomorpha burrow. G: Siderite-rich 
paleosol with a pustular texture.  



21 

 

2.4.1 Paleontology 

The sandstones (facies 3) in the study area have a high variability in bioturbation 

intensity and contain abundant, Planolites and Psilonichnus ichnogenera near the top of the 

sandstone layers and abundant Thalassinoides, Macaronichnus and Scolicia ichnogenera near 

the bottom of the sandstone layers. Intervals of intense bioturbation are common. Overall, the 

sandstone layers exhibit a Glossifungites ichnofacies near the top and a Cruziana ichnofacies at 

the bottom (Pemberton and Frey, 1984). It is of note that existing studies on the trace fossils of 

these deposits like Miguez‑Salas et al.  (2021) appear to have missed the abundant Psilonichnus 

borings, which are the dominant ichnogenus near the tops of the sandstone layers. There are 

many complete barnacle and 1-3 cm sized scallop macrofossils as well as 5-10 mm sized 

bryozoa and echinoid fragments. Sediments are poorly sorted and immature, mostly consisting of 

coarse shell debris and some immature euhedral quartz grains. In the sandstones (facies 3), 

benthic foraminifera of genus Ammonia and Elphidium are the dominant species, accounting for 

around half of all foraminifera (Fig. 2.4). These genera are commonly found in nearshore 

environments and shallow water depths (Murray, 2014). Other shallow water benthics such as 

Quinqueloculina and Amphigestina account for most other benthic genera in these sandstone 

deposits. Species associated with brackish water, notably Ammonia tepida are present (Debenay 

et al. 1998). ± 16% of foraminifera belong to planktonic genera, such as Globogerinoides or 

Neogloboquadrina. Foraminifera are outnumbered by numerous species of smooth-shelled 

ostracods. The foraminiferal assemblages in these sandstones are very similar to stromatolite-

bearing assemblages from contemporaneous lagoonal deposits at the nearby outcrop locality of 

Driouate (Fig. 2.1; Beelen et al., 2020). The outcrop of Driouate lies ± 9 km south (interpreted as 

paleo landward) from the location of Ben Allou (Beelen et al., 2020). Foraminifera collected 

from the sandstones at Ben Allou are in near-perfect preservation condition, indicating that they 

are not part of a reworked and redeposited assemblage. Water depth-dependent ratios of 

planktonic (water column dwelling) and benthic (sea floor dwelling) species (P/B ratios; van der 

Zwaan et al., 1990) show that, while the sandstones have a dominance of benthics (facies 3, P/B 

= 0.16), there is a more than sixfold increase in the fraction of planktonic individuals in the 

siltstones (facies 2, P/B = 1.12) and the claystones (facies 1, P/B = 1.30). The siltstones and 

claystones also have assemblages that are consistent with much deeper water settings (Figs. 2.4; 
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2.5), having far fewer Ammonia and Elphidium and ostracods (<10%). These assemblages also 

have benthic genera associated with deeper environments like Cibicides and Pullenia. In contrast 

to the sandstones (facies 3), the finer facies (1 and 2) have almost no sedimentary structures and 

instead have a mostly homogeneous texture (Fig. 2.2). In some cases however, the siltstones 

(facies 2) are intercalated with coarse grained, planar and ripple laminated heterolithic beds. The 

claystones (facies 1) contain microscopic Chondrites trace fossils, have ± 1% organic matter, and 

contain large calcareous concretions (Beelen et al., 2020).  

 

Figure 2.4. Foraminiferal assemblages. Left: shallow water assemblages in the lagoonal facies at 
Driouate (pink) as compared to similar contemporaneous assemblages in the Ben Allou and El 
Adergha sandstones (orange, facies 3). Right: foraminiferal assemblages consistent with deeper 
depositional water depths in the siltstones (grey, facies 2) and claystones (blue, facies 1). 
Foraminiferal genera are on the X-axis. Planktonic genera are in bold, showing much higher 
planktonic/benthic ratios in the fine grained facies (1 and 2) as compared to the coarser facies 3. 
Assemblages are from various intervals at the locations of Ben Allou and El Adergha. 
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Figure 2.5. A: Sample of 25 foraminifera from facies 3: Sandstones. Sample was obtained from 
the middle sandstone layer at Ben Allou (Fig. 2.2). This sample shows dominantly benthic 
foraminifera, the most common genus is Ammonia. A = Ammonia, B = Bulimina, N = Nonion. B:  
Sample of 35 foraminifera from facies 1: Claystones. Sample was obtained from the claystones 
near the bottom of the Ben Allou succession. This sample shows dominantly planktonic 
foraminifera and deeper water benthics like Pullenia and Eponides. R = Rotalina, O = Oolina, 
Ep = Eponides, P = Pullenia, El = damaged and possibly reworked Elphidium, G = 
Globogerinoides, which is the dominant genus in this facies. B = Bulimina. C: Sample of 
Ammonia, the dominant genus in facies 3: Sandstones. Note that lack of damage indicates that 
this specimen was likely deposited in situ, and was not reworked. D: Sample of the second most 
common genus in facies 3: Sandstones: Elphidium.  
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Figure 2.6. SEM images of the dominant species in facies 3, sandstones at the Ben Allou and El 
Adergha localities. Ammonia and Elphidium genera make up about 50% of all individuals in 
these facies.  

2.5 Interpretations 

The assemblage of sedimentary structures in the poorly sorted and immature textured 

sandstones at Ben Allou and El Adergha (facies 3) includes rhythmic bedding, reactivation 

surfaces, inclined heterolithic stratifications, bidirectional cross strata, flaser bedding, and mud 

drapes.  These features suggest that these rocks formed under the action of rapidly alternating 

and variable currents like tidal processes. In addition, these sandstones (facies 3) have an 

Ammonia and Elphidium genera dominated foraminiferal assemblage (Figs. 2.4; 2.5, and 2.6), as 
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well as barnacle and echinoid dominated macrofossils assemblages (Beelen et al., 2020). The 

presences of these biota are consistent with a shallow marine, nearshore depositional 

environment for the sandstones (Murray, 2014).   In addition, numerous well-defined channel 

forms can be seen in parts of these outcrops. Taken in total, these observations support an 

interpretation of deposition of these sections in a shallower, tide-dominated setting, where rapid 

currents frequently alternated with flow quiescence (Davis and Dalrymple, 2011). The 

alternating fine-to coarse grained sedimentary fill of the channel forms are interpreted to be tidal 

couplets, reflecting episodes of waxing and waning tidal currents within the channels (Fig. 2.3C; 

Davis and Dalrymple, 2011). The ferruginous red hardgrounds in the sandstones (Fig. 2.3G) 

appear diagenetically altered and may have been in contact with well-oxygenated meteoric pore 

waters, indicating proximity to an aerial environment (Wright, 1994). Proximity or intermittent 

contact with air is further supported by the firm, dewatered paleo-consistency of the sandy 

substrates as reflected by the numerous Psilonichnus borings and Glossifungites ichnofacies 

(Gingras et al., 2000), and the presence of tepee structures and mud cracks (Beelen et al., 2020). 

Although rare, some beds containing symmetrical ripples (Fig.  2.3C), suggest that some 

sandstones were also affected by waves. Aside from this, most evidence of wave action is likely 

obscured by the more powerful, amplified tidal processes that occurred in the paleo sea strait 

depositional setting (Longitano and Steel, 2016).  

Microfossil, macrofossils and trace fossils in the fine grained claystone and siltstone 

facies (1 and 2) support the interpretation that these sediments were deposited in an open marine 

environment and in significantly deeper waters (80-40 m) than the sandstone facies. Finer-

grained, grey siltstones (facies 2) lack sedimentary structures and are intercalated with 

heterolithic beds. These heterolithic beds with an erosional surface at their base and sandstones 

that fine upwards into ripple laminated siltstones are interpreted as gravity-driven sedimentary 

deposits or turbidites. Thin sections of the sediments from the heterolithic beds show many 

crushed and severely damaged foraminiferal and macrofossils that are similar to assemblages 

found in the overlying sandstones (facies 3). Sandstone facies are therefore interpreted to have 

been resedimented and incorporated in the more distal siltstone facies (2). The micro-fauna and 

trace fossil assemblages, lack of sedimentary structures, and presence of large calcareous 
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concretions and organic matter, indicate that the claystones (facies 1) were deposited under quiet, 

dysoxic, deep shelf conditions (Martin, 2004; Yoshida et al., 2018).   

The three facies documented at Ben Allou are also present at the much smaller exposure 

of El Adergha where they are similar in terms of sedimentary structures, microfossil, 

macrofossil, and trace fossil assemblages and sedimentary structures. The facies depositional 

environment interpretations are therefore the same for both locations. Based on these process and 

water depth interpretations, each cycle in the successions at Ben Allou and El Adergha shows a 

shallowing upward facies trend. 

2.6 Discussion 

2.6.1 Late Tortonian global eustatic changes 

The relatively rapid stratigraphic alternations between the shallow water sandstones 

(facies 3) and deeper water siltstone and claystone facies (1 and 2) suggest that the Miocene-age 

Rifian Corridor was subject to large-scale changes in paleo water depth. Based on this, the 

shallowing upwards stratigraphic cycles exposed at Ben Allou and El Adergha are interpreted 

being depositional sequences, each representing a relative rise and fall in sea level (Sarg, 1988; 

Van Wagoner et al., 1988; Fig. 2.6). Given this interpretation, the laterally extensive surfaces of 

erosion at the lower boundaries of the sandstone layers can be interpreted as regressive surfaces 

of marine erosion that formed during a developing lowstand in sea level (Figs. 3.3A; Van 

Wagoner et al., 1988). The succession at Ben Allou shows a thickening of the shallower facies’ 

component of each successive sequence, which possibly reflects a progradational stacking of 

sequences throughout the development of periodically changing sea level conditions (Fig. 2.6). 

This interpretation is supported by the observed shifts in microfossil assemblages and facies in 

the exposed Rifian Corridor fill at Ben Allou and El Adergha are linked to sea level fluctuations 

(Fig. 2.7). Large-scale global fluctuations in late Miocene sea level are well documented in the 

existing literature. Contemporaneous sediments that formed in the Betic Corridor in Spain 

(Garcia-Garcia et al., 2009), as well as ocean drill core from offshore Morocco (Mercer and 

Sutter, 1982; Cita and Ryan, 1979; Westerhold et al., 2005) describe large, periodic shifts in 

global temperature and sea level in these areas, that were prevalent during the late Miocene and 
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late Tortonian. Biostratigraphic age markers from Capella et al., (2017) indicate that the three, 

roughly equally thick, depositional sequences at Ben Allou were deposited between 7.80 and 

7.50 Ma, reflecting ± 100 kyr per cycle (Fig. 2.6). This value corresponds in periodicity to 

existing interpretations of late Tortonian sea level changes, which were likely driven by 100 kyr 

orbital eccentricity cycles (Mercer and Sutter, 1982; Cita and Ryan, 1979). The thickness of a 

depositional sequence has been noted to approximate the minimum variability in water depth 

across coeval sea level fluctuations (Plint, 2009; Beelen et al., 2019). Based on the measured 

thicknesses of the sequences at Ben Allou, sea level changes during the late Tortonian in this 

area were at least 70 m, likely between 70-80 m in amplitude.  

The period and amplitude of sea level fluctuations documented in rocks at Ben Allou 

generally agree with previous studies on late Tortonian eustatic changes, which were based on 

measured variations in oxygen isotopes and reported ± 80 m sea level fluctuations across 100 kyr 

periods (Cita and Ryan, 1979; Westerhold et al., 2005). These older studies conclude that 

periodic changes in sea level during the late Miocene were glacioeustatic and were forced by 100 

kyr orbital eccentricity cycles. Evidence presented in this study thus corroborates existing 

notions that late Miocene climate had an orbitally paced regime of glacial-interglacial cycles, 

similar in intensity and periodicity to Pleistocene glacial-interglacial climate changes (Cita and 

Ryan, 1979). These fluctuations are far more intense than during the generally warmer and more 

stable Pliocene climate that existed in between the Pleistocene and the late Miocene (Miller et 

al., 2005). The data and interpretations presented here also support existing opinions that, besides 

corridor confinement due to tectonically forcing, the total marine area of the Rifian Corridor was 

severely limited due to rapid glacioeustatic lowstands, occurring immediately before the 

Messinian salinity crisis (e.g., Hilgen et al., 2007). These periodic confinements may not have 

played a significant role in the onset of the Mediterranean desiccation, but likely affected MOW, 

Atlantic Deep water formation and possibly regional or global climate. Additionally, these 

findings lead us to propose that the constriction and disappearance of the Rifian Corridor were 

hastened by rapid, high sediment supply infill of the Rif Foreland’s accommodation. This high 

sediment supply was facilitated by abundant carbonate sediment production from active, shallow 

marine carbonate factories at the fringes of the Mediterranean-Atlantic gateway corridors.  

Evidence of such areas is now partially exposed at Ben Allou and El Adergha. 
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Figure 2.7. Overview of the outcrops at Ben Allou (sometimes called Sidi Chahed).  See figure 1 
for location. A: Sedimentary log of the 209 m thick succession at Ben Allou, showing three 
stratigraphic cycles that each contain facies 1, 2 and 3. B: Satellite image showing cliff forming 
sandstones, image is overlain by a facies interpretation of the Ben Allou outcrops, showing 
claystones (facies 1) in blue, siltstones (facies 2) in grey and sandstone layers (facies 3) in 
orange. C: paleo sea level interpretation for the various facies, showing high relative sea level 
corresponds to the deposition of siltstones and claystones (facies 1 and 2) and low relative sea 
level corresponds to the deposition of sandstones (facies 3). The red hashed line denotes 
erosional hiatus that coincides with the developing lowstand. F.O. = First Occurrence. L.C.O. = 
Last Common Occurrence. Biostratigraphic age constraints from Capella et al., 2017 show that 
the three cycles within the exposed interval were deposited between 7.80 and d 7.50 Ma, 
suggesting sea level fluctuations here occurred roughly every 100,000 years. 
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2.6.2 Shallow or deep? A reinterpretation of the depositional process 

Many existing models for the depositional processes in the Rifian Corridor rely on the 

interpretation that the sandstones at Ben Allou and El Adergha were formed in deep water, under 

the action of deep marine bottom currents and geostrophic currents. First, Capella et al. (2019) 

argue that the contact between the siltstone facies (2) and the sandstone facies (3) at Ben Allou 

signifies a sudden increase in bottom current intensity and MOW during the late Tortonian. They 

then discuss whether this increase in bottom currents corresponds to shifts in ocean current 

intensity and changes in Miocene atmospheric conditions and paleoclimate. Second, Miguez-

Salas et al. (2020a) argue that ichnofossil assemblages in the sediments at Ben Allou reflect 

shifts in nutrient supply and associated bottom current activity. Third, de Weger et al. (2020) 

claim that the sandstones at Ben Allou have bottom current channels that display intermittent 

overflow of MOW currents in this area. They then discuss that this intermittent development of 

ocean currents reflects changes in tectonics, regional climate, and global ocean circulation. 

Fifthly, Miguez-Salas et al. (2011) base their deep marine contourite ichnofacies model on these 

sediments. Finally, Stow and Similie (2020) base their Coarse grained contourite facies model 

largely on observations made at Ben Allou and El Adergha. New evidence presented here, which 

shows that the sandstones at Ben Allou and El Adergha were actually formed in shallow water 

by tidal currents, indicates that some conclusions from the aforementioned studies require 

revision.  
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Figure 2.8. Paleoenvironmental interpretations. Schematic image illustrating facies shifts from 
shallow water sandstones (facies 3) during a relative sea level highstand (left) to deeper siltstones 
and claystones (facies 1 and 2) during a relative sea level lowstand (right). 

2.7 Conclusions 

This study is focused on Miocene-age sedimentary successions that formed in the Rifian 

Corridor and are now exposed in the Fez Meknes region of Northern Morocco, at the locations of 

Ben Allou and El Adergha. Micro fauna, macro fauna and trace fossil assemblages, immature 

sediments, symmetrical ripples, rhythmic and flaser bedding are present in sandstones layers that 

make up part of this exposed sedimentary fill. These observations lead to the interpretation that 

these sandstones were deposited in a tide-dominated, nearshore, shallow water environment. 

Considering this evidence, it is argued that these sandstones do not represent deep water 

contourite deposits that formed under the action of deep marine geostrophic bottom currents or 

MOW, as claimed by previous studies. Some conclusions from previous studies that infer 

variations in bottom current activity, paleoclimate, and paleo environment from these sandstones 

thus require reinterpretation. Additional sedimentary and paleontological evidence is provided to 

show that the fine grained siltstone and claystone facies (1 and 2) that interbed with the 

sandstones at Ben Allou and El Adergha formed in much deeper waters. This suggests that large 

± 70 – 80 m paleo-water depth fluctuations occurred in the Rifian Corridor during the late 

Tortonian. These fluctuations can be linked to late Miocene glacioeustatic variations, which were 

likely forced by 100 kyr orbital eccentricity cycles and were overall similar in period and 

intensity as Pleistocene glaciations.  
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CHAPTER 3 
 

TIDE-DOMINATED DELTAS RESPONDING TO HIGH-FREQUENCY SEA LEVEL CHANGES, 
PRE-MESSINIAN RIFIAN CORRIDOR, MOROCCO 

Reproduced with permission from The Journal of Sedimentary Research 

Beelen, D., Wood, L., Zaghloul, M. N., Haissen, F., Arts, M., Ouahbi, I., Redoaune, M. & 

Cardona, S. (2020). Tide-dominated deltas responding to high-frequency sea-level changes, Pre-

Messinian Rifian Corridor, Morocco. Journal of Sedimentary Research, 90(11), 1642-1666. 

Further permission statements for the inclusion of this chapter are at the end of the thesis.  

3.1 Abstract 

The Rifian Corridor was an ancient sea strait that connected the Mediterranean Sea with 

the Atlantic Ocean during the Miocene. Key outcrop exposures of this corridor’s sedimentary fill 

are exposed at the Ben Allou, El Adergha, and Driouate localities, in the Fez-Meknes region, 

Morocco. These display cyclic successions that formed immediately before the disappearance of 

the Rifian Corridor, and the associated isolation and desiccation of the Mediterranean Sea. 

Sedimentary cycles at Ben Allou consist of: Facies 1: Organic-matter-bearing blue claystones. 

Facies 2: Gray marlstones intercalated with turbidites and facies 3: Yellow-brown, coarse 

grained calcarenites. Based on their coarse grain size, presence of reactivation surfaces, 

bidirectional current structures, and mud drapes as well as microfossil, macrofossil and trace 

fossil assemblages, the calcarenites (facies 3) are interpreted as prograding, strait-adjacent tide-

dominated deltas transitioning from large subtidal compound dunes to intertidal sand sheets that 

are composed mostly of authigenic carbonate sediment. The two fine grained facies were 

deposited in deeper prodelta (facies 2) and shelfal (facies 3) environments, as shown by this 

combined sedimentological and paleontological evidence. Cross-sectional channel geometries 

provide a means for reconstructing the delta’s paleotidal range, suggesting that it was macrotidal, 

and likely amplified by the paleogeometry of the Southern Rifian Corridor, to at least 4.2 m. The 

cyclic succession of corridor fill exposed here likely is the result of three, roughly 70 m 

fluctuations of eustatic rise and subsequent fall, possibly linked to ~ 100,000-year glacial-

interglacial climate fluctuations. Broadly similar, contemporaneous sedimentary successions 

from the outcrop at El Adergha, 40 km east of Ben Allou, show that these sea level variations 
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affected a wide range of the Corridor, while rocks at the locality of Driouate, 9 km south of Ben 

Allou, show evidence for lagoonal environments on the landward side of the corridor, which 

were subject to periodic marine regressions and floodings. These results are reinterpretations of 

previous work on these sediments, with implications to depositional processes in the Rifian 

Corridor, Miocene paleoclimate, and the Messinian salinity crisis.  

3.2 Introduction 

3.2.1 Previous work and current objectives 

The Rifian Corridor was an important paleo sea strait which partially occupied the 

onshore part of the Northern Moroccan Prerif Foreland Basin and connected the Mediterranean 

Sea with the Atlantic Ocean. The sediments in this area constitute the Upper Tortonian 

succession of the Saïss sub-basin, which along with the Rharb sub-basin to the west and the 

Taza-Guercif sub-basin to the east, comprise the onshore part of the Prerif foreland (Zizi, 1996). 

The sedimentary succession here was deposited immediately before the closure of the Rifian 

Corridor. This closure played an important role in the isolation and desiccation of the 

Mediterranean Sea leading up to the Messinian salinity crisis at the end of the Tortonian 

(Ivanovic et al., 2013). The Messinian salinity crisis was a continental-scale desiccation event, 

which is known as one of the world’s most catastrophic oceanographic and paleoenvironmental 

changes of the last ten million years (Roveri et al., 2014; Ivanovic et al., 2013, Capella et al., 

2017a). Miocene successions in the Saïss sub-basin in this area consist mostly of fine grained 

marly and clayey material, with occasional prominent outcrops of sandy layers (Zizi, 1996). This 

study focuses on three key outcrops that are part of this succession: 1) Ben Allou, 2) El Adergha, 

and 3) Driouate; all three are located less than 30 km from the city of Fez. Capella et al., (2017a) 

report that the coarse grained facies in these localities are rare examples of fossil sandy 

contourites, deposited under the action of Mediterranean outflow and geostrophic ocean bottom 

currents. A subsequent publication (Capella et al., 2019) argues that this interpretation has 

implications for global ocean circulation as well as global cooling during the Late Miocene. This 

study is a new analysis and interpretation of depositional processes and environments of the 

same outcrops, and the implications for the history of sedimentary fill of the Rifian Corridor.  
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Past observations will be considered but expanded upon with new observations and additional 

context for these key exposures, including new data for the abundance and diversity of fauna and 

flora, ichnofacies, sedimentology, architecture, and mineralogy of these deposits. The study 

concludes by presenting a new, complete understanding of the conditions and processes in and 

near the Rifian Corridor system, immediately before its closure. I also report insights into the 

geological and climatological history of this area, with implications for the Messinian salinity 

crisis. 

3.2.2 Geological and paleogeographic framework 

Collision of the African and Eurasian plates caused the formation of the Betic-Rif 

Orogenic Arc approximately 20 Ma. This orogenic arc stretches from Western Algeria, 

throughout Morocco, where it is called the Rif Orogenic Arc, and continues through Southern 

Spain, where it is called the Betic Orogenic Arc. The inward-facing part of the Rif Arc is known 

as the Internal Rif, which underwent subduction and mountain building near the western edge of 

the Mediterranean Sea (called Alboran Sea at this location), while the outward-facing component 

of the Betic Rif Arc is called the External Rif Zone. Within the study area, continental collision 

caused the formation of a series of partially connected foreland basins, which accommodated the 

sea strait between the Atlantic Ocean and the Alboran Sea in an area known as the Rifian 

Corridor. This elongate sea strait was probably divided into a narrower Northern Rifian Corridor 

and a wider Southern Rifian Corridor, separated by an up-thrusted nappe belonging to the 

African continent (Capella et al., 2018). The Southern Rifian Corridor, the focus of this study, 

was then further separated into smaller basins by the subsequent dissection of the up-thrusted 

nappe, with each smaller basin bounded by transpressional normal faults (Capella et al., 2017b). 

The Northern and Southern Rifian Corridors enabled the exchange of water between the 

Mediterranean Sea and the Atlantic Ocean (Fig. 3.1), until uplift from the northward movement 

of the African continent forced both sea straits to close almost entirely at 6.64 Ma. (Ivanovic et 

al., 2013), thereby isolating the Mediterranean Sea, resulting in its near total evaporation. The 

Mediterranean Sea remained isolated until the opening of the Gibraltar Strait and the refilling of 

the Mediterranean Basin with the Zanclean Flood, which occurred around 5.33 Ma (Blanc, 2002, 

Garcia-Castellanos 2009).  
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Several studies have been performed to reconstruct the paleogeography of the Southern 

Rifian Corridor, many with the aim of gaining insights into the events of the Messinian salinity 

crisis and reflooding of the Mediterranean. Despite extensive work by Capella et al., (2017a; 

2017b; 2018) and many others, the complex decline and eventual disappearance of the Rifian 

Corridors still is not constrained entirely and likely resulted from a complex interaction of 

several multi-scale processes. Some of the key processes involved in these changes include 

geodynamics of local plate tectonics, climate forcing and associated eustatic variations 

(Krijgsman et al., 1999; Hilgen et al., 2007; 2012; Achalhi et al., 2016), and tectonic uplift 

(Krijgsman et al., 1999; Gutscher et al., 2002; Achalhi et al., 2016; Capella et al., 2017).  

Additional processes that affected this evolution include isostatic rebound due to the evacuation 

of subsurface salt (Govers, 2009), and crustal-scale thrusting (Weijermars, 1988).  
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Figure 3.1. A: Present-day location of the study area relative to the European continent. B. 
Paleogeographic reconstruction of the Rifian Corridors during the Late Tortonian (Late 
Miocene). Note that the Gibraltar Strait had not yet formed during this time (modified from 
Capella et al. (2017a)). White box in top right represents area of image shown below. C: 
Geological map showing the location of the Ben Allou, El Adergha and Driouate localities 
relative to the cities of Meknes and Fez. Geological map is modified from Chenakeb (2004). All 
outcrop localities considered in this study are from the Upper Tortonian interval of the Saïss sub-
basin in the Rif Foreland. 
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3.3 Methods 

Sedimentary successions considered in this study lack a consensus regarding naming. 

Therefore, individual outcrops are labelled according to the geographic location of their 

exposure, as well as historical names provided in the literature. To provide time-stratigraphic 

context, biostratigraphic ages are determined from these observations as well as previous work. 

Notably, Capella et al., (2017a) find two biostratigraphic age markers at the Ben Allou locality: 

at the bottom of the section, there is the first occurrence of Globorotalia suturae, dated to 7.80 

Ma (Sprovieri et al., 1999), and secondly, the top of the section has the last common occurrence 

of Globorotalis menardii 4, dated at 7.50 Ma (Antonarakou et al., 2004). Capella et al., (2017a) 

also constrains the sediments at the El Adergha locality roughly to the same time interval, 

reporting the presence of the first general occurrence of Globorotalia miotumida at 7.25 Ma near 

the middle of the section.   

The outcrops considered in this study were located on geologic maps of Northern 

Morocco (e.g., Chenakeb, 2004); field expeditions were undertaken to construct sedimentary 

logs, describing macrofossil assemblages, ichnofacies, sedimentary structures, and stratigraphic 

contacts (Fig. 3.1). Rock samples of ~ 500 grams from each facies collected across several 

intervals were obtained from at least 10 cm depth in the outcrops. From these samples, 

microfossils were obtained by passing the sediments through a 150-micrometer sieve. Robust 

assemblages of > 100 foraminifera were collected from each facies. Individual fossils (n > 200) 

were identified in every facies from the main outcrops at Ben Allou. In addition, 30 micrometer 

thin sections were made from each facies. A separate suite of samples was weighed and then 

disaggregated using 35% hydrochloric acid to dissolve the CaCO3 in the sample. Afterwards, 

each sample was dried and reweighed to determine the mass percentage of CaCO3. Furthermore, 

rock-eval pyrolysis was applied to selected samples to determine the percentage of total organic 

carbon (TOC) and kerogen types. 

3.3.1 Study locations 

The Ben Allou outcrop (34° 5' 52.78’ N, 5°18' 32.43’ W) exposes 209 m of vertical 

stratigraphy and is the primary study location discussed here, while two smaller outcrops; El 
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Adergha and Driouate, were studied to gain a better contextual understanding of the deposits 

(Figs. 3.1; 3.2). The El Adergha section is roughly 15 m of exposed vertical stratigraphy located 

on a hilltop 40 km east of Ben Allou. (34° 4' 33.30’ N, 4° 51' 36.56’ W).  The Driouate section 

has 33 m of vertical exposure near a road, located 6 km south southwest of Ben Allou (34° 2' 

29.82’ N, 5° 18' 57.04’ W).  

3.4 Results 

Across all three outcrops, six facies were identified and defined based on color and grain 

size (Table 3.1-Ben Allou and El Adergha; Table 3.2-Driouate). Most facies contain abundant 

foraminifera, assisting reconstruction of the depositional environments and depositional water 

depths and conditions for each facies.  All localities have foraminiferal assemblages consistent 

with Late Tortonian marine sediments and were deposited in or near the Southern Rifian 

Corridor. 

3.4.1 Ben Allou 

The Ben Allou outcrop is best exposed on a southwest-facing hillside next to a dam 

called Barrage Sidi Chahed. The hill rises about 200 m above an artificial lake and contains a 

laterally continuous exposure with two prominent calcarenite layers that form cliff ledges. These 

ledges can be traced around the hill for nearly 4 km, allowing the mapping of a three-

dimensional view of the deposits.   

The succession at Ben Allou has three facies; described below, that stack to form 

repeated cycles. Cycles are each roughly equal in thickness (Fig. 3.2), and thin laterally towards 

the northwest, by ~ 55 m or ~ 80% over a 2000 m distance. Due to the coarse grain size and high 

resistance to erosion, thickness changes in the cliff-forming calcarenites (facies 3), can easily be 

observed in satellite data.  

3.4.1.1 Facies 1: blue claystones 

Rocks constitute facies 1 are blue, moderately sorted, poorly to moderately rounded silt 

and clay, and are found at the base of the Ben Allou section.  These are structureless, carbonate-
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bearing yet mostly siliciclastic sediments, composed of 23% CaCO3. They contain large, white, 

septarian concretions with a pinkish interior. These concretions, which are spheroidal or 

cylindrical in shape, in some cases reach up to a meter in height and contain no fossils at their 

core  (Fig. 3.3A). Facies 1 contains ~ 1 cm wide, straight, multidirectional fractures that are 

infilled with evaporites (Fig. 3.3B). There are several vaguely visible brownish sand stringers. 

These blue claystones have numerous, millimeter-scale Chondrites filled with organic matter that 

give the claystone their blueish hue.  

No macrofossils were found in these facies, but there are abundant microfossils, 

dominantly foraminifera and sparse ostracods. Most of the ostracods have ornate shells. 

Foraminiferal assemblages are dominated by planktonic species comprising genera 

Globigerinoides, Orbulina, and Neogloboquadrina. They are mostly planktonic, having a 

planktonic versus benthic ratio (P/B ratio) of 1.55. In contrast to the other facies, the blue 

claystones contain the planktonic foraminifera Globorotales menardii. Benthics are quite 

diverse, with no genus being dominant. Common genera include Ammonia, Bulimina, Cibicides, 

Pullenia and Nonion (latter species is pompiliodes). Benthic foraminiferal skeletons are most 

commonly very well preserved and can contain small amounts of organic matter. The 

assemblages in these blue claystones are characteristic of Late Miocene, Mediterranean origin 

sediments deposited in deep-middle to shallow-outer neritic water depths (Murray, 2014). 

Rock-eval pyrolysis on one facies 1 sample indicates 1.4% TOC. The S1 peak is very 

small, suggesting that a small amount of hydrocarbons are present. A much larger, broad S2 peak 

shows that kerogens are present. The S2 is a dual peak, with the late peak being slightly larger 

than the early peak, indicating that Type II, marine source rock is present, but that Type III, 

terrestrial source rock is dominant (Barker, 1988.). Complete results of the rock-eval pyrolysis 

are in Supplementary Information.   
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Figure 3.2. Stratigraphic logs at Ben Allou (left), El Adergha (middle), and Driouate (right). 
Note that scales vary. Ben Allou is by far the largest outcrop. It has two biostratigraphic age 
markers (Capella et al., 2017a), 7.8 Ma at the bottom of the section and 7.5 Ma at the top. L.C.O. 
= Last Common Occurrence, F.C.O. = First Common Occurrence, F.O. = First Occurrence. El 
Adergha and Driouate are contemporaneous with Ben Allou. All studies intervals are in the Saïss 
sub-basin, but correlation between the logs is poorly constrained. 
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Figure 3.3. A: Facies 1: Blue claystones with large septarian concretion, roughly 1 m high. B: 
Facies 1: Homogeneous blue claystone, fractures filled with evaporites. C: Facies 2: Gray 
marlstones, heterolithic intercalations containing sandstone layers. D: Facies 2, gray marlstones, 
sharply overlain by facies 3, Calcarenites. Note horizontal brown sandy stringers. 

 



45 

 

3.4.1.2 Facies 2: gray marlstones 

Within stratigraphic cycles, the blue claystones belonging to facies 1 grade upward into 

facies 2. Facies 2 consists of gray, slightly coarser carbonaceous silt and clay, in moderately 

sorted and poorly to medium-rounded marlstones. These facies commonly have an abundance of 

~ 5 cm thick brown sand stringers that consist of pulverized, microscopic shell fragments, 

barnacle fragments, bryozoan fragments, echinoid spikes, and damaged foraminifera. 

Occasionally, the gray marlstones are intercalated with ~ 10-30 cm thick, poorly sorted, medium-

to coarse-sand-sized shell debris, visible as brown layers with parallel lamination (Fig. 3.3C). 

The basal surface of these brown sandy layers erode into underlying finer sediments. Numerous 

~ 5 mm rip-up clasts from the underlying beds are included in the overlying erosional lag. These 

brown sandy layers did not yield any foraminifera from sieving, although some fragmented 

microfossils including the species Ammonia becarri, could be identified in thin section. The 

sands grade upward into somewhat finer, ripple-laminated sands and then rapidly into gray, silt-

and clay-sized sediments (Fig. 3.3C). Paleocurrent directions derived from measurements of the 

rippled beds are dominantly toward the southwest. In some cases, these ~ 10-30 cm thick 

intercalations of sands, silts and muds, recur several times.   

Regarding microfossils, foraminifera outnumber ostracods. Microfossil assemblages 

contain many planktonic genera like Globigerinoides, Orbulina, and Neogloboquadrina, having 

a planktonic/benthic (P/B) ratio of 0.86. Benthic foraminiferal assemblages are diverse, with no 

genus being dominant. Present genera include Ammonia and Elphidium (mostly damaged), and 

Amphycorina, Cibicides, Pygro, and Oolina (Supplementary Information). The assemblages are 

consistent with inner-to middle-neritic water depths (Murray, 2014). A few Cretaceous 

planktonic foraminifera are present but appear to have been reworked based on significant 

damage and different coloration. The gray marl sediments contain few intact macrofossils, few 

trace fossils, and no shell fragments larger than 5 mm.  

3.4.1.3 Facies 3: yellow-brown calcarenites 

The top of facies 2 is truncated and is overlain by facies 3, which are coarse grained, 

yellow-brown calcarenites, consisting mostly of sand-sized shell debris and some quartz grains. 
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This facies is the best exposed and the most varied across the outcrop. The lowermost 

stratigraphic cycle has a thin interval containing the calcarenite facies, but here it is mostly 

covered by alluvium, whereas calcarenites in the upper two cycles are thick (> 20 m), 

prominently outcropping layers.  Therefore, this description is mostly derived from observations 

of the top two stratigraphic cycles. The calcarenite facies is characterized by three scale orders 

(e.g. Tawfik et al., 2015) of cross-stratification, from centimeter-scale to multi-meter scale (Fig. 

3.4). To reflect the dominance of these scale orders, each individual calcarenite layer can be 

divided into three subfacies, to demonstrate a slight, gradual shift in sedimentary characteristics. 

All subfacies have similar sediment textures and compositions apart from a gradual decrease in 

mean grain size towards the top of each calcarenite layer, from subfacies 3a (bottom) through 

subfacies 3c (top), and the scale of crossbedding also decreases upward from ~ 3 to 0.5 m thick.   

 

Figure 3.4. Three scale orders of cross-strata in the calcarenites.  A: The largest scale of 1-3 m 
thick cross-strata, showing both uni and bidirectional cross-bedding and bounded by reactivation 
surfaces. B: The moderate scale has 20-100 cm thick packages of mostly unidirectional cross-
strata bounded by reactivation surfaces. C:  The smallest cross-strata are less than 20 cm thick 
and show a dominance of bidirectional cross-stratification and ripples, including some 
herringbone strata. 
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Table 3.1. Facies at the Ben Allou and El Adergha localities. Subfacies are only for Ben Allou. 

Facies Description Sedimentary 

structures 

Fossils Ichnofossils % of 

section 

Facies1 Mostly 

siliciclastic, 

homogeneous 

blue clay 

containing ~ 

1.5% organic 

matter. 

Large > 1.5 m high 

white septarian 

concretions with 

pink interior. 

Fractures filled with 

evaporites. 

Ornate ostracods, 

foraminifera 

Numerous 

Chondrites 

22 

 

 

Facies2 Gray 

marlstones 

interbedded 

with light 

brown 

sandstone, 

smaller shell 

debris and 

angular grains. 

Parallel lamination. 

Ripples, low-angle 

laminae. 

Sand stringers 

Rare ostracods, 

foraminifera 

None 52 

Facies3 Yellowish-

brown 

calcarenites 

Medium to 

coarse sands > 

50% shell 

debris. 

Multiple size orders 

of tabular cross 

strata. Dewatering 

structures. Warped 

beds and 

syndepositional 

faults. Siderite-rich 

surfaces, red 

hardgrounds. 

Numerous, intact, 

multiple species 

of barnacle. 

bivalves, pecten,  

echinoid, smooth-

shelled ostracods, 

foraminifera, 

bryozoa, coralline 

algae. 

Numerous, 

various sizes of  

Thalassinoides 

(max 4 cm 

diameter).  

Rhizocorallium. 

Macaronichnus,

Ptychoplasma, 

Planolites. 

Psilonichnus, 

Scolicia 

26 
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Table 3.1 Continued 

Subfacies3a 

(bottom of 

calcarenite 

layer) 

Yellowish-

brown 

calcarenites 

Medium/coarse 

and very 

coarse sands, > 

50% shell 

debris. 

Multiple size orders 

of cross strata 

sigmoidal. Max 3m 

height. Trough 

cross stratification. 

Numerous, 

multiple species 

of barnacle, 

intact. bivalves, 

pecten,  echinoid, 

bryozoa. Smooth 

shelled ostracods, 

foraminifera 

Numerous, 

various sizes of  

Thalassinoides 

(max 4 cm 

diameter), 

Macaronichnus, 

Planolites. 

Scolicia 

4 (part 

of 

Facies 

3,). 

 

Subfacies3b 

(middle of 

calcarenite 

layer) 

Yellowish-

brown 

calcarenites 

fine, 

Medium/coarse 

sands > 50% 

shell debris. 

Multiple size orders 

of tabular cross 

strata. Max 1 m 

height. Large > 2 m 

dewatering 

structures. Warped 

beds and 

syndepositional 

faults. Dark-red 

siderite-rich 

surfaces, red 

hardgrounds. 

Numerous, 

multiple species 

of barnacle, 

intact, bivalves, 

pecten,  echinoid. 

Smooth-shelled 

ostracods, 

foraminifera 

Numerous, 

various sizes of  

Thalassinoides 

(max 4 cm 

diameter).  

Rhizocorallium. 

Macaronichnus,

Ptychoplasma, 

Planolites. 

Psilonichnus, 

Scolicia 

16 

(part 

of 

Facies 

3) 

 

Subfacies3c 

(top of 

calcarenite 

layer) 

Yellowish-

brown 

calcarenites 

medium, 

coarse and fine 

sands, with 

occasional 

muddy layers 

w. > 50% shell 

debris. 

Multiple size orders 

of cross strata. Max 

30 cm height. 

Structureless 

tabular beds. 

Warped beds and 

syndepositional 

faults. Muddy 

laminae, flaser 

bedding. Dark-red 

Siderite-rich 

surfaces. 

Numerous, 

multiple species 

of barnacle, 

intact. bivalves, 

pecten,  echinoid, 

bryozoa. Smooth-

shelled ostracods, 

foraminifera 

 

Thalassinoides, 

Rhizocorallium. 

Ptychoplasma, 

Scolicia 

Planolites. 

Numerous 

Psilonichnus. 

6 (part 

of 

Facies

3, only 

at top 

layer 

at Ben 

Allou) 
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The basal part of the calcarenites (subfacies 3a) has large, 1-3 m thick, high-angle 

sigmoidal cross-strata separated by straight or inclined reactivation surfaces (Fig. 3.5A). Trough 

cross-stratification is present in some Subfaces3a. Sediment that constitutes these cross-strata 

alternate between very coarse sand calcarenites and medium sand calcarenites. In this subfacies 

there are large channel forms ranging in size from ~ 160 m to ~ 30 m wide, and with thicknesses 

of ~ 12 m to ~ 3 m. The size, as well as the number of channel forms, decreases in subfacies 3b, 

and channels disappear entirely in subfacies 3c. All channels have a distinct two-tiered, 

‘bullhorn’-shaped cross-sectional geometry, and are filled with well-cemented rhythmically 

bedded, cross-stratified, fine to medium sand-size, less commonly coarse sand-size, calcarenites.   

The stratigraphically middle subfacies (subfacies 3b) is characterized by more tabular 

high-angle cross-strata that are roughly 0.5-1 m thick. This subfacies is also rhythmically 

bedded, containing 1 – to-20 cm thick alternations of coarse and fine sand-size calcarenites. 

Intervals of inclined heterolithic stratification with < 1 m thick cross-strata are truncated at the 

top and bottom by reactivation surfaces (Fig. 3.5B). Some intervals contain deformed beds with 

minor synsedimentary faults, infilled with fine material (Fig. 3.5C). Herringbone-cross-strata 

roughly 20 cm thick are present (Fig. 3.4C). Grain size trends in the cross-stratified beds are 

subtle but appear be mostly fining upwards. In rare cases, smaller cross-strata climb upwards 

onto larger cross-strata, forming bidirectional current structures (Fig. 3.6G), similar to those 

described in the Dur At Talah outcrop in Libya (Abouessa et al., 2014). The middle subfacies 

contains large, 50-100 cm-high pillar-shaped dewatering structures (Fig. 3.6E), as well as well-

cemented dark-red surfaces covered by numerous siderite concretions that coincide with intense 

bioturbation, a high diversity of ichnogenera, and plentiful macrofossils. These cemented 

surfaces can have a flaky, pustular texture that may mark them as fossil microbial mats (Fig. 

3.6F; Seckbach, and Oren, 2010). At the base some of the large dewatering structures are red 

hardgrounds, which are different from the dark-red surfaces in a variety of ways. These 

hardgrounds are ~ 5cm thick and bounded on either side by fine grained sandy sediments (Fig. 

3.6E). Foraminifera and ostracod fossils in these beds are replaced partially with red ferruginous 

minerals like siderite, pyrite, and hematite. Also in the middle subfacies, cross-strata contain 

small clayey rip-up clasts roughly 3 mm in size. At the top of the upper calcarenite layer is 
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subfacies 3c, which contains well preserved muddy laminae (Fig. 3.6A) and flaser bedding with 

bidirectional current structures (Fig. 3.6B). This subfacies also has relatively thin, less than 1 m 

thick, mostly tabular, low-angle cross-strata and ripples. Many roughly 30 cm thick low-angle 

cross-stratified beds are bounded by 1-10 cm thick, muddy laminae. Some beds here contain 

small < 1 cm fragments of brown material interpreted to be decayed plant matter. Some of the 

muddy laminae contain mud cracks filled in with overlying sandy material (Fig. 3.6C). Like the 

subfacies 3b, subfacies 3c shows deformed beds and synsedimentary faults. Acid dissolvability 

tests show that the calcarenites in all subfacies are composed of ~ 75% CaCO3. The 

undissolvable fraction consists of fine to medium sand-size quartz grains. Some of these grains 

are well-rounded and mature frosted grains, and a small part of the quartz fraction has a euhedral 

crystalline shape. 
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Figure 3.5. Detailed architectures of facies 3. A: Large  cross-strata ~ 3 m thick with curved 
reactivation surfaces.  Structural dip is ~ 20 degrees to the northeast. B: Stacked tabular cross- 
strata bounded by horizontal reactivation surfaces. C: Synsedimentary fault infilled with fine 
material, crosscutting slumped, rhythmically bedded calcarenites. 
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Figure 3.6. Images showing the details of subfacies 3b and 3c in the Ben Allou outcrop. A: 
Tabular sandstone beds bounded by mud drapes (subfacies 3c). B: 30 cm-thick intervals with 
bidirectional flaser bedding above a rippled surface (subfacies 3c). C: Prominent 5 cm-thick mud 
drape with mud crack (subfacies 3c). D: Rippled surface with Rhizocorallum (bottom left) 
(subfacies 3c). E) Large dewatering structure with red-colored hardgrounds at the base (subfacies 
3b). F) Siderite-rich surface with pustular texture (possibly a fossil microbial mat, subfacies 3b). 
G) Bidirectional-current structure with dominant paleocurrent direction (blue) and subordinate 
paleocurrent direction (red) shown (subfacies 3b). H) Rhythmically bedded interval (subfacies 
3b). I) Barnacle hash (subfacies 3b). 
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Microfossils are very abundant in the calcarenites, and smooth-shelled ostracod far 

outnumber foraminifera. Planktonic foraminifera are rare and only comprise genera Orbulina, 

Neogloboquadrina, and Globigerinoides. The P/B ratio is 0.16 due to the abundance of benthics. 

The most abundant foraminifera are various species of the genus Ammonia; mostly species 

becarii, but species tepida is also present. The latter is a brackish-water species, recognized by 

its lobate periphery (Debenay et al., 1998). The second most common genus is Elphidium; 

dominantly Elphidium crispum. Together, these two genera compose about half of all individuals 

found in the calcarenites. The Quinqueloqulina genus is also common, accounting for around 3% 

of individuals. Additional benthic genera include Eponides and Amphigestina. Less abundant are 

the genera Bulimina and Cibicides. These fossil assemblages are consistent with shallow, inner-

neritic water and littoral water depths (Murray, 2014). Almost all benthics have a slightly 

polished surface texture, typically associated with abrasion due to continuous action of currents 

(Shroba, 1993). Based on the intactness of the microfossils, including some ostracod with both 

shells still attached, the assemblage does not appear to represent a disaggregated and 

resedimented assemblage. Complete documentation of foraminifera and ostracod assemblages 

are in the Supplementary Information. In addition to microfauna, the calcarenites in these 

outcrops contain numerous macrofauna; these typically occur as clustered fossil barnacles of at 

least three identified species, all of the suborder Balanomorph (acorn barnacles). One species has 

distinct purple stripes and may be Balanus amphitrite. There are abundant barnacle fragments, 

but many body fossils are intact, with in vivo body orientations.  There are also intact bivalve 

shells of genera Abra, Palliolum, Pecten, and Aequipecten, and possibly Spisula. There are small 

< 3 cm bryozoan fragments, and abundant echinoid fragments, mostly containing ornate spines. 

A single ~ 10 cm light-gray stromatolite fragment was also found. Trace fossils and bioturbation 

are very abundant, and ichnodiversity in terms of genera and size ranges is very high. Commonly 

occurring ichnogenera are Thalassinoides, ranging in size from 1 cm to around 4 cm in diameter, 

Scolicia, roughly 1 to3 cm in diameter, meandering and straight Planolites that are < 5 mm thick, 

and ~ 1 cm thick Psilonichnus. Rare Rhizocorallium (Fig. 3.7) and extensively bioturbated beds 

with numerous Macaronichnus and Planolites were also found. Some beds contain Skolithos, 

and there are occasional occurrences of Ophiomorpha and Phytoplasma. Some rhythmically 

bedded, heterolithic intervals contain ~ 10 cm-high upward-pointing, cone-shaped traces that 
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could not be specifically linked to a known trace type but may be faunal domiciles. 30 

micrometer thin sections obtained from samples of the calcarenites show abundant fossil 

fragments including from foraminifera, bivalves, barnacles, echinoids, bryozoans and coralline 

algae (Fig. 3.8). Based on estimates from thin-section photographs, porosity in the calcarenites is 

around 15 to 20%, whereas porosity in the red hardgrounds is around 5%. Intergranular space in 

the hardgrounds is filled by alternating layers of transparent calcite and red ferruginous cements 

(Figs. 3.8B, D).   

Cross-stratal and ripple foreset directions measured in the study sections differ for the 

various size orders of cross-strata.  For example, in the outcrops of Ben Allou, the largest cross-

strata (Fig. 3.4A) are dominantly uni or bidirectionally oriented, whereas moderately sized cross-

strata (Fig. 3.4B) are dominantly unidirectionally oriented, and the smallest-scale cross-strata and 

ripples are bidirectional. Furthermore, the dominant current directions appear to ‘shift’ almost 90 

degrees as one progresses from base to top in the cycles. The basal calcarenite units, composed 

of subfacies 3a and the very bottommost part of subfacies 3b, show currents oriented to the 

southwest, whereas the tops of these units, consisting primarily of subfacies 3b and 3c, show 

current directions oriented to the northwest. The orientation of channel forms likewise appears to 

trend in agreement with the cross-set foreset directions, showing a dominantly southwest 

orientation near the base of calcarenite units, shifting to dominantly northwest orientations in the 

top of the calcarenite units, in which subfacies 3c is most prevalent. Overall, the combined 

measurements of paleocurrent directions across the calcarenite layers agree with those published 

by Capella et al., (2017a) and show a dominance of southwesteward-oriented, omnidirectional 

flow.  
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Figure 3.7. Ichnological observations from the facies 3 calcarenites at Ben Allou A: large 
Scolicia burrows (subfacies 3c) B: a Psilonichnus burrow truncating a barnacle (subfacies 3b). C: 
Siderite-rich surface with a two meandering Planolites (subfacies 3b). D: Numerous 
Macaronichnus of various sizes (subfacies 3a). 
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Figure 3.8. Calcarenite (facies 3) thin-section photomicrographs. A: Calcarenites with 
unidentified shells, barnacle fragments, benthic foraminifera, quartz grains and calcite cement. 
B: Red-colored hardground with foraminifera, shell debris, and quartz grains. C: Calcarenites 
with shell fragment, calcite grains, and cement and quartz grain (top left). D: Red-colored 
hardground with benthic and planktonic foraminifera and red algal fragment (top left). Note red 
cement consisting of ferruginous minerals.   
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3.4.2 El Adergha 

Facies at the much smaller outcrop of El Adergha are very similar to those found at Ben 

Allou. This outcrop also consists of a similar succession of blue claystones (facies 1), gray 

marlstones (facies 2), and coarse grained yellow-brown calcarenites (facies 3). These respective 

facies are similar to Ben Allou in terms of sedimentary structures, ichnofossils, and microfossil 

assemblages. P/B ratios are: El Adergha blue claystones (facies 1); 1.17, El Adergha gray 

marlstones (facies 2): 1.42, El Adergha calcarenites (facies 3), 0.15, thus reflecting the 

occurrence of planktonics in the finer facies and the dominance of benthics in the coarser 

calcarenites. The main difference between Ben Allou and El Adergha is that the alternation of 

facies occurs over a much thinner stratigraphic interval (15 m cycle thickness as compared with 

70 m at Ben Allou). Comparing El Adergha to Ben Allou, blue claystones (facies 1) are similar 

in terms of textures and concretions and contain about 0.5% TOC. The gray marlstones (facies 2) 

have heterogeneous intercalations with coarse grained, planar laminated sands and rippled 

siltstones roughly 30 cm in thickness. In contrast to Ben Allou, the gray marlstones in this 

outcrop contain numerous intact body fossils, consisting mostly of various bivalves, echinoids, 

rare cephalopods, and numerous Rosalina trace fossils. These facies also contain what may be 

fossil microbial mats or microbially induced sedimentary structures, with a wavy surface 

geometry (Fig. 3.9). Most macrofossils are small, 1 to 3 cm intact bivalves. Bivalve casts are the 

most common trace fossil in these facies.  

The calcarenites at El Adergha (facies 3) have a slightly higher abundance of quartz than 

at Ben Allou, and  grains with a euhedral crystalline shape are much more common. Like Ben 

Allou, the calcarenite beds have erosional bases. Cross-strata in the calcarenites beds at this 

location indicate mostly unidirectional paleocurrent direction towards the west and have an 

abundance of internal reactivation surfaces. Rare beds roughly 10 cm thick containing 

hummocky cross-stratification are also present. Intact barnacles are rare, but there are common 

pecten (genus Pecten) fossils, many with both valves intact, suggesting in situ deposition or very 

short transport distances. Overall, these facies are most similar to the subfacies 3c in the 

stratigraphic top of the Ben Allou outcrop. However, prominent muddy laminae, common at Ben 

Allou, are lacking here. Sandy beds are inclined, forming large foreset geometries roughly 10 m 

tall.  
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Figure 3.9. Images from the El Adergha outcrop. A: Possible microbially induced sedimentary 
structure in the gray marlstones (facies 2). B: Cone-shaped cephalopod gladius ~ 2 cm long, in 
the gray marlstones (facies 2). C: Closeup of the calcarenites (facies 3) showing heterolithic 
bedding and abundant bioturbation. D: Image of the El Adergha section, perspective looking 
northwest showing the uppermost stratigraphic cycle composed dominantly of calcarenites 
(facies 3) showing large, ~ 10 m-thick foresets at the top of the outcrop. Annotated boxes 
correspond to closeup figures in panels A, B, and C. 
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3.4.3 Driouate 

A road-cut exposure near the hamlet of Driouate exposes a roughly 33-m-thick outcrop, 

which shows a succession of three facies that are different from those at Ben Allou and El 

Adergha (Table 3.2). The Driouate locality is located approximately 6.5 km south of the outcrops 

at Ben Allou (Fig. 3.1). The lowermost facies exposed here (Facies 4), consists of pinkish 

carbonaceous siltstones with abundant foraminifera and ~ 30-cm-thick layers of micrite-rich 

caliche (Fig. 3.10A). Vaguely visible planar lamination is present. Ammonia (primarily species 

tepida and becarrii) and Elphidium (species crispum) are the most abundant foraminfera, 

followed by genera the Bulimina (species antigua), Lenticulina, Miliolid, and Quinqueloculina. 

The P/B ratio is 0.07, thus dominated by benthics. The benthic faunal assemblage is consistent 

with shallow, inner-neritic, possibly lagoonal water depths (Supplementary Information). 

Towards the top of this facies, there are numerous small plant rootlets, 20 cm deep and 2 mm 

(Fig. 3.10B). The upper boundary of facies 4 is an erosional boundary underlying facies 5, which 

consists of gray-brown, very coarse > 10 cm boulder- and pebble-bearing, polymict 

conglomerates (Fig. 3.10A, C). These conglomerates have roughly 1-m-thick cross-strata with 5-

30-cm-thick fining-upwards beds. The clasts consist mostly of carbonate clasts with occasional 

gray, calcite-vein-bearing limestones and intensely weathered green glauconite-rich clasts, but 

around 5% of these clasts are red and consist of siderite. The conglomerates have a carbonate-

rich matrix and contain a well-preserved petrified tree trunk (Fig. 3.10F). Paleocurrent direction 

indicators show a wide range of directions, but they trend dominantly towards the north. Facies 5 

grades into facies 6, which consists of fine grained stromatolite and coral-rich carbonates 

containing bamboo or reed stalk imprints and abundant Psilonichnus ichnofossils of various sizes 

(Fig. 3.10E). Some parts of these facies have obscure low-angle cross-strata. Some stromatolites 

have been burrowed with numerous ±1-mm-thick vertical burrows, possibly Diptera or insect 

larva burrows (Fig. 3.10G). Acid tests show that this facies consist of 93% CaCO3. Facies 6 then 

passes upward gradually into facies 4. Three stratigraphic cycles in these outcrops each show the 

same stacking of facies 4, 5, and 6.  Facies 6 becomes thicker towards the top of the uppermost 

cycle and facies 5 is absent in the top cycle. 
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Figure 3.10. Images showing details of the Driouate outcrop. A: Pinkish, carbonaceous siltstones 
(facies 4) with roughly 30 cm thick beds of micrite-rich caliche. These sediments are incised at 
the top by cross-stratified conglomerates (facies 5). B: Top of carbonaceous siltstones (facies 4) 
showing plant rootlets. C: Close-up view of cross-stratified conglomerates (facies 5) showing 
fining-upward beds and polymict clasts. D: Petrified tree trunk in cross-stratified conglomerates 
(facies 5). E: Psilonichnus trace fossils in facies 6. F: Layered, tuberous stromatolite in facies 6. 
G: Stromatolite with numerous insect-larva burrows in facies 6. H: Close-up of facies 6 showing 
bamboo or reed stalk imprint. 
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Table 3.2 Facies at the Driouate locality. 

Facies Description Sedimentary 
structures 

Fossils Ichnofossils % of 
section 

Facies4 Mostly 
carbonaceous 

pinkish siltstones 
containing 

caliche 

Planar laminae Ostracod, 
Foraminifera, ~ 20 
cm deep and 2 mm 
thick plant rootlets 

None 33 

Facies5 Cross-stratified 
polymict 

conglomerates. 

Roughly 1 m-
thick cross strata 
with 5-30-cm-

thick fining 
upwards beds. 

Petrified Trees None 15 

Facies6 Stromatolite-
bearing 

carbonaceous 
siltstones 

Low-angle cross 
strata 

Bamboo or reed 
stalk imprints. 

Abundant 
Psilonichnus, 
Insect larva or 

fly burrows 
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3.5 Interpretations 

3.5.1 Sedimentological interpretations 

Coarse grain sizes as well as large, multi-order cross-strata are evidence that the 

calcarenites (facies 3) were deposited in a high-energy environment, characterized by powerful 

currents. The lower subfacies 3a, which consists of very coarse sand and large, 3-m-thick tabular 

cross-strata, are interpreted as high-energy, stacked dunes. Due to the multiple scale orders of 

cross-strata these dunes are interpreted as compound dunes. Fine sands in subfacies 3c, the 

presence of muddy rip-up clasts in the middle subfacies 3b, and flaser bedding and mud drapes 

in the upper subfacies 3a indicate that strong currents rapidly alternated with flow quiescence. 

Size variations in the ripples and cross-strata suggest a dynamic environment with rapidly 

shifting current intensities, and rhythmic grain size alternations indicating cyclic waxing and 

waning of currents are pervasive throughout these calcarenites (e.g., Fig. 3.6H). Subfacies 3b has 
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pronounced grain size alternations, which show a coupling of coarser and finer sand layers (Fig. 

3.11). These heterolithically stratified intervals are in some cases inclined and occur in cross-

stratified bundles. Small ripples and cross-strata with opposing paleocurrents inside the large 

heterolithic cross-strata form bidirectional current structures (Abouessa et al., 2014; Fig. 3.6G). 

These, along with herringbone cross-strata, show that there are minor bedforms generated by 

opposed, subordinate currents. Reactivation surfaces, abandonment surfaces, herringbone cross-

stratification, inclined heterolithic stratification and bidirectional current structures provide 

evidence for rhythmically alternating, strong tidal currents with opposing directions (Fig. 3G, D; 

Davis and Dalrymple, 2011; Abouessa et al., 2014) (Figs. 3.4; 3.6G).  Based on these 

observations, the dominant depositional process that formed the calcarenites (facies 3) is 

interpreted as tidal currents.  

Paleocurrent data suggest that the tidal currents were strongly asymmetric along the strait 

setting, generating cross-strata with a dominant current direction towards the southwest and a 

subordinate current direction to the northwest. Subordinate currents cause erosion, as shown by 

the numerous reactivation surfaces that are ubiquitous in the lower and middle subfacies (3a and 

3b). In subfacies 3a, reactivation surfaces can be curved and commonly crosscut large sigmoidal 

cross-strata. These architectures are interpreted to represent large overlapping tidal dunes, 

migrating and amalgamating into compound dune complexes (Fig. 3.5A; Olariu et al., 2012, 

Davis and Dalrymple, 2011). Subfacies 3b also contains 1-3-m-thick tabular cross-strata 

bounded by reactivation surfaces, which were deposited as compounded stacks of smaller 

migrating dunes. Compound dune complexes bounded by reactivation surfaces are absent in the 

top subfacies (3c); instead, this subfacies has flaser bedding and tabular sand beds with low-

angle cross-strata bounded by mud drapes. The presence of muddy rip-up clasts in the lower two 

subfacies (3a and 3b) suggests that mud drapes were deposited here but were eroded by tidal 

currents. These beds have large tidal channel forms containing rhythmically bedded, heterolithic 

calcarenites.  Some of these rhythmic calcarenite beds have no remaining muddy material, in the 

form of either mud drapes or muddy rip-up clasts, suggesting complete winnowing of clay-sized 

material in the high-energy subtital zone. Alternatively, muddy material may have been 

winnowed due to wave action. There does, however, appear to be a lack of sedimentary 

structures associated with waves, such as symmetrical ripples, hummocks, and swales. At a 



63 

 

larger scale, the corridor’s paleogeography suggests a relatively large distance between this 

locality and the paleo open sea, so there likely was limited fetch and restricted wave action in 

these locations. Likewise, the paleogeography of the Rifian Corridor may have amplified tides 

markedly, dominating the depositional regime and obscuring any minor wave action that was 

present.  

 

 

Figure 3.11. A: Two-tiered tidal-channel geometry in the top calcarenite layer at Ben Allou. B: 
schematic diagram adapted from Davis and Dalrymple, (2011), showing lower tier belonging to 
low tide and the higher tier belonging to high tide. C: Conceptual model from panel B, applied to 
the channel geometry shown in panel A, allowing estimation of the paleo-tidal range at this area. 
Note person for scale. D: Satellite images of the middle calcarenite layer showing prominent 
outcrops with channel geometries, highlighted in panel E. E: Dark orange shows extent of 
calcarenite layers, light orange shows channel geometries. Note larger, more numerous and 
amalgamated channels near the bottom of the calcarenite layer. Maximum paleo-tidal range of 
4.2 m was inferred from the largest channel form. Light gray boxes show view extent of other 
figures. 
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Table 3.3. All six facies with short descriptions and depositional, sequence stratigraphic, and 
paleoclimatological interpretations. 

Locations Facies Description Depositional 
environment 

Sequence 
stratigraphic 
interpretation 

Palaeoclimatological 
interpretation 

Ben Allou 
and EL 

Adergha 

Facies 1 Blue 
claystones 

Shelf Peak highstand Peak interglacial 

Ben Allou 
and EL 

Adergha 

Facies 2 Grey 
marlstones 
interbedded 

with turbidites 

Prodelta Early highstand Early interglacial 

Ben Allou 
and EL 

Adergha 

Facies 3 Coarse 
grained 

yellow-brown 
calcarenites 

Macrotidal 
delta 

Lowstand Glacial 

Driouate Facies 4 Pinkish 
siltstones with 

caliche 

Lagoon, 
desiccated 

lagoon 

Highstand Interglacial? 

Driouate Facies 5 Brown-gray 
cross-

stratified 
conglomerates 

Braided 
river 

Lowstand Lowstand? 

Driouate Facies 6 Gray 
stromatolites 

and other 
carbonates 

Nearshore Transgression, 
early highstand 

Early interglacial? 

3.5.2 Environmental interpretations 

3.5.2.1 Facies 3: tide-dominated delta 

Most of the sedimentary material in the calcarenites is calcareous, which due to its 

fragmented, yet otherwise undamaged nature, and presence of in vivo body fossils, shows that 

these carbonate constituents are dominantly authigenic, with minor amounts of silicates brought 

in from other rivers. Although the three subfacies of the calcarenites are generally similar, there 

are differences in the depositional interpretations of each. Firstly, the depositional 
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geomorphology for the stratigraphically lower subfacies (3a) is interpreted as subtidal compound 

dunes, formed due to an interplay of tidal channels and dunes. Based on the thinner, more tabular 

cross-strata, the more common and extensive siderite, and the ichnofossil-rich abandonment 

surfaces which reflect periodic flow quiescence, the stratigraphically middle subfacies (3b) is 

interpreted to be deposited in a subtidal to intertidal setting. In the stratigraphically highest 

subfacies (3c) there are mud drapes with mud cracks, extensive flaser bedding and low-angle 

cross beds. The depositional geomorphology of these subfacies is interpreted as sand sheets 

deposited in a shallow, intertidal setting (Desjardins et al., 2012). Deformed beds and 

synsedimentary faulting in the lower subfacies 3b and 3c suggest minor slumping, indicating 

local inclined deposition. Some local slumps may be due to variations in topography along the 

flanks of migrating dunes, or destabilization of the sediments due to intermittent submersion in 

the intertidal zone. The upward transition from large dunes in subfacies 3a, into the thinner 

rippled and cross-stratified beds of the overlying subfacies 3b, and farther upward into the 

tabular sand sheets of the uppermost subfacies 3c, suggests an overall shallowing of the 

calcarenite depositional system. This is possibly due to a gradual seaward shift in shoreline, 

coinciding with a decrease in tidal energy nearer to the land, which is characteristic for tidal 

systems (Desjardins et al., 2012, Davis and Dalrymple, 2011).   
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Figure 3.12. A: Sedimentary log (left) and corresponding facies distribution in the Ben Allou 
outcrop (right), showing cyclic alternation of coarse grained calcarenites (facies 3) and finer 
marlstones and claystones (facies 2 and 3). B: Graph showing the link between in the facies and 
inferred relative sea level variations in the Ben Allou outcrop (RSL = relative sea level). Colors 
in panel B reflect colors in panels A, C and D. Red hachure = erosional surface. C: Schematic 
model of a depositional ramp with three clinothems, each containing the three facies. D: 
Schematic log with depositional environment interpretations noted. 
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The direction of lateral thickening of the strata at Ben Allou is generally southwest, and roughly 

corresponds to the dominant paleocurrent direction. The thicker strata in the basinward part of 

the cycle may reflect that more accommodation was available for sediment to accumulate here, 

resulting in higher depositional rates. The paleocurrent data at Ben Allou show that basinward 

ebb-currents were dominant in this location. These observations suggest that the depositional 

setting for these strata was a basinward directed depositional profile containing tide-dominated 

delta deposits (Davis and Dalrymple, 2011). The apparent shift from deeper to shallower, more 

landward subfacies in the calcarenite layers is interpreted as a gradual basinward progradation of 

the delta system. 

3.5.2.2 Tidal channels and paleotidal range 

The characteristic two-tiered ‘bullhorn’ cross-sectional geometries of the channels are, 

based on modern observations, often associated with tidal settings. These channels typically 

trend basinward, acting as conduits that drain tidal floodwaters back to the sea (Davis and 

Dalrymple, 2011). Morphometrics and orientation of thirteen channels were measured in the 

middle cycle, showing a flow direction dominantly toward the southwest (basinward), similar to 

the dominant paleocurrent direction (Fig. 3.10). Sixteen additional orientation measurements 

collected from channels in the top stratigraphic cycle are also dominantly southwest, and like the 

paleocurrent measurements, these orientations appear to shift gradually northwards by around 

90°, having a roughly northwest orientation near the top of the top cycle. The channels tend to be 

wider and more numerous in the stratigraphically lower parts of the cycle, interpreted to be the 

depositionally distal part of the tide-dominated delta (Fig. 3.11; Davis and Dalrymple, 2011; 

Debenay et al., 1998). The largest channels sit at the base of the calcarenite units and show minor 

amalgamation (Fig. 3.11). They measure roughly 120 to 160 m wide and 11 m deep.  Channels 

closer to the tops of the calcarenite units are smaller, the smallest only 12 m wide and 3 m deep. 

Observations of modern analogues of tidal channels indicate that they contain two morphologic 

tiers, a lower tier, shaped and filled by processes of the low-tide water level and an upper tier 

shaped and filled by processes of the high-tide water level (Davis and Dalrymple, 2011). 
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Therefore, the channel may be only partially submerged during low tide but completely 

submerged during high tide. By measuring the difference in height between the low-tier channel 

fill, corresponding to the low tide water level and the high-tier channel fill, corresponding to high 

tide water level, an estimate of the paleo-tidal range at the time that channel evolved is produced 

(Fig. 3.11B). By use of this method, the largest channels at the bottom of the middle calcarenite 

layer, indicate a tidal range of 3.5 m.  Sediment compaction may cause ~ 10% compaction based 

on estimates of burial depth and empirical porosity depth curves of (Schmoker, 1984); the 

estimate for the paleo-tidal range in this area is 3.9 m. This number is similar to modern tidal 

ranges of coastal systems adjacent to sea straits, such as Portsmouth, situated at the margin of the 

English Channel. In the upper calcarenite unit, channel geometries indicate a slightly higher tidal 

range of 4 m (compacted), indicating a (decompacted) paleo tidal range of roughly 4.4 m, thus 

suggesting that macrotidal (> 4 m) conditions existed at this location in the Rifian Corridor (Fig. 

3.9E).  

3.5.2.3 Subaerial exposure 

A convergence of evidence suggests that some sediments, especially in subfacies 3c, may 

have been periodically subaerially exposed. Firstly, there are small mud cracks within some of 

the mud drapes (Fig. 3.6B). Secondly, siderite-rich surfaces of non-deposition containing 

abundant bioturbation suggest that these sediments were temporarily undisturbed, and affected 

by abundant oxygen (Curtis and Coleman, 1986; Loope et al., 2012). Thirdly, the laterally 

extensive erosional boundaries that sit at the top of the upper channel tiers of some of the smaller 

channel forms, can indicate surfaces of subaerial non deposition (Red line, Fig. 3.11B; Davis and 

Dalrymple, 2011). Fourthly, large dewatering and pillar structures support the notion of a 

periodically exposed, dewatered substrate that was subject to evaporation and partly brittle as 

shown by the presence of synsedimentary faults. Also, Glossifungites ichnofacies found 

associated with these intervals indicate a firm, dewatered paleo substrate (Gingras et al., 2000). 

In one case, a Psilonichnus boring penetrates a barnacle, showing that the boring maker could 

penetrate hard objects and was likely boring through a tough, dry paleo substrate (Fig. 3.7B). 

Finally, well-cemented, red hardgrounds with calcareous microfossils replaced with ferruginous 

minerals (Fig. 3.8E) can indicate an oxidizing environment where meteoric diagenesis took place 
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(Wright, 1994). Such oxidation may occur in the vadose zone, where fresh, meteoric waters sit 

on top of marine saltwater. Indicators of subaerial exposure are absent in the lower parts of the 

calcarenite layers (subfacies 3a), and gradually become more frequent and substantial towards 

the top of the calcarenite layers in the subfacies 3b and subfacies 3a, again showing that the 

environments of the tide-dominated delta likely shallowed gradually through time.   

 

Figure 3.13. Erosional surface showing an abrupt shift in facies. Gray marlstones (facies 2) is 
shown at the bottom and the calcarenites (facies 3) are at the top. The erosional surface is 
laterally extensive and can be traced for several kilometers. Picture in panel A was taken 2 km 
northeast from the picture in panel B.  
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Figure 3.14. Depositional setting at Ben Allou. A: Calcarenite layers are highlighted by orange 
polygons. Lateral thickening of the layers is evident from satellite data and is interpreted as 
increasing sedimentation rates toward the basin due to increasing accommodation. Sudden 
upward and landward shift of calcarenite layer in the middle cycle may be a backstepping 
architecture linked to transgression. Direction of thickening is dominantly southwest. Red lines 
underneath calcarenite layers are surfaces of erosion. B: Vertically exaggerated topographic 
profile with top two cycles highlighted, indicating cycle thickening toward the southwest. C: 
Direction of thickening is roughly the same as the dominant paleocurrent directions as well as 
dominant channel orientations (E), indicating a dominant basinward ebb current. Paleocurrent 
directions in panel D are from both calcarenite layers.  
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3.5.2.4 Facies 2: prodelta 

The gray marlstones (facies 2) have a much finer mean grain size than the calcarenites 

(facies 3) and, aside from the heterolithic sandy intervals, these facies contain no prominent 

sedimentary structures. Because of this, these sediments likely reflect deposition in a lower-

energy, deeper-water environment, at the distal part of the tide-dominated delta. The brown, 

cyclic heterolithic intercalations in facies 2 (Fig. 3.3C) are erosional at their bases, contain planar 

lamination and current ripple lamination toward their tops, and are capped by fine grained silts 

and claystones. The sandy material is pulverized calcareous debris, suggesting violent transport 

or deposition. Based on these observations as well as their cyclic and heterolithic bedding, these 

intercalations are interpreted to reflect calcareous-rich sediment gravity flows, or calciturbidites.  

In some instances, sandy stringers containing pulverized microfossils but lacking any 

sedimentary structures occur in these marlstones. These sandy stringers are interpreted as low-

density turbidites or hyperpycnites (Wilson and Schieber, 2014). The nature of the crushed 

carbonate shell debris, containing crushed shallow-water foraminifera, suggests that these 

sediments are sourced from shallower, calcareous sediments like those comprising the proximal 

calcarenites (facies 3).  

The sedimentologic and petrographic evidence suggests that the gray marlstones (facies 

2) are prodelta deposits that formed downslope from the shallower water portions of the tide-

dominated delta. The stacked turbidite intercalations located immediately below the middle 

calcarenite layer likely represent a coarser-grained delta front component. An important aspect 

here is that, although there is evidence of some slumping and mass movements in the 

calcarenites (facies 3), the gray marlstones (facies 2) have depositional features like turbidites, 

showing more evidence that these sediments formed on an inclined surface. These data 

collectively suggest that the gray marlstones were deposited on the steeper, sloped foresets of a 

deltaic clinoform (Rich, 1951). 

3.5.2.5 Facies 1: shelf deposits 

The blue claystones (facies 1) have a homogeneous texture and have no recognizable 

sedimentary structures (Fig. 3.3B). These claystones are interpreted to have been deposited 
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through low-energy settling of sediment. Furthermore, the large calcareous concretions such as 

those in this interval typically grow in quiet conditions isolated from wave or tidal action, and in 

several tens of meters of water depth, like a shelfal setting (Yoshida et al., 2018). Pronounced 

type II kerogen in these deposits indicate a sizeable water column containing photosynthetic 

algae, as dominant type III kerogens indicate a setting downslope from a terrestrial source 

(Barker, 1988; Peters, 1986). The lack of mass failures suggests a flat, roughly horizontal 

quiescent setting. Based on these data, these sediments are interpreted to reflect deposition in a 

quite distal shelf setting, as in shelf delta bottomset beds.    

In summary, facies 1 are blue claystones are deposited as distal fine grained muds at the 

toes of shelf deltaic clinoforms.  facies 2 are gray marlstones representing prodelta and delta 

front deposits, containing turbidites sourced from the delta topsets. Facies 3 are calcarenites 

deposited as marginal marine, subtidal to intertidal deltaic deposits containing evidence of low 

tide subaerial exposure and well-developed tidal channels. These facies form upward-shallowing 

stratigraphic cycles at Ben Allou that stack in a progradational pattern (Fig. 3.2 left) representing 

a set of regressive parasequences in a prograding tidally influenced delta (Rich, 1951; Van 

Wagoner et al., 1988). 

3.5.2.6 El Adergha interpretations 

Facies at El Adergha are generally similar to those at Ben Allou, also consisting of cyclic 

intervals of facies 1, blue claystones, facies 2, gray marlstones and facies 3, yellow-brown 

calcarenites. Facies 3 at El Adergha is most similar to subfacies 3c at Ben Allou, showing low 

angle cross-strata with abundant reactivation surfaces, which suggest that tidal currents were also 

the dominant process at El Adergha, whereas rare beds with hummocky cross-stratification 

indicate minor wave influence here. Similar to Ben Allou, El Adergha gray marlstones contain 

cyclic heterolithic beds interpreted as sediment gravity flows, indicative of delta front and 

prodelta marlstone deposition. Each stratigraphic cycle has blue claystones with organic matter 

and concretions, similar to facies 1, the shelfal claystones seen at Ben Allou. One notable 

difference at El Adergha when compared to Ben Allou is that the cycles at El Adergha are much 

thinner, being around 15 m thick, as compared to 70 m for Ben Allou (Fig. 3.2). This thinning of 

cycles is attributed to decreasing accommodation, suggesting a more landward location for 



73 

 

deposition of the El Adergha section, an interpretation supported by the dominance of subfacies 

3c calcarenites at El Adergha, a subfacies interpreted at Ben Allou as deposited in a landward, 

intertidal setting.    

3.5.2.7 Driouate interpretations 

The base of the outcrop at Driouate has thick paleosols with micrite-rich caliche and the 

presence of plant rootlets at the top of these facies, both strong evidence of subaerial exposure 

(Fig. 3.10A, B). Facies (4) is interpreted as lagoonal siltstones that were desiccated during 

marine regression. The overlying facies (5) is cross-stratified conglomerates, deposited in a 

terrestrial setting as shown by intensely weathered clasts, plant and tree remains, and bamboo or 

reed stalk imprints (Fig. 3.10C, D, H). These deposits are interpreted as fluvial due to fining-

upwards textures and coarse grain size, containing boulders roughly 15 cm in diameter. Based on 

the wide range of current direction indicators and very coarse, well-rounded, cross-stratified 

grains, I interpret facies 5 as a braided river system. This generally northward-flowing coarse 

grained, braided fluvial system exposed at Driouate is interpreted as a proximal, terrestrial 

section feeding sediments to the Rifian Corridor. Facies 6, which overlies facies 5, is interpreted 

as proximal supratidal or lagoonal, based on extensive deposits of stromatolites with insect larva 

burrows, suggesting deposition in a very shallow, marine, possibly lagoonal environment (Fig. 

3.10F, G). There is no direct evidence that the very course boulder material from the fluvial 

systems at Driouate reached the deltaic systems at Ben Allou or El Adergha, indicating that these 

deposits may not be part of the same depositional system. Nonetheless, since some facies at 

Driouate were formed in a marine environment that was part of the same basin as the deposits at 

Ben Allou and El Adergha, the deposits at Driouate  provide important context to the processes 

in and around the Rifian Corridor.   
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Figure 3.15. A: Exposure at Driouate. B: interpretation: three complete cycles are identified, 
each having three facies. C: Possible interpretation of facies showing siltstones (facies 4) are 
linked to highstands while cross-stratified conglomerates (facies 5) are linked to lowstand and 
stromatolite bearing carbonate rocks (facies 6) are linked to transgression. Cycles are bounded at 
the bottom by erosional surfaces.  

3.5.3 Paleontological interpretations  

3.5.3.1 Macro and Micro fauna 

Barnacle remains are very abundant in the calcarenite facies of the study area. Many are 

broken or fragmented, but some are intact and, based on their grouping and orientation, appear to 

be in life position (Fig. 3.6I). As there are no indications of rocky cliffs or debris nearby, these 

barnacles may have attached themselves to hard surfaces like tidewrack or woody debris that has 

not been preserved. Some may have attached themselves directly on a partially exposed, rigid 

paleo substrate (Coletti et al., 2018). Fragile, though intact, pecten, many with both shells still 

attached, suggest that these fossils were not transported but likely preserved in situ. The intact 

nature of many barnacle, bivalve, and echinoid specimens suggests a shallow depositional water 

depth. Bryozoa and algal species can be recognized in thin section but are not clearly present in 
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macro assemblages. The calcarenite facies also have very numerous and diverse smooth-shelled 

ostracods, indicative of a nearshore environment (Frenzel and Boomer, 2005). Shallow marine 

benthic foraminiferal genera, such as Ammonia and Elphidium, are dominant in these 

calcarenites, and the presence of Ammonia tepida in the calcarenites indicates that the waters in 

which these sediments were deposited were likely brackish (Debenay et al., 1998). These species 

also are present in the other facies, but in smaller percentages in the gray marlstones and in 

minute percentages in the blue claystones (Supplementary Information). The extreme abundance 

of shallow-water genera in the calcarenites explains the presence of damaged and transported 

specimens in the deeper-water-deposits belonging to facies 2 and 3, where specimens are 

continually reworked off the delta into deeper water.  Finally, the smooth texture of benthics in 

the calcarenites suggests polishing due not to sudden resedimentation but abrasion from 

persistent tidal currents (Shroba, 1993). Faunal assemblages remain consistent between different 

subfacies of facies 3; however, slight differences in subfacies’ depositional environments are 

interpreted based upon architecture and sedimentary structures.   

Microfossil assemblages from the calcarenite exposure at Driouate are similar to those 

observed in the calcarenites at Ben Allou and El Adergha, containing shallow and brackish water 

Mediterranean species associated with the same Late Tortonian time period (Supplementary 

Information). The most common genera in the lagoonal siltstones are Ammonia (species becarri 

and tepida) and Ephidium (species crispum), which, along with the abundant smooth-shelled 

ostracod, are associated with brackish water, nearshore environments (Murray, 2014). These 

assemblages are consistent with interpretation for a lagoonal depositional environment for these 

facies at Driouate.   

A deeper-water setting for the gray marlstones is evident from its microfossil assemblage, 

which has fewer ostracods, and a much higher abundance of planktonic foraminifera and deeper-

water benthic genera.  This assemblage is interpreted as representative of deposition in an inner-

to-middle-neritic setting (Murray, 2014; Supplementary Information). Furthermore, the distal 

shelfal interpretation for the blue claystones is consistent with the mid- to outer-neritic benthic 

foraminiferal assemblage from these sediments (Supplementary Information). Rare, mostly 

ornate ostracod in these facies corroborate a quiet environment and more saline, deeper, 

conditions (Hussain et al., 2004).   
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Benthic versus planktonic foraminiferal ratios have been used to estimate paleo water 

depth (e.g., van der Zwaan et al., 1990). These ratios, listed previously, suggest that the lagoonal 

siltstones at Driouate (facies 4) and tidal calcarenites at Ben Allou and El Adergha (facies 3) are 

the shallowest deposits, whereas the gray prodelta marlstones (facies 2) and shelfal blue 

claystones (facies 1) were deposited in markedly deeper water (Table 3.3). Based on benthic 

assemblages, the calcarenites are most shallow, while P/B ratios indicate that the lagoonal 

siltstones at Driouate may have been slightly shallower. Nevertheless, the difference in water 

depth between these facies was likely minor. During flood flows, shallow-water planktonic 

foraminifera such as Globigerinoides would tend to be washed into the tidal calcarenites, 

whereas the siltstone facies at Driouate are connected only partially to the open sea due to a 

lagoonal setting. This dynamic would explain the slightly higher proportion of planktonic species 

in the calcarenites.   

3.5.3.2 Trace fossils 

The calcarenites at Ben Allou and El Adergha (facies 3) have ichnogenera 

Thalassinoides, Scolicia, Planolites, Rhizocorallium, Psilonichnus, and Macaronichnus, (Fig. 

3.7), which are indicative of Glossifungites ichnofacies, typically associated with a well-

oxygenated environment, and a firm substrate setting, where erosion has stripped off superficial 

unconsolidated layers of sediment. One such setting is in a marginal marine environment 

dominated by strong tidal currents (Nesbitt and Campbell, 2006). The roughly 10 cm upward-

pointing cone-shaped trace fossils in the eroded layers of the heterolithic calcarenite beds bear 

similarities in size, shape, and distribution to modern mound-shaped domiciles made by fiddler 

crab (genus Uca). These animals reside in coastal regions and prefer to dwell on tidal sand sheets 

(De, 2015). There are minor differences in sedimentary facies and faunal assemblages between 

the Ben Allou and El Adergha outcrops. Notably, the calcarenites at El Adergha have fewer 

barnacles and more pectinid than the Ben Allou outcrops, while the prodelta deposits (gray 

marlstones) at El Adergha are much more abundant in bivalves. Finally, the presence of 

microbially induced sedimentary structures and Rosalina ichnogenera in the gray prodelta 

marlstones indicate that these facies at El Adergha may have been deposited in shallower waters 

as compared to the gray marlstones from Ben Allou. The gray marlstones (facies 2) show an 
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absence of macrofossils or trace fossils typically associated with shallow water, corroborating a 

deeper-water depositional setting for these facies. The blue claystones have numerous small 

Chondrites that are filled with black organic matter. These observations corroborate dysoxic, 

quiet and relatively deep, distal depositional conditions for facies 1 (Martin, 2004; Savrda, 

2007).   

Overall, macrofossil, microfossil and trace fossil assemblages are in good agreement with 

the sedimentary evidence and indicated deposition in subtidal to intertidal environments for the 

calcarenites, and deposition of the finer grained facies in significantly deeper prodelta and shelf 

environments.  

3.5.4 Sequence stratigraphy 

Differences in grain size, macrofossils, microfossils, ichnofossils, and sedimentary 

structures across the various successions in the study area indicate major shifts in depositional 

conditions and depositional water depths for the units cropping out at Ben Allou, El Adergha, 

and Driouate. Benthic foraminiferal assemblages as well as sedimentary evidence also show that 

depositional processes changed cyclically throughout the deposition of these deposits. These 

changes are interpreted to have been driven by relative fluctuations in sea level. Ben Allou has 

three, roughly 70-m-thick, shallowing-upward cycles of shelfal claystones, prodelta marlstones, 

and tide-dominated delta calcarenites (Fig. 3.12). This expression is interpreted as representing 

three episodes of relative sea level fall and subsequent rise, with the shelf deposits (facies 1) 

forming during highstand, in the relatively deep, dysoxic environment of a clinoform bottomset. 

An initial decrease in the rate of sea level rise initiated the gradual transition into gray prodelta 

marlstones (facies 2). Coarse grained, shell-rich turbidite gravity flows are intercalated with 

these marly, muddy prodelta deposits, showing inclined deposition on clinoform foresets. Near 

the top of the prodelta marls, there is a significant increase in the thickness and frequency of 

turbidite intercalations. This increase is especially evident in the middle cycle cropping out at 

Ben Allou as well as the outcrops at El Adergha (Fig. 3.2). It is argued that this increase in 

bypass of coarse grained sediment onto the late highstand prodelta coincides with enhanced 

sedimentary bypass across the more proximal time-equivalent shore. As sea level begins to fall, 

landward sediments become subaerially exposed, and rivers and creeks incise and move coarse 
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sediments to the prodelta in the form of turbidites (Dixon et al., 2012).  This phase of late 

highstand increase in turbidite deposition is not preserved in the top cycle at the Ben Allou 

locality, which can be attributed to an increased degree of erosion during lowstand. The 

turbidite-bearing gray marlstones (facies 2) are truncated at the top by laterally extensive 

lowstand surfaces of marine erosion that are associated with an increase in high-energy marine 

erosional processes like waves and tides, as waters shallowed during the early lowstand 

regression. Correspondingly, a dramatic facies change occurs across the extensive erosional 

surfaces that form the boundary between the prodelta marls (facies 2) and tide-dominated delta 

calcarenites (facies 3; Fig. 3.13). The lowstand tide-dominated delta (facies 3) then continues to 

prograde basinward, placing intertidal sand sheet subfacies over subtidal compound dune 

subfacies.  

Each cycle sees progressive stratigraphic thickening of the shallower prodelta and delta 

deposits; the deepest shelf deposits are completely absent in the top cycle. There is thus a gradual 

shallowing of facies throughout the section, which is interpreted as basinward progradation of 

the system and the progradational stacking of delta clinothems, which are rock volumes bounded 

by clinoformal surfaces (Helland-Hansen, 1992). The facies shifts at El Adergha, Like at Ben 

Allou, are interpreted to show alternations of shallow to deeper facies, caused by changes in 

relative sea level.   

The exposures at Driouate lack high-resolution age constraints and lack regionally 

extensive exposures; therefore the linkage of cyclicity in these exposures to relative sea level is 

of low confidence.  Nevertheless, the marine fauna-bearing lagoonal siltstones (facies 4) at 

Driouate are interpreted as a relative highstand of sea level. These siltstones formed before a fall 

in sea level which resulted in desiccation and the formation of caliche, and colonization by 

plants. During this drop in relative sea level, lagoonal siltstones (facies 4) are incised by braided 

river systems that deposit boulder- and pebble-bearing conglomerates (facies 5). Subsequent 

transgression results in sediment starvation and deposition of in situ carbonates in the form of 

stromatolites and corals. Flooding continues into the next highstand, resulting in deposition of 

more lagoonal siltstones (Fig. 3.14). As stated, limited exposures and lack of high-resolution age 

control preclude correlation of the Driouate cycles directly to the better-exposed Ben Allou 
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sequences, presenting the possibility that the observed cyclic changes at Driouate may simply 

reflect an authigenic lateral transitioning of terrestrial and nearshore systems.   

3.6 Discussion 

3.6.1 Paleogeography 

Similarities between the facies at El Adergha and Ben Allou indicate that tide-dominated 

sedimentary environments were likely widespread at the southern margin of the Rifian Corridor 

owing to tidal amplification in the sea strait paleogeographic setting (Longhitano, 2013). 

However, contemporaneous and similar coarse grained calcarenite facies at Ain Kansara, (~ 8 

km north of El Adergha) exhibit abundant swaley and hummocky cross-stratification, indicating 

that some margins of the Rifian Corridor were influenced or even dominated by waves (Capella 

et al., 2017a). Wave processes were thus not completely absent around the margins of the Rifian 

Corridor, and different parts of the corridor shoreline had variable degrees of wave, river, and 

tidal influences. In addition to waves and tides, Longhitano et al., (2014; 2018a, 2018b) provide 

evidence that coast-parallel tidal currents can be a dominant mechanism for sediment transport in 

confined areas like sea straits. In such settings, the tidal prism is forced to propagate along the 

geometry of the strait, commonly generating large sandy compound dunes even in the deep, 

central parts of the strait. Some of these, for instance in the English Channel (le Bot and 

Trentesaux, 2004) have internal dune geometries that are somewhat comparable to those from 

the calcarenite facies described here. Also, the roughly southwest directed paleocurrent 

directions at Ben Allou could imply that the calcarenites were affected by coast-parallel tidal 

currents, moving along the generally east-west trend of the Rifian Corridor. The exact paleo-

orientation of the strait axis is, however, not fully constrained here, making it hard to infer what 

the effects of the strait setting was on these sediments. Based on the presence of numerous 

channel geometries interbedded with dune intervals at Ben Allou, as well as evidence of 

intermittent subaerial exposure in the calcarenite facies, The setting at Ben Allou is interpreted as 

more landward than a ‘true’ tidal strait deposit, where sediments are dominantly affected by 

strait-confined currents. The multiple, large channel forms at Ben Allou are laterally adjacent, 

showing that several active channels existed here, which is an unlikely geomorphology to form 
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inside a confined sea strait. Depositional models for tidal straits also show that the coast-parallel 

tidal currents typically increase in strength in a basinward direction, towards the axis of the strait, 

where the confinement of tidal currents is greatest (Longhitano, 2013). However, the more 

basinward facies at Ben Allou and El Adergha (facies 2 and 3), are much finer grained and more 

homogenous, suggesting deposition in a much lower-energy setting. This sharp decrease in 

energy in a basinward direction shows that the successions at Ben Allou and El Adergha were 

not formed by confined tidal currents in the center tidal strait depositional system, and do not 

conform to the model of a dune-bedded strait zone sensu (Longhitano, 2013).  Instead, the tide-

dominated deltas at Ben Allou likely formed in a setting that was adjacent to the strait, rather 

than in the strait itself. Based on this logic, the Ben Allou deltas are interpreted as strait-adjacent 

tide-dominated deltas prograding onto a submerged, roughly flat surface that flanked the 

Southern Rifian Corridor, like a shelf adjacent to the strait. In fact, there is no evidence that 

sediments from these deltas fed directly into the strait axis; instead, these systems could have fed 

bays or coves that flanked the rugose coastline of the Southern Rifian Corridor. This notion is 

supported by paleogeographic reconstructions and paleocurrent measurements of Late Tortonian 

marine sediments in this area (e.g., Capella et al., 2017a) which have shown that numerous inlets 

and bays likely existed at an angle or even perpendicular to the corridor’s general east-west trend 

(Fig. 3.15). This appears to be especially common for the southern part of the Prerif foreland 

basins like Ben Allou and El Adergha, which was characterized structurally by low-gradient 

ramps, as opposed to the northern regions of the strait, which had steeper margins (Zizi, 1996; 

Capella et al., 2017a). The Ben Allou deltas were thus likely removed from strong influence by 

coast-parallel tidal currents, although the slight shift between the direction of lateral stratal 

thinning (which are interpreted to be thinning in the landward direction) and the dominant 

paleocurrent direction does suggest that there may have been a minor component of deflection in 

the dominant current direction of tidal currents. (Fig. 3.16). This shift in current directions 

becomes much more pronounced near the top of the uppermost cycle, which is interpreted to be 

the most landward facies in the outcrop.  Here, both cross-stratal foresets and channel 

orientations show that the dominant current was trending northwest, which is more towards the 

strait axis. This shift could indicate that the delta gradually became more affected by coast-

parallel currents as it prograded towards the strait, but more evidence is necessary to further test 
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this concept. Paleocurrent directions at El Adergha are dominantly westward with a roughly 

more unimodal direction than that of Ben Allou. This change may reflect stronger alongshore 

tidal currents in this area, perhaps due to a more confined setting at a narrower part of the 

corridor, where coast-parallel tidal currents may have been more pronounced. The many 

unknowns regarding Rifian-Corridor paleogeography thus complicate accurate assessment of 

depositional processes that may have been influenced by the orientation of the strait. Future work 

on adjacent outcrops, as well as provenance analysis of the Ben Allou sediment and more distal 

strait axis or strait central zone sediments in the Rifian Foreland Basins and Rifian Corridors, 

could help solve some of these uncertainties. Likewise, provenance analysis of the Ben Allou 

sediment and those of other outcrops may help resolve unknowns regarding sediment pathways.   

Previous studies have suggested that geostrophic or tide-modulated bottom currents may 

have been dominant processes for sedimentation in the Rifian Corridor (Zizi, 1996; Capella at 

al., 2017a; Capella et al., 2019). These studies interpret the calcarenite sediments at Ben Allou 

and El Adergha (facies 3) as bottom current deposits, also named contourites. This has led some 

researchers to use these sediments to infer long-term paleoclimatic changes from the sedimentary 

succession at Ben Allou and El Adergha. Notably, Capella et al., (2019) state that the onset of 

sandy contourite deposition at Ben Allou and El Adergha reflects a reconfiguration of ocean 

currents due to increased Mediterranean outflow, which in turn can be linked to the Late 

Miocene global cooling. According to this interpretation, the coarse grained calcarenites are too 

proximal to have been affected by bottom current processes. A direct consequence of this 

reinterpretation is that previously proposed paleoclimatic implications require reexamination. 

According to the data and interpretations presented herein, changes in bottom current strength 

and magnitude, as well as ocean current reconfigurations, cannot be inferred from these 

sediments. 
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Figure 3.16. Tentative paleogeographic interpretation for the Saïss sub-basin area of the Southern 
Rifian Corridor. Top: Five Upper Tortonian outcrops and their paleocurrent directions as 
measured by Capella et al. (2017a), suggesting a complex, likely rugose southern coastline of the 
Rifian Corridor. Bottom: Schematic paleogeographic interpretation for Ben Allou, El Adergha, 
and Driouate, showing Ben Allou situated at a bay.  
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3.6.2 Paleoclimate implications  

3.6.2.1 Glacio-eustatic variations 

Paleoclimate reconstructions show that the Late Tortonian climate was subject to high-

frequency sea level fluctuations, owing to the existence of an already well-developed Antarctic 

ice sheet (Mercer and Sutter, 1982, Kominz et al., 2008, Liebrand et al., 2011). Global evidence 

for high-frequency climate cycles during the Upper Tortonian comes from outcrop studies in 

Northeastern Morocco (Cunningham et al., 1997), Northwestern Morocco (Hodell et al., 1994), 

Greece and Italy (Hilgen et al., 1995), lacustrine sediments in Tibet (Nie et al., 2017), and from 

Upper Tortonian sediments deposited in the Southern Spanish Betic corridor (García-García et 

al., 2009). Further evidence for glacio-eustatic fluctuations is from concurrent variations in grain 

size, P/B ratios, carbonate content and oxygen isotopes derived from deep-sea core in offshore 

northwestern Morocco (Cita and Ryan, 1979) as well as other global ocean core sites (e.g., 

Westerhold et al., 2005). Stratigraphic cycles at Ben Allou and El Adergha are defined by grain 

size variations, whereby the lowstand delta facies are mostly coarse to medium sands, and the 

marine facies of relative sea level highs are mostly silt and clay (Table 3.2). P/B ratios also vary 

markedly between lowstand and highstand sedimentation at Ben Allou and EL Adergha. The 

lowstand tide-dominated deltas (facies 3) consist of 60% CaCO3 while the early highstand 

prodeltas (facies 2) are 41% CaCO3 and the late highstand shelf deposits (facies 1) consist of 

23% CaCO3. This progressive decrease in CaCO3 from highstand to lowstand is interpreted to 

represent decreased carbonate production when the shelf becomes deeply submerged as sea level 

rises (Table 3.4; Cita and Ryan, 1979; Sarg, 1988).   

Cita and Ryan (1979) describe Late Tortonian climate cycles interpreted from data 

collected offshore Northwestern Morocco as, ‘similar to the Pleistocene glaciations’, in terms of 

their frequency, and suggest a period of 100 kyr and a eustatic amplitude of around 80 m. The 

thickness of a cycle at Ben Alou is 70 m, which could represent the maximum height of a delta 

clinothem and therefore the highstand water depth at this location (Plint et al., 2009), although 

this height was likely changed by sediment compaction (Beelen et al., 2019), and may have been 

closer to 80 m. Regardless, previously inferred glacio-eustatic amplitudes for the Late Tortonian 

roughly correspond to the inferred water depth, suggesting that the thickest part of the exposure 
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at Ben Allou roughly represents the maximum thickness of the delta clinothem, in the area where 

sedimentation rates were highest. Biostratigraphic age markers (Capella et al., 2017a) constrain 

the depositional duration of the Ben Allou succession to ~ 300 kyr. Since the cycles in this area 

are of equal thickness and roughly similar depositional environments, depositional age is 

interpolated for each cycle to be around 100 kyr; identical to previously inferred glacio-eustatic 

periods during this time interval as identified by other workers (e.g., Cita and Ryan, 1979; 

Mercer and Sutter, 1982). This timing likely corresponds to the dominant period for orbital 

eccentricity, which is known to have a modulating effect on the waxing and waning of ice sheets 

and associated eustatic variations since the early Miocene (e.g. Liebrand et al., 2011). Based on 

these biostratigraphic data, sedimentation rates at Ben Allou were relatively rapid (0.69 mm per 

year), comparable to some modern shallow-marine carbonate depositional systems (Strasser and 

Samankassou, 2003), and the high-frequency sea level fluctuations are superimposed by a 0.43-

0.69 mm per year tectonic subsidence. These interpretations support previous findings which 

show that the Mediterranean isolation was, at least partly, due to glacio-eustatic constriction of 

the Rifian corridor, as opposed to just tectonics (Hilgen et al., 2007).  

3.6.2.2 Paleoclimate and the presence of the Sahara Desert            

Paleontological assemblages of the calcarenites are consistent with cool-water 

environments (James, 1997, Michel et al., 2018). Considering the current Mediterranean climate 

of the study localities, it is possible that the climate in which the calcarenites were deposited was 

somewhat colder than today. These findings are consistent with the interpretation that these 

sediments formed during a colder, glacial episode, although further palynological data are 

necessary to test this. A large part of the sedimentary fill of the greater Rifian Corridor consists 

of carbonate sediments, similar to the prodelta and shelf facies described here, e.g., the Blue 

Marl Formation (Capella et al., 2018). The carbonate component in the prodelta and shelf 

deposits consists largely of severely broken and resedimented carbonate material, likely 

originating from shallower environments like the tide-dominated deltas described at Ben Allou 

and El Adergha. These shallow marine carbonate factories are thus an essential source of 

sediment to the Rifian Corridor, and thereby played a key role in filling and constricting the 

Mediterranean-Atlantic gateways leading up to and during the Messinian salinity crisis.  
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Table 3.4: Concurrent variations in carbonate content, P/B ratios, and average grain size across 
the various facies at Ben Allou and El Adergha likely reflect major changes in Late Tortonian 
relative sea level, possibly corresponding to glacial-interglacial alternations such as those 
previously inferred by Cita and Ryan (1979) and Kominz et al. (2008). 

Values are averaged between Ben 

Allou and El Adergha 

Carbonate content 

(%) 

P/B ratio Average grain 

size 

Facies 1 (Tide-dominated delta) 60 0.16 Medium sand 

Facies 2 (Prodelta) 41 1.21 Silt 

Facies 3 (Shelf deposits) 21 1.30 Clay 

Many of the silicate grains in the various facies at Ben Allou are highly mature, frosted 

fine sand and silt grains. These kinds of grains commonly are associated with wind action and 

aeolian systems (Anton, 1983). The presence of these grains suggests that windblown sand from 

nearby sand seas is incorporated in the sediments at Ben Allou, as well as El Adergha. Similarly, 

glacial lowstand calcarenite layers contain a notably higher proportion of frosted grains than the 

highstand marlstones and claystones.  This dominance at lowstand suggests that a Proto Sahara 

Desert may have existed, at least periodically, during the Late Tortonian, and was perhaps more 

extensive during arid, glacial periods (cf. Zhang et al., 2014).  

3.7 Conclusions 

This study discusses Late Tortonian depositional systems in the Saïss sub-basin, which 

formed the central part of the larger Rif Foreland basin. This basin contained the Rifian Corridor, 

an ancient sea strait that connected the Mediterranean Sea and the Atlantic Ocean in Northern 

Morocco, until it became tectonically restricted at the end of the Tortonian. Key outcrops 

displaying the sedimentary fill that formed immediately before the restriction of the Southern 

Rifian Corridor are currently exposed at the locations of Ben Allou, El Adergha, and Driouate, in 

the Fez-Meknes region, Morocco. Assemblages of foraminiferal species, macrofossil 

assemblages, ichnofacies assemblages, and sedimentary structures from these areas are in good 

agreement and demonstrate that coarse grained calcarenite facies at Ben Allou and El Adergha 

represent marginal marine tide-dominated delta deposits, composed mostly of authigenic 
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sediments. These tide-dominated deltas formed near the strait or in a bay or cove adjacent to the 

strait. They demonstrate a gradual shallowing in depositional environments from large cross-

stratified subtidal compound dunes, to thinner, subtital to intertidal stacked dune deposits and 

finally low-angle, cross-stratified, mud drape-bearing intertidal sand sheets in the landward part 

of the delta. Geometries of tidal channels in these sediments indicate that the paleotidal range 

here was amplified to around 4.2 m, likely due to the close proximity to a sea strait 

paleogeographic setting. Finer gray marl and organic-matter-bearing blue clay facies at the 

exposures of Ben Allou and El Adergha were deposited in deeper water than the calcarenites and 

represent prodelta and shelf deposits respectively. Nearshore lagoonal sediments alternating with 

terrestrial fluvial facies are exposed at Driouate. These data corroborate existing interpretations 

that during the Late Tortonian the Rifian Corridor was subject to major sea level fluctuations. 

Specifically, three, ~ 70 m thick depositional cycles at Ben Allou are interpreted to represent 

roughly equally high-amplitude sea level fluctuations that can be linked to eustatic changes 

across glacial-interglacial cycles. Biostratigraphic time markers show that these cycles occurred 

with a period of around 100 kyr, and likely had an effect on periodic corridor confinement up to 

its final restriction, which contributed to the isolation and desiccation of the Mediterranean Sea. 

Paleogeographic and process interpretations presented in this study are different from those of 

previous studies that considered the same depositional systems and have implications for 

paleoenvironmental interpretations of the Rifian Corridor as well as Late Miocene paleoclimate.  
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CHAPTER 4 
 

CHANNEL, DUNE AND SAND SHEET ARCHITECTURES OF STRAIT-ADJACENT DELTAS, 
MIOCENE RIFIAN CORRIDOR, MOROCCO 

 

4.1 Abstract 

Sea straits are elongated basin geometries common in the sedimentary record and play a 

key role in oceanography and climate. Narrow sea straits are prone to amplify tidal currents, 

which sometimes results in the formation of tidal strait deposits, that can have a symmetrical 

facies arrangement. However, often it remains problematic to distinguish ‘true’ tidal strait 

deposits from other systems that developed in less constricted or more complex geographies like 

wide seaways and archipelagos. To push a more robust differentiation between the tidal strait 

model and a model for less constricted tidal strait systems, this study presents an example of a 

strait-adjacent delta model, which is based on heterolithic sediments that formed in the Miocene 

Rifian Corridor and are now exposed in Northern Morocco. The multi-km, seismic-scale 

exposures at the Ben Allou locality (sometimes called Sidi Chahed), are comprised of roughly 60 

% CaCO3 and 40 % siliciclastic minerals and are interpreted to represent strait-adjacent, tide-

dominated deltas, that formed in a region with an archipelago-like erratic and largely 

unconstrained coastline arrangement, forcing a depositional environment interpretation with 

limited paleogeographic context. Silty and clayey portions dominate the distal prodelta and 

offshore facies, while the proximal delta front and delta plain sandstones are dominated by 

stacked channels and dunes. In addition to the facies arrangements of strait-adjacent deltas, this 

study emphasizes the complex channel, dune, and sand sheet architectures of these tidally 

amplified deltaic deposits. It is shown that the strait-adjacent delta model presented herein, 

differs slightly from conventional tide-dominated deltas, as it has: 1) a lack of mudflat facies, 

having sand-dominated delta plain facies instead, 2) limited wave input, 3) proportionately large 

delta front portions and 4) an upward rotary paleocurrent trend, that trends across the coast in the 
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distal delta front and along the coast in the shallower, coastal plain. These findings corroborate 

earlier depositional models for strait-adjacent tide-dominated deltas. 

4.2 Introduction  

Straits, seaways, corridors, and gateways, (henceforth all called: straits) are elongate 

basin geometries that connect two depocenters. Such geographies play a key role in 

oceanographic processes as they regulate the direction and magnitude of ocean currents. Straits 

are also prone to confine and amplify tidal currents (e.g. Longhitano, 2013). River deltas that 

deliver sediment to these straits, therefore, have some significant degree, if not dominance of 

tidal processes that sculpt their morphology (Longhitano, 2013; Niehuis et al., 2020). Tidal 

straits are typically rapidly filled with sediment or eliminated by tectonics and are thus relatively 

short-lived but common in the geological record (Rossi et al., 2017). Due to their importance as 

relatively widespread sedimentary deposits and usefulness as a record for paleoclimatic and 

tectonic events, strait deposits have received a relatively large amount of research attention 

(Longhitano et al., 2012). Despite this, owing to the intricate confluence of wave, tide, and 

fluvial processes in tidal strait areas, and the typically complex structural and basinal settings of 

strait-fill sediments, many sedimentary and stratigraphic characteristics of strait depositional 

systems remain not fully understood. For example, the tidal strait model by Longhitano, (2013) 

is an effective tool for predicting facies distributions where the overall paleogeography and 

geological setting is narrow and well constrained, but significant problems persist in areas with 

wider and more complex paleogeography. For example, the Miocene Betic Corridor is less like a 

relatively simple tidal strait configuration like the Messina Strait or San Francisco Bay area, and 

more like an archipelago containing islands and multiple, partially connected straits and seaways 

like present-day Greece or Indonesia. For deposits that formed in these complex areas, it may be 

difficult to constrain coastline trends in high enough accuracy to confidently apply a tidal strait 

model like the one from Longhitano, (2013), but many factors generally associated with tidal 

straits are likely present here, like tidal amplification, basinward facies coarsening and shore 

parallel tidal currents.  

This study focuses on deposits that formed in complex geography, namely the Moroccan 

Rifian Corridor. During the late Miocene, this area was a network of sea straits that joined the 
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Atlantic Ocean to the Mediterranean Sea (Fig. 4.1). Paleogeographic reconstructions show that 

the Rifian Corridor comprised at least two main sea straits known as the southern and northern 

Rifian Corridors (Abassi et al., 2020; Krijgsman et al., 1999), and contained an unknown number 

of Rif ‘islands’, which together formed an archipelago (Krijgsman et al., 1999a; Achalhi et al., 

2016; Capella et al., 2018; Fig. 4.1). This relatively wide (40-80 km) and relatively shallow (200-

400 m) marine zone can therefore best be called the ‘Rifian Archipelago’ but is typically called 

the Rifian Corridor or Rifian Seaway. Regardless of its broader paleogeographic interpretation, it 

is well understood this area had a complex, rugose coastline arrangement and an extensive 

shallow marine shelf system and was at the southern margin of the Rif Foreland Basin (Bernini 

et al., 2000; Capella et al., 2017). However, despite extensive fieldwork and reflection seismic 

analysis by Zizi et al. (1996) and outcrop work by Capella et al. (2017), the precise 

paleogeographic extent and coastline orientation of the Rifian Archipelago remains largely 

undefined. It is expected that the overall paleogeography of the Rifian Archipelago was roughly 

analogous to the contemporaneous Betic Corridor or ‘Betic Archipelago’ which was located in 

what is now Southern Spain. This area’s paleogeography is arguably better constrained than the 

Rifian Corridor and can best be described as having an erratically distributed coastline with 

islands, tidal straits, bays, and inlets (Martín et al., 2014). 
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Figure 4.1. A: Present-day location of the study area relative to the European continent. B. 
Schematic paleogeographic reconstruction of the Rifian Corridor during the Late Tortonian (Late 
Miocene). Note that the Strait of Gibraltar had not yet formed during this time (modified from 
Capella et al. (2017a)). The white box represents the area of the image shown below. C: 
Geological map showing the location of the Ben Allou locality relative to the cities of Meknes 
and Fez. The geological map is modified from Chenakeb (2004). All outcrop localities 
considered in this study are from the upper Tortonian interval of the Saïss sub-basin in the Rif 
Foreland. 
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4.2.1 Basinal Setting  

The sea straits and marine regions of the Rifian Corridor were contained within the Rif 

Foreland Basin. This basin originated from compressional stresses associated with the northward 

movement of the African Continent. The bulk of the sedimentary infill of the Rif Foreland took 

place during the Miocene, when nappes piled onto the hinterland of the Rifian foreland basin, 

leading to an increase in the subsidence due to crustal bending (Achalhi et al., 2016; Iribarren et 

al., 2009). The additional accommodation that originated from this subsidence, was rapidly filled 

by a northward prograding sedimentary wedge, accumulating to about 1.400 m thickness 

(Iribarren et al., 2009, Roldan 2014). The sediments deposited on the southern margin of the Rif 

Foreland are mostly fine grained marine marls and siltstones (e.g. the extensive ‘Blue Marl 

Formation’ Bernini et al., 2000). To a lesser extent there are carbonaceous sandstones and some 

siliciclastic deep sea fan deposits mostly further to the north (Iribarren et al., 2009). This study 

focuses on an exposed portion of upper Tortonian Rifian Corridor fill, that formed in a subbasin 

of the Rif Foreland called the Saïss-sub Basin. These sedimentary rocks contain the typical fine 

grained ‘blue marl’ facies, and also some well exposed carbonaceous sandstone units. The 

locality of this exposure is roughly 30 km northwest of the city of Fez and is called Ben Allou, or 

sometimes Sidi Chahed (e.g. Capella et al., 2019; de Weger et al., 2020), and one of the most 

studied and laterally complete Rifian Corridor outcrops (Capella et al., 2017). This exposed 

succession has been biostratigraphically age constrained to the Late Tortonian (7.2 to 7.5 Ma 

according to Capella et al., (2017). Shortly after the Tortonian, in the Messinian stage, the 

continuation of the compressive tectonics between the African and European plates caused a 

progressive tightening and eventual closure of the Rifian Corridor, and the contemporaneous 

Betic Corridors. This separated the Mediterranean Sea from the Atlantic Ocean and causing the 

prevailing evapotranspiration in the Mediterranean Sea to precipitate thick deposits of evaporites, 

which marks an event known as the ‘Messinian salinity crisis’ (Roveri et al., 2014). Following 

this event, continued northward motion of the African continent caused the Saïss subbasin to 

become faulted and rotated, and up-thrusted onto the Rifian orogenic wedge (Roldán et al., 

2014). Despite this, much of the Saïss-subbasin sediments, including those that are now exposed 

at Ben Allou avoided deep burial, and were subject to a relatively limited amount of structural 

deformation and folding in the Ben Allou outcropping area.  
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4.2.2 Aims and objectives 

This study aims to present an outcrop-specific approach, where the sedimentary features 

and stratigraphic architectures are analyzed independently of existing paleogeographic estimates. 

This study, therefore, is a test case, where limited availability of regional data, precludes a priori 

assumptions regarding the environmental setting of the depositional systems but forces the 

analysis to consider a wide range of possible depositional settings like narrow and wide sea 

straits. This study can therefore improve characterizations and depositional environment 

interpretations of strait-fill sediments, or depositional systems that formed in a complex and 

poorly defined elongate basinal setting or archipelago. Because of large, km-scale exposures and 

the extensive sandstone intervals at Ben Alou, a particular emphasis is given on describing and 

interpreting the stratigraphic architectures and associated sedimentological processes across 

various facies environments, Specifically, the aims are to use the outcrops at Ben Allou to 

describe: 1) How does the sea strait depositional paleogeography affect the development of 

bedform architectures and trace fossils 2), how does the strait-adjacent model differ from the 

tidal strait model and the non-strait-adjacent model?  

4.3 Methods  

Stratigraphic logs were measured in the field. Facies characterizations were based on in 

field observations and observations of sedimentary structures that are visualized on photos and 

photomosaics. To accurately capture surfaces and sedimentary architectures, high-resolution 

photomosaics of the sandstone units were made by assembling 10-35 optically zoomed photos. 

Gamma radiation was measured every 50 cm across key portions of the sedimentary sections 

using a RS-230 BGO Super-SPEC Handheld Gamma Ray Spectrometer. These spectral gamma 

ray (SGR) data were used to map grainsize trends and mineralogy and origin of the clay 

sediments (e.g. Adams and Weaver, 1958; Schlumberger, 2013).  

4.4 Results 

The outcrops at Ben Allou (34° 5'52.78’N, 5°18'32.43’W), are a succession of alternating 

fine-grained claystone/siltstone units (facies 1 and 2 respectively), and coarse-grained sandstone 
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units (facies 3, 4 and 5). These alternating units occur in a cyclic arrangement, with the fine-

grained facies 1 and 2 at the bottom, which progresses upward through the coarse-grained facies 

3, 4, and finally, facies 5, which defines the top of each cycle (Fig. 4.2). The cyclic development 

of five facies occurs three times in the rocks at Ben Allou. The relatively erosion-resistant nature 

of the sandstone facies (3, 4, and 5) helped to form well-exposed continuous cliffs at Ben Allou, 

which extend over a roughly 1 km wide and 2.5 km long area near Lake Sidi Chahed (Fig. 4.3). 

The Ben Allou outcrops follow the contours of a hillside and expose a wide range of sedimentary 

structure orientations in the cliff-forming sandstone layers. Most of the sediment exposed at Ben 

Allou is the fine grained facies, accounting for 74% of the succession, which interbeds the 

sandstone units. The sandstones (facies 3,4, and 5) have abundant sedimentary structures and 

other environmental and process indicators like trace fossils. This makes these facies more useful 

for inferring depositional architectures and the process history of these deposits. Most bedform 

and paleoenvironment descriptions are therefore focused on the sandstone facies (3, 4, and 5).  
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Figure 4.2. A. Stratigraphic log of the Ben Allou exposure, total stratigraphic thickness is 209 m. 
There are three cycles of roughly 70 m thickness. The second log shows the upper cycle which 
contains facies 2-5. The third log shows detail of the upper sandstone unit containing facies 3-5, 
B. Photos showing all five facies.  



103 

 

 

 

 

 

 

 

 

Figure 4.3. A: Map of Ben Allou outcrops within the country of Morocco. B: Satellite Map view 
of the outcrops at Ben Allou note the large extent of the outcrop (± 1 km wide and ± 2.5 km 
long). Colored polygons identify cliff-forming sandstone units belonging to facies 3,4 and 5, 
Grey rose diagram shows the overall paleocurrent direction which is dominantly southwest. Dark 
blue lines show the location of continuous gamma-ray measurements. White view boxes indicate 
the interpretations panels of facies 3, 4, and 5. Numbers accompanying view boxes correspond to 
figure numbers. C. Schematic log of the sedimentary succession, colors corresponds to legend in 
B and legend in Fig. 4.2.  
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4.4.1 Facies 1  

Facies 1 are fine grained silt-bearing claystones, that contain 21 % CaCO3. These facies 

are homogenous and contain no sedimentary structures (Fig. 4.2). Some preserved organic matter 

is present in these rocks. Trace fossils are small, (1-2 mm thick), relatively common  Chondrites.  

4.4.2 Facies 2 

Facies 2 are grey siltstones that contain a higher portion of CaCO3 than facies 1 (41%). 

These siltstones coarsen upwards slightly. Although these facies are generally homogeneous 

(Fig. 4.2) and lacking in sedimentary structures, they are occasionally interbedded with much 

coarser 5 -15 cm thick sandstone layers. These sandstone layers are comprised of heavily 

damaged and broken microfossils and shell fragments and are capped by finer ripple laminated 

siltstones. 5 – 10 cm sand stringers and some intervals of planar laminations are also common in 

facies 2 (Fig. 4.2). Trace fossils are rare and are mostly bivalve casts.  

4.4.3 Facies 3 

The upper boundary of the siltstones is sharp, laterally extensive erosional boundaries 

that separate facies 2 from facies 3, which are medium to coarse-grained sandstones. Lower 

boundary basal surfaces of facies 3 are the most important surfaces at Ben Allou, displaying a 

sudden rapid coarsening of sediment across a boundary that extends for multiple kilometers 

across the entire outcrop (Fig. 4.4). Sandstones belonging to facies 3 can also be called 

packstones (sensu Dunham, 1962) or calcarenites due to their high mass percentage of CaCO3 

(60 %). They are yellow-brown carbonate-rich shell fragments, with some siliciclastic material 

comprised mostly of immature, sometimes euhedral quartz grains and garnets. The dominant 

sedimentary structures that are abundant throughout facies 3 are cross strata, reactivation 

surfaces, and rhythmic bedding of heterolithic coarse and fine sandstones. Cross strata in facies 3 

are ± 3 m thick with high-angle foresets, and cross-stratified intervals are separated by straight or 

inclined surfaces. Trough cross-stratification is sometimes apparent in facies 3 and is most 

clearly visible when facing opposite to the dominant paleocurrent direction (Fig. 4.3). Cross 

stratal thicknesses range from 0.5 m to 4 m thick, and through cross strata are between 16 and 40 
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m wide. Bidirectional current structures (Abouessa et al., 2014) are also present here. Facies 3 

contain numerous large 15-120 m wide and 3-12 m thick channels (Fig. 4.5). These features are 

typically isolated, but some channels are amalgamated near the boundary between facies 2 and 3. 

Channels have a distinct two-tiered, ‘bullhorn’-shaped cross-sectional geometry and are filled 

with rhythmically bedded, cross-stratified sandstones. The channel fill is more resistant to 

erosion and weathering than the surrounding sandstones and sometimes forms steep or vertical 

cliffs. Paleocurrents are dominantly southwest with some cross strata trending in the opposite 

direction.  

Ichnogenera here mostly horizontal burrows and burrow networks, with Macaronichnus, 

Thalassinoides, and Scolicia ichnogenera being most common. In some cases, bioturbation is so 

intense that small-scale sedimentary structures (e.g. ripples) are not preserved. Most burrows 

here are large, 3-5 cm thick, but overall, ichnofossils have medium diversity in size and genera 

and are consistent with the marine soft ground Cruziana ichnofacies (Gingras and MacEachern, 

2012). 

 Gamma radiation across the facies 3 sandstones ranges from 15 to 125 API, with channel 

deposits having a slightly higher amount of gamma radiation of > 80 API. Facies 3 has only 

small variability in the gamma radiation, both showing 15-70, rarely > 70 API variations.  
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Figure 4.4. A. Interpretation panel of stacked 3D dunes in facies 3. Dominant paleocurrent is 
towards the viewer, showing large scale through cross-bedding. Note person for scale. Dune 
dimensions vary widely, dune thickness to width ratio is around 1:10. The thickest black line 
marks the lower sharp boundary between facies 2 and 3. Thick black lines are set boundaries that 
compartmentalize dune sets. Thin black lines are dune foresets. Red lines are reactivation 
surfaces. Dark red lines are faults. A Interfingering dunes. B: A recent gully with erosion, 
exposing unweathered dune set boundaries with fine-grained sediments. C. Through cross-
bedding and ‘false herringbones’ between two dunes. 
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Figure 4.5. Satellite image showing the locations and extent of large channels in facies 3 and 4. 
The top shows the upper sandstone unit, bottom shows the middle sandstone unit. The largest 
channels are roughly 120 m wide and 12 m thick and are filled with cross stratified sandstones. 

4.4.4 Facies 4  

Facies 4 gradually overlies facies 3 and is characterized by 50 – 150 cm thick planar 

cross-stratified sandstone intervals, these cross strata are thus thinner than in facies 3 (Fig. 4.6). 

The sandstone facies are rhythmically bedded, containing 1-to-20 cm thick alternations of coarse 

to fine sandstones. Some sandstones contain layers of muddy rip-up clasts. The minimum 

grainsize here is fine sand, and intact muddy strata are not present. In some cases, 2-5 cm thick 

layers have been eroded, leaving gaps in the outcrop. Channels in these facies are relatively 

small at 10-12 m wide and 2-3 m thick. These channels are filled with inclined heterolithic strata 

that have abundant bioturbation and rapidly alternating grainsize variations. Occasionally, the 

channels contain well-cemented medium to coarse sands. Paleocurrent directions are the same as 

in facies 3, oriented dominantly southwest. Paleocurrent directions here are slightly more 

consistent than in facies 3. Facies 4 has abundant inclined heterolithic stratifications, comprised 
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of ± 50 cm thick diagonal cross strata typically truncated at the top by roughly horizontal 

surfaces (Figs. 4.6; 4.7). 

 Ichnofossils assemblages are dominated by Thalassinoides and Scolicia, and thus similar 

to facies 3, with the exception that rare Psilonichnus and Planolites ichnogenera are occasionally 

present in here (Frey and Pemberton, 1984).   

Facies 4 emit the lowest overall gamma radiation, with an average API of 55. These 

portions also have the most consistent response, with limited variations in gamma-ray emissions.  
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Figure 4.6. Interpretation panel showing an interval of stacked thin dunes characteristic of facies 
4. Dunes can be represented by sigmoidal or diagonal cross strata. Thick black lines are set 
boundaries that compartmentalize dune sets. Thin black lines are dune foresets. Red lines are 
reactivation surfaces. 
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Figure 4.7. Interpretation panel showing an interval of stacked thin dunes characteristic of facies 
4 at the bottom, and sand sheets with swales characteristic of facies 5 at the top. Note there is a 
gradual boundary between facies 4 and 5. Thin black lines mark foresets, thick black lines mark 
set boundaries and red lines mark reactivation surfaces. Close-up photos show swales in facies 5,  
a dewatering structure, and a weathered set boundary in facies 4.  

4.4.5 Facies 5 

Facies 5 gradually overlies facies 4 and is characterized by a much lower abundance of 

cross strata. The dominant sedimentary architectures here is called sand sheets (Figs. 4.7; 4.8). 

Sand sheets are 10 – 50 cm thick, tabular sandstone layers with occasional low-angle cross strata 

(Fig. 4.8) and are commonly separated by 2-5 cm thick mud drapes, that sometimes contain 

small mud cracks. 1-2 m thick packages of sand sheets are sometimes contained within thicker (5 

– 10 cm thick) muddy layers (Fig. 4.8). Thicker mud drapes are commonly surrounded by flaser 

bedding, which is characterized by multi-directional current ripples and rapidly alternating 

sandstones and claystones. Mud drapes can be severely weathered or missing in some locations, 

leaving deep, roughly planar voids in the rocks. Some rare intervals have 10-30 cm thick cross 
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strata with poorly visible inclined heterolithic stratifications. Unlike in facies 3 and 4, these 

cross-stratified intervals are not laterally extensive and only occur across several meters of lateral 

distance. Facies 5 has common, 2-5 m thick intervals with warped beds and syn-depositional 

faulting (Fig. 4.8). These warped intervals comprise warped sand sheets. Large channels are 

absent in these facies but small, 100 – 200 cm wide, and 10-30 cm deep channel features are 

occasionally present. These small channel features are filled with slightly coarser sandstone than 

the surrounding sand sheets. Due to the rarity of cross strata, paleocurrent directions are difficult 

to obtain but have dominantly northwest direction. In some cases, the surfaces of the sand sheets 

have ripple laminations, comprised of current ripples and symmetrical ripples (Fig. 4.8). Ripple 

laminations are mostly symmetrical ripples and thus do not exhibit a dominant direction. Larger 

hummocks and swales are also present, most prominently near the gradual boundary with the 

underlying facies 4 (Fig. 4.7). Some of the rippled surfaces coincide with extensive bioturbation, 

with a high ichnodiversity. Ichnofossils in these facies are generally small in size and diverse, 

containing ichnogenera that are not present in the other sandstone facies (facies 3 and 4) like 

Rhizocorallium and Phytoplasma. Trace fossils are on average smaller than those in facies 3 and 

4 and are associated with surface feeding and sub-vertical boring, with the most common 

ichnogenera being Psilonichnus and then, Planolites. Ichnofossils have high diversity in size and 

genera and are most consistent with the marine hardground Glossifungites ichnofacies 

(Pemberton and Frey, 1984; Gingras and MacEachern, 2012). Facies 5 has relatively high 

variability in gamma radiation and alternate between mud-bearing ± 90 API and non-mud 

bearing ± 60 API sandstones (Fig. 4.9A). 
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Figure 4.8. slumped interval of facies 5. Thick black lines are thick mud drapes, separating 
packages of sand sheets. Bottom from left to right: Rare low angle cross-stratified bed. Small ± 1 
m wide channel filled with coarse sandstone. Bed showing symmetrical ripples indicating minor 
wave reworking and low (intertidal) depositional water depth. Well-developed mud drapes and 
flaser bedding showing rapidly alternating current directions and varying current strengths under 
the action of tides.  

4.5 Interpretations 

4.5.1 Facies depositional environment interpretations 

4.5.1.1 Offshore and prodelta (facies 1 and 2) 

The mudstones at the bottoms of the cycles (facies 1) are blue-gray and are similar to the 

rocks in the ‘Blue Marl Formation’ or ‘Blue Marl Subunit’ (Fig. 4.2; Bernini et al., 2000). The 

Blue Marl Formation is a regionally abundant rock formation, described as ‘open marine marls’ 

by Bernini et al., (2000), and may represent a relatively deep shelf system at the southern margin 

of the Rifian Archipelago (Beelen et al., 2020). These facies are slightly organic matter bearing 

which is portrayed as the characteristic bluish hue against the gray sediments.  
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Facies 1 grade into turbidite-bearing rocks belonging to facies 2. These rocks lack a blue 

hue and contain no preserved organic matter. The homogenous character and lack of sedimentary 

structures in facies 2 show these sediments also formed in relatively deep water, but the slightly 

coarser grainsize and presence of turbidites are more consistent with a pelagic, inclined marine 

environment like a prodelta setting. 
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Figure 4.9. A: Graphs indicating the gamma emission across facies 2-5. Note that fine-grained 
facies 2 has the highest gamma response. Amounts of K, U, and Th are also shown. B. K versus 
Th plot indicating clay mineralogies. Dominant clay types are montmorillonite and kaolinite, 
which indicate that much of the clay minerals originated from continental weathering. C: Plot 
showing the ratios between Thorium and Potassium versus Thorium and Uranium. These ratios 
show the origin of clay minerals present at Ben Allou (Adams and Weaver, 1958; Schlumberger, 
2013) and indicate that clays within the Ben Allou sandstones are mostly a mix between shallow 
marine and continental. 
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4.5.1.2 Distal delta front (facies 3) 

Internal dune architectures are defined by three types of surfaces. These are, from least to 

most extensive: 1) Cross stratal foresets 2), erosional reactivation surfaces, which can crosscut 

foresets 3), set boundaries, which separate packages of cross stratified sandstones. Cross 

stratified intervals in facies 3 are interpreted to represent ‘3D’ tidal dunes (Fig. 4.4). These are 

bounded at the top and the bottom by set boundaries that define 2-4 m thick dune packages or 

‘dune sets’ whereby each dune set represents a generation of migrating dunes. Muddy and clayey 

material is absent from facies 3, supporting the notion that these stacks of dunes formed in the 

subtidal reaches of the tide-dominated delta, where tidal current energies are too strong and too 

frequent to allow muddy material to settle in the tens-of-meters thick water column. The 

common sigmoidal shape of the dune forests indicates these dunes can be completely preserved, 

with limited amounts of post-depositional erosion. Commonly, however, erosional set 

boundaries mark the tops of the dunes and signify the erosion of dune topsets. These large dunes 

are commonly intersected by high-angle sigmoidal reactivation surfaces that partially truncate 

dune volumes. Stacks of dunes are thus visible as coarse grained sandstones bounded by 

numerous horizontal and curved reactivation surfaces, and represent the amalgamation of large, 

overlapping tidal dunes (Figs. 4.10). Various exposures of the facies 3 sandstones face oblique 

(Fig. 4.10B) or perpendicular (Fig. 4.10C), to the paleocurrent, and do not show diagonal or 

sigmoidal cross stratifications. These exposures are characterized by lens-shaped set boundaries 

and foresets, visible as trough cross stratifications in outcrop, which is testament to their 3D 

geometry (Figs. 4.4; 4.10C). Studies like Dalrymple and Rhodes, (1995) and Yalin, (1987) show 

that depositional water depths for tidal environments can be estimated from dune thicknesses. 

Some estimates have shown that dune height is typically ± 17% of the depositional water depth 

(Dalrymple and Rhodes, 1995; Allen and Homewood, 1984). Although water depth is not the 

only control on dune size, this suggests these distal sandstone facies developed in a subtidal 

environment, sitting submerged at an estimated 25-35 m water depth (Fig. 4.11). The presence of 

relatively high-energy coarse-grained dune-bearing architectures and subaqueous channels is 

most typical of a subtidal delta front environment (Flemming and Kudrass, 2018). Dune 

thicknesses in facies 3 are about 10% of dune widths, these ratios are similar to measured tidal 

dunes in a delta front environment. published in Blondeaux and Vittori, (2011).  
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Figure 4.10. Three interpretation panels of delta front facies, revealing these portions of the 
sandstone units are dominated by stacked, cross-stratified dunes. A, B: Interpretation of exposures 
that trend parallel to paleocurrent showing strait and sigmoidal cross-bedding. B, C: Interpretation 
of exposures that trend oblique to paleocurrent. E, F: Interpretation of exposures that trend 
perpendicular to paleocurrent showing through cross-bedding. Thick black lines are set boundaries 
that compartmentalize dune sets. Thin black lines are dune foresets. Red lines are reactivation 
surfaces. 
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4.5.1.3 Proximal delta front (facies 4) 

Facies 4 develops gradually from the underlying facies 3 and has smaller, thinner stacks 

of dunes and smaller subaqueous channels (Figs. 4.6; 4.7). Like in facies 3, mud drapes (a 

characteristic indicator of tidal systems) are absent here, but layers of muddy rip-up clasts point 

to the deposition and subsequent erosion of mud drapes and muddy strata. Thinner dunes and 

fewer channels, and slightly more indication of mud deposition, suggest these facies developed 

in slightly shallower water depths than facies 3, where fine grained material has occasionally 

enough time to settle during slack tide before being winnowed by tidal currents. Based on dune 

thicknesses, depositional water depth for facies 4  is estimated at 15-25 m (Fig. 4.11). 0.5-2 m 

thick tabular cross strata bounded by set boundaries are common in facies 4. These are 

interpreted to represent stacks of forward migrating dune sets. Based on architectural 

interpretations from various outcrops that face towards and oblique to the dominant 

southwesterly current direction, these dunes are interpreted to be mostly two-dimensional (2D), 

which may reflect slightly lower deposition energy for facies 4, as compared to facies 3 (Costello 

and Southard, 1981). Dewatering structures and minor slumping in facies 4 indicate these 

sediments may have experienced some occasional destabilization, possibly due to partial 

dewatering during extreme low tides (Greb and Archer; 2007). The overall similarities with 

facies 3, indicate that facies 4 remains part of the subtidal delta front, but based on the 2D,  

relatively small dune architectures, this facies is interpreted as having formed in a shallower, 

more proximal portion of the delta front.  
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14.11. A. Schematic stratigraphic development of the sand sheet and dune architectures observed 
at facies 3,4 and 5 at Ben Allou, with corresponding high and low tide water depths. Water 
depths are estimated from dune thicknesses. In the intertidal zone (facies 5), sand sheets and thin 
dunes dominate; these are gradually replaced with stacked dunes near the delta front (facies 3 
and 4). Channel architectures are omitted in this model. B: a schematic model for dune migration 
and development of dune-bearing stratigraphy. Dunes move basinward down a depositional ramp 
under the action of dominant southwesterly ebb currents. Schematic trace of observed 
stratigraphy shows correspondence to the theoretical model. Photo of traced stratigraphy is in 
figure 4.7, thin lines are dune foresets, thick lines are set boundaries and red lines are 
reactivation surfaces.  
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4.5.1.4 Delta plain (facies 5) 

Facies 5 is dominated by tabular sand sheets separated by mud drapes. These upper portions 

of the tide-dominated delta succession, have the most significant grainsize variations, containing 

rapidly alternating layers of medium sand to clay. In these facies, clayey intervals occur as thin mud 

drapes or less commonly, as flaser bedding and muddy layers. Thin cross stratified layers are 

sometimes present and indicate these facies have the smallest dunes and likely a shallow 

depositional water depth of 0-15 m. Extensive preservation of mud drapes and flaser bedding 

supports this and suggests these facies formed in an intertidal environment (Allen and Homewood, 

1984; Desjardins et al., 2012). Facies 5 also has a minor indication of wave action in rare hummocks 

and swales and symmetrical ripples (Fig. 4.8; 4.9). Because of these observations, the depositional 

environment for facies 5 is interpreted as an intertidal delta plain, where periodic quiescence of tidal 

currents during slack tide allows for developing muddy strata (Desjardins et al., 2012). Since tidal 

energy typically decreases towards the coast, this observation corroborates the notion that the facies 

5 delta plain represents the most proximal exposures at Ben Allou (Davis and Dalrymple, 2011). 

One notion that should be mentioned is that some previous studies have interpreted delta plain facies 

as being river-dominated and being a tide-influenced rather than tide-dominated component of a 

delta (Tanavsuu-Milkeviciene and Plink-Bjorklund, 2009).    

Facies 5 has the most slumping. In some cases, 5-10 m thick intervals have been extensively 

slumped and deformed (Fig. 4.8). Sediment bodies in these intertidal environments were likely more 

prone to destabilization due to the occurrence of periodic desiccation events (Greb and Archer; 

2007).  Even though facies 5 has the finest minimum grain size, sandstone remains the dominant 

lithology, thus indicating that the Ben Allou delta systems may not have preservation of mud flat 

environments, which are associated with proximal tide-dominated environments. Instead, powerful, 

amplified tidal currents in the sea strait depositional setting prohibited the preservation of extensive 

muddy strata and resulted in developing sand sheet-dominated deposits instead.  
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4.5.2 Tide-dominated delta 

Facies 1 are very fine grained with no visible sedimentary structures, suggesting a relatively 

deep setting where settling of sediment is the dominant depositional process. The overlying facies 2 

is similar with the exception these rocks have occurrences of coarse grained upwards fining beds 

interpreted as turbidites (Bouma, 1964). The common sandy stringers in facies 2 and planar 

laminated fine grained sediments suggest episodic low density turbidites as the dominant 

depositional process with occasional deposition of thicker, coarser grained turbidites (Bouma, 1964; 

Mulder et al., 2003). The sedimentary structures in the overlying facies (3) include stacked sets of 

amalgamated dunes, bidirectional current structures, numerous reactivation surfaces, and inclined 

heterolithic stratifications. These features are commonly associated with tidal processes (Davis and 

Dalrymple, 2011; Longhitano et al., 2012). This is because tidal environments are characterized by 

rapidly alternating current strengths and current directions, leading to the formation of rhythmic 

grainsize variations and erosional surfaces of reactivation. Facies 3 has the thickest cross stratified 

intervals, which are interpreted as tidal dunes. Strong tidal currents often lead to the development 

and stacking of coarse grained tidal dunes in relatively shallow water depths where tidal energy is 

high (Davis and Dalrymple, 2011). Tidal dune thickness has been linked to paleo water depth 

suggesting that facies 3 formed in a permanently submerged, subtidal environment (Yalin, 1987). 

The gradual upwards transition into facies 4 can represent a gradual shallowing  in water depth since 

facies 4 has much smaller dunes and more preservation of muddy material in the form of muddy rip 

up clasts. Facies 5 is interpreted as the shallowest water depth facies, having almost no tidal dunes, 

and those that are present are relatively thin. Facies 5 is heterolithic, containing many mud drapes 

and muddy layers. The dominant sedimentary architectures here are sand sheets likely affected by a 

slight amount of oscillatory wave currents as shown by swales and symmetrical ripples (Figs. 4.7; 

4.8). The occasional presence of mud cracks can indicate periodic subaerial exposure may have 

affected the sediments in facies 5. 

The low energy, relatively deep marine facies 1 and 2 coarsen upward strongly across a 

sharp, erosional boundary into facies 3. This upward coarsening facies trend from a relatively deep, 

homogenous setting into a siltstone dominant turbidite-bearing setting and then a coarse grained 
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tide-dominated setting is interpreted as reflecting a tide-dominated delta, that formed under 

gradually shallowing water depth conditions. The sharp erosional boundaries between facies 2 and 3 

can signify a lowstand surface of marine erosion, across which a landward facies shift occurred. 

This landward facies shift coincided with a forward progradation of shallow marine sandstone units 

belonging to facies 3,4 and 5 which developed over and eroded into the deeper environments (facies 

1 and 2).  

Tidal environments are usually asymmetric (having dominance of either the ebb or flow 

component). However, dominant ebb-tidal paleocurrents are by far the most common in tidal 

deposits since sediments are more abundant on the landward sides of the tidal system, so currents 

originating from the land are more sediment laden and become dominant in the sedimentary record 

(Davis and Dalrymple, 2011). The dominant southwesterly current direction is thus interpreted to 

represent the ebb current, which is the direction of deepening or, basinward direction (Fig. 3; Davis 

and Dalrymple, 2011). The sandstone units containing facies 3,4 and 5 are not laterally uniform and 

thin (but not pinch out) towards the northeast. This direction is opposite to the dominant 

paleocurrent direction in facies 3 and 4 which suggests that the landward delta portions where 

accommodation space is lower, are towards the northeast, while the dominant basinward 

paleocurrent is towards the opposing southeast direction. This interpretation implies a 

northeast/southwest depositional dip trend interpretation for the tide-dominated delta. Although the 

Rifian Corridor had a general east-west trend, the wider paleogeographic context can allow for this 

interpretation, due to the relatively unconstrained erratic coastline arrangement of the Rifian 

Corridor or Rifian Archipelago marine zone.  

Based on the intactness of the carbonate debris, it is interpreted that most of the carbonate 

sediment here is authigenic and is from a nearby source area. This shows these shallow marine 

deltas were powerful carbonate factories, producing large amounts of carbonate detritus. This 

material was then mixed with quartz-rich continental sands.   

Ratios of Th/K and Th/U show that clay mineralogies at Ben Allou follow mixed shallow 

marine and continental sediments (Schlumberger, 2013; Fig. 4.9C). Based on the same data, 

montmorillonite is inferred to be the most common clay mineral here, followed by kaolinite (Fig. 

4.9B). The clay sediments are scarce in Illite, glauconite, and feldspars. The origin of these clay 
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minerals is interpreted from gamma-ray spectrometry data to be from a mixed, shallow 

marine/continental source (Schlumberger, 2013; Fig. 4.9C). 

4.5.3 Ichnology 

There are significant differences in ichnofacies assemblages between the proximal and distal 

facies of the tide-dominated deltas. Facies 1 has only small Chondrite’s trace fossils and 

preservation of organic matter, suggesting these shelfal sediments formed in dysoxic environments, 

with limited amounts of benthic organisms (Rhoads, 1975). Ichnofossils in facies 2 remain sparse, 

except for some bivalve casts. The sandstone units (facies 3,4 and 5) have abundant ichnofossils, 

which vary significantly, suggesting a well-oxygenated environment (Rhoads, 1975). Ichnofossil 

variations across the various delta environments are likely due to changes in current intensity 

(Maceachern et al., 2005; Gani et al., 2009) and most importantly, changes in the rigidity of the 

sedimentary substrate (Kaust and Bromley, 2012). The subtidal facies (3 and 4) mostly has 

ichnogenera that are associated with soft substrate burrowing like Thalassinoides and Scolicia (Fig. 

4.12; Kaust and Bromley, 2012). In these portions of the sandstones, the overall ichnofacies remain 

most consistent with soft substrate Cruziania ichnofacies. The intertidal delta plain facies (5) have 

many borings and surface grazing ichnogenera like Psilonichnus and Rhizocorallium, indicating a 

more rigid substrate, (Fig. 4.12; Frey and Pemberton, 1984; Maceachern et al., 2005; Gingras and 

MacEachern, 2012; Kaust and Bromley, 2012). Ichnofossils in the proximal delta plain (facies 5) are 

consistent with a firm substrate Glossifungites ichnofacies, suggesting these sediments were rigid 

and may have been subject to evaporation in the intertidal zone (Fig. 4.12; Buatois et al., 2012).  
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Figure 4.12. Photos of Ichnofossils at Ben Allou. A, B: Facies 5 (intertidal delta plain) trace fossils 
are associated with borings (A) and surface grazing (B) suggesting firm ground paleo substrate and 
Glossifungites ichnofacies. C, D: Facies 3 and 5 (subtidal delta front) trace fossils associated with 
soft ground horizontal burrow networks and Cruziana ichnofacies.  
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Table 4.1. Five facies and facies interpretations exposed at Ben Allou 

 Facies 1 Facies 2 Facies 4 Facies 3 Facies 5 

Interpretation Offshore 

(shelf) 

Prodelta Proximal delta 
front 

Distal delta 
front 

Delta plain 

Water depth 60-70 m 30-60 m 30-20 m 20-10 m 10–0 m 
Bedform type None None 0.5-4 m thick 

dunes 
0.5 – 1.5 m 
thick dunes 

sand sheets 

Mean bedform 

grainsize 

Clay Silt Medium-coarse 
sand 

Medium sand Medium sand 

Set boundary 

grainsize 

- - Fine sand Fine sand w. 
muddy clasts 

Clay 

Channels None None 15-120 m wide 
channels filled 

with coarse sand 

5-15 m wide 
channels filled 
with medium 

sand 

Small 1 – 2 m 
wide creeks 

Bedform size None None Large Intermediate Small 
Paleoconsistency 

(based in 

ichnology and 

sedimentary 

structures 

Soft Soft Loose, 
permanently 
submerged 

Loose but 
maybe 

occasionally 
dewatered 

Firm and 
frequently 
dewatered 

Estimated 

Depositional 

water depth 

50-80 m 35-50 m 25-35 m 15-25 m 0 – 15 m 

Processes Settling of 
sediment 

Low and high 
density 

turbidity 
currents and 
settling of 
sediment 

Tides and minor 
fluvial influence 

Tides and 
minor fluvial 

influence 

Tides with 
minor wave 
reworking, 

minor fluvial 
influence 
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Table 4.1 Continued 

Paleocurrent 

strength 

Very low Very low High Intermediate Low 

Variation in 

paleocurrent 

directions 

N/A N/A Medium Low High 

Characteristics Lack of 
sedimentary 

structures and 
presence of 

organic 
matter 

Lack of 
sedimentary 
structures 

Curved 
reactivation 

surfaces. 

Tepee 
structures and 

minor 
slumping. 

 

Intervals of 
major 

slumping and 
syn-

sedimentary 
faulting 

Mud drapes 
and flaser 
bedding. 

4.6 Discussion 

4.6.1 Compound dunes 

Compound dunes are large dunes with smaller bedforms superimposed and are relatively 

common in tidal environments, where they can develop into complex stratigraphic architectures 

(Olariu et al., 2012). Observations of the preserved dune architectures at the Ben Allou delta front 

facies show that compound dunes and ‘simple’ dunes are not substantially different in the 

stratigraphic record at Ben Allou. Due to the larger relative surface areas of smaller dunes, these 

move faster than larger dunes in the same current environment (Liu et al., 2005). Migrating small 

dunes that superimpose larger developing dunes, therefore, bypass these, which results in the 

deposition of sediment in the front of the existing larger dune (Fig. 4.11A). This material can then 

develop into a forward dune, and subsequent deposition occurs on the stoss-side of this forward 

dune. Stratigraphy is built when younger dunes climb on top of an evolving set of existing dunes. 

This leads to a stacking of dune sets and the observed stratigraphic architectures with steep foresets 
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and shallowly rising set boundaries (Fig. 4.13).  Compound dunes are therefore not preserved as 

such at Ben Allou and are shown in the stratigraphy as ‘simple’ stacks of cross stratified intervals 

(Figs. 4.7; 4.11). Numerous reactivation surfaces form throughout this process due to temporarily 

opposing erosional currents and erosion of older dunes from obliquely migrating younger dunes 

(Davis and Dalrymple). Although reactivation surfaces can be oriented downwards, set boundaries 

require a positive angle of climb to develop and preserve stratigraphy. Therefore, set boundaries are 

oriented upwards or, less commonly, at a downwards angle that is lower than the angle of the 

depositional surface.   

From a lithological perspective, dune foresets and set boundaries have finer sands and silts 

than the surrounding beds, which are mostly medium to coarse sands. Especially the delta plain 

(facies 5) and proximal delta front facies (4), can have mud drapes and layers of muddy rip up clasts 

at the bottoms of dune sets, which can form substantial fluid barriers. Reactivation surfaces 

sometimes contain finer material but commonly lack any meaningful lithological definition. Due to 

the lithological significance of foreset and set boundary surfaces, resolving dune architectures can 

be important for modelling rock properties and rock property distributions in tidal systems. The 50 

cm resolution gamma-ray measurement of the sandstone facies at Ben Allou delta shows that the 

minor gamma-ray emission variations that occur in these sandstones appear as generally random, 

and fossil bedform architectures that can be observed in the outcrops, cannot be resolved from this 

type of measurement (Fig. 4.9A).   
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Figure 4.13. A: Schematic diagram of the fine-grained delta portions (prodelta and offshore) of 
strait-adjacent tide-dominated deltas at Ben Allou (vertical exaggeration is 10x). Prodelta consists of 
fine-grained low-density turbidites, and coarser grained turbidites Shelf deposits comprise 
homogenous, organic-matter-bearing silty claystone similar to the regionally extensive ‘Blue Marl 
Formation’ (Bernini et al., 2000). B, C, and D: Photos of the siltstone and claystone facies 
demonstrate correspondence to the diagram in A. 
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Figure 4.14. A: Schematic diagram of the sandy portions (delta plain and delta front) of strait-
adjacent tide-dominated deltas at Ben Allou (vertical exaggeration is ± 10x). Proximal architectures 
are periodically submerged (intertidal) sand sheets with mud drapes and rare, small channels. Delta 
front architectures consist of subtidal stacked dunes. B, C, and D: Photos of the sandstone facies 
demonstrate correspondence to the diagram in A.  

4.6.2 Fluvio-continental linkages  

The observed arrangement of large channels in the distal delta front and small channels in 

the proximal delta front and delta plain at Ben Allou is analogous to many modern tide-dominated 

systems. For example, the central portions Ganges-Brahmaputra delta show this channel 

arrangement, and the giant Fly River delta in Papua New Guinea, and some smaller strait-adjacent 

deltas at Haraye Khamir in Iran (Fig. 4.15A; 4.15B). Finally, such channel arrangements are also 

observed at tide-dominated deltas like those near Shoal Point, on the northeastern coast of Australia 
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(Fig. 4.15C). These small tide-dominated deltas are effectively strait-adjacent as they face the 

shallows of the Great Barrier Reef (0-5 m water depth) which is located roughly 80 km seaward. 

The strait-adjacent shoreline of northeastern Australia has many strait-adjacent tide-dominated 

deltas, which often show an arrangement of sparse channels on the delta plain and more numerous 

channels in the delta front, and small, short hinterland drainages and dunes that increase in size 

towards the basin. In some cases, substantial deltas in this area can lack fluvial input almost entirely, 

suggesting that a significant portion of the sediments in these systems is derived from the sea or 

produced in situ. Like these details, the basinward portions of the deltas at Ben Allou are dominated 

by channels, which are sometimes amalgamated into channel complexes (Figs. 4.5; 4.14). Due to the 

high proportion of biogenic carbonate at Ben Allou, the majority of the material here is likely 

authigenic. Despite this, the admixture of significant percentages of quartz-rich detrital sediments, 

(20-40%), and garnets, and continentally derived clays (Fig. 4.10) does indicate that some material 

was provided from landward fluvial sources at Ben Allou. Fluvio-continental linkages therefore 

likely existed close to the area of deposition but may have been eroded and obscured by a more 

powerful wave and tidal processes. Fluvio-continental linkages may simply not be present within the 

locations of the Ben Allou exposures. Although no conclusive provenance data exist here, landward 

derived sediments most likely originated from the Meseta foreland and the southwestern foothills of 

the Middle Atlas Mountains (Capella et al., 2017), both of which sat at a relatively short distance (< 

100 km) from the Rifian Corridor during the Miocene. This proximity between sediment source and 

sink can further explain why the detrital quartz fraction is minor and contains immature, euhedral 

quartz grains and euhedral garnets.  
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Figure 4.15. Three possible modern analogies of the Ben Allou. A: Haraye Khamir in Iran shows 
exposed delta plains with channels that become thicker towards the basin. B: the Fly River Delta in 
Papua New Guinea shows similar channel geomorphology. C: The best modern analogue for Ben 
Allou, a strait-adjacent tide-dominated delta at Shoal Point Australia. This delta has more numerous 
channels in the distal portion of the delta, dunes that increase in size towards the basin and small, 
short hinterland drainages.  
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4.6.3 Delta or estuary? 

Despite the limited external fluvial influences, some of the observed characteristics of the 

Ben Allou deposits could be associated with an estuarine setting. Examples are the large, erosional 

boundaries below the sandstones and the dynamic stratigraphic architectures in the sandstone facies 

(Dalrymple and Rhodes, 1995). However, the facies development at Ben Allou shows an evolution 

from relatively deep, distal delta facies 1 and 2, to progressively shallower and more proximal facies 

3 to 5. This indicates that the overall movement of the tide-dominated delta system was 

progradational, thus defining it as a regressive depositional trend associated with deltaic 

environments (James and Dalrymple, 2010).  

4.6.4 Tidal strait versus strait-adjacent tide-dominated delta 

Based on the thicknesses of the dunes and channel forms, the tidal energy is interpreted to be 

high and the paleotidal range to be macrotidal (> 4 m) at Ben Allou. Accurate paleotidal range 

reconstructions are hard to derive from the stratigraphy, but measurements of cross-sectional 

channel geometries, provide a tentative estimate that corroborates a macrotidal > 4 m paleotidal 

range for the facies 3 at Ben Allou (Devries Klein, 1971; Beelen et al., 2020). Although uncommon 

in open marine coastal areas, macrotidal ranges are common in sea straits, where the tidal prism is 

amplified (e.g. Longhitano et al., 2012). This forces the tidal prism into a narrowing strait or 

archipelago geometry which also amplifies current velocities in the deeper regions of the strait, 

occasionally giving rise to deep, high-energy depositional environments like the dune bedded strait 

zone or the strait-center zone sensu Longhitano (2013). Such tidal strait systems can have a 

symmetric facies arrangement, with the highest energy in the strait center zone, and a gradual 

decrease in energy away from this point of maximum tidal energy. However, based on the 

sedimentary structure and sediment grainsize observations at Ben Allou, it can be inferred that the 

fine grained distal portions of the succession (facies 1 and 2) were deposited in a far lower 

depositional energy setting as compared to the coarse grained tidal environments (facies 3,4 and 5). 

This is likely because most of the existing models of strait center zone deposits are derived from 

deposits in narrower settings, (e.g. the Messina strait and San Francisco Bay, Longhitano, et al., 
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2012). Studies on the Rifian Corridor’s broad structural setting and paleography, show it was a 

proportionally wide (50-80 km according to Capella et al., 2017) continental-scale strait system 

making the Rifian Corridor more akin in scale to the modern Gibraltar Strait. The strait-adjacent 

depositional systems at Ben Allou are therefore different from a ‘true’ tidal strait deposit but may 

have many similarities with more conventional delta facies models (e.g. Legler et al., 2013; Fig. 

4.16). Concretely, three aspects that tidal strait deposits have but are lacking in strait-adjacent delta 

systems are 1) a symmetrical facies arrangement regarding the strait center. 2) a continual basinward 

increase in coarse grained facies, and lack of fine grained prodelta and shelf facies. 3) A general lack 

of channel-bearing facies (although this may not always be the case). Strait-adjacent tide-dominated 

deltas are more similar to a ‘standard’ tide-dominated delta in terms of facies arrangements, with 

some exceptions related to sea strait tidally amplified processes. For example, studies on the 

sedimentary fill of the ± 1,000 km wide Cretaceous Wester Interior Seaway show that some 

important aspects of standardized sea strait models also exist on far larger scales (Longhitano and 

Steel, 2017). Notably, propagation of the tidal prism through the sea strait setting has been shown to 

bring about a rearrangement in tidal current directions regarding the orientation of the shoreline 

(Longhitano and Steel, 2017). This tidal current deflection typically pushes tidal currents to move 

parallel too or, along the coastline, as compared to conventional tidal currents in open marine 

settings, which move perpendicular to or, across the coastline (Davies and Dalrymple, 2011). In 

strait-adjacent deltas subject to a strong tidal deflection during progradation, the paleocurrent pattern 

can record a progressive upwards-rotatory trend, changing from a shore-perpendicular direction to a 

shore-parallel paleocurrent direction from distal deposits to more proximal deposits (Longhitano and 

Steel, 2017). Paleocurrent and channel orientation measurements across various intervals of the 

sandstone units at Ben Allou indicate similar behaviors. Whereas the lower portions of the 

sandstones (facies 3 and 4) trend dominantly southwest, there is an approximately 90° shift in 

paleocurrents and channel orientations towards the top of the outcrop in facies 5. Therefore, various 

aspects are characteristic of strait-adjacent deltas but may not be present in conventional tide-

dominated deltas. These are: 1) proportionally large delta front facies containing thick intervals of 

coarse-grained dune and channel bearing facies, 2) Upward rotary paleocurrent trends, associated 

with continual progradation of the delta system and a gradual increase of the alongshore tidal 
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currents. 3) a relative lack of sedimentary structures associated with waves which reflects a sheltered 

setting where wind fetch is limited. 4) Relatively sandy delta plain facies and an absence of muddy 

tidal flats. Sandstone-rich delta plains have been observed before in strait-adjacent deltas 

(Longhitano and Steel, 2012), but the delta plain facies at Ben Allou appear to be particularly 

sandstone rich. Four possible explanations for the unusually sandy delta plain facies at Ben Allou 

are: 1) recent weathering and dissolution of the muddy carbonaceous material by meteoric waters; 2) 

ancient winnowing of the fine grained sediments due to powerful, amplified tidal currents; and/or 3) 

ancient winnowing of fine grained material in the delta hinterland due to wind processes (Rivers et 

al., 2020). This confluence of factors may be relatively common in strait-adjacent tide-dominated 

delta sediment bodies, which indicates that, depending on local depositional conditions, delta front 

deposits in these settings will likely contain widespread, continuous sandstone bodies.  

  

Figure 4.16. Schematic comparison between a tidal strait model (sensu Longhitano, 2013) and a 
strait-adjacent delta model (this study and Longhitano and Steel, (2012)). Purple arrows show 
current directions. Thicker arrows show dominant current, thin arrows show subordinate currents.   
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4.7 Conclusions 

Kilometer-scale exposures of strait-adjacent, tide-dominated deltas deposited in the late 

Miocene Rifian Corridor expose a gradual development from proximal sand sheets with mud drapes 

to distal channels and dunes in the delta front, and then deeper depositional water depth prodelta 

siltstones and open marine claystones. Analysis of dune-bearing architectures in the delta plain and 

delta front facies at Ben Allou reveals the formation and stacking of various dune and channel 

bearing architectures. This shows that multiple generations of compound tidal dunes can be recorded 

as stacks of ‘simple’ dune sets with many reactivation surfaces. This analysis also shows that 

complex sand sheet, dune, and channel architectures cannot be recorded on standard resolution 

gamma-ray measurements. Several characteristics of strait-adjacent tidal dominated systems are 

outlined and compared to ‘true’ tidal strait deposits which develop in narrower geographies. This 

shows that strait-adjacent deltas differ from tidal strait deposits as they have an asymmetric facies 

arrangement and an overall basinward reduction in depositional energy. Strait-adjacent deltas are 

more similar to conventional tide-dominated deltas with some exceptions: 1) Strait-adjacent deltas 

have a proportionally large delta front component containing thick intervals of coarse grained dune 

and channel bearing facies, 2) Strait-adjacent deltas can have upward rotary paleocurrent trends, 

which are associated with continual progradation of the delta system and a gradual increase of the 

alongshore tidal currents. 3) Strait-adjacent systems have a relative lack of sedimentary structures 

associated with waves and 4), Muddy flat facies are largely absent and sand sheet bearing delta plain 

facies are more extensive.   
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CHAPTER 5 
 

DESERTS OF THE DEEP: BOTTOM CURRENT DRIVEN GEOMORPHOLOGIES OF THE ABYSSAL 
PLAIN 

 

5.1 Abstract 

Thermohaline-driven geostrophic bottom currents are the dominant process that sculpts the 

geomorphology of the abyssal plain. Besides being the least understood environment on Earth, the 

abyssal realm is also its largest depositional environment, hosting vast biodiversity, geo-resources, 

and a diverse range of underwater landscapes. To better understand the diversity and formational 

factors of the abyssal environment, high-resolution bathymetry data is compiled to visualize the 

range of bottom current-controlled bedforms that develop and migrate across the ocean floor. Our 

observations indicate that abyssal geomorphologies are most similar to aeolian ergs, having the 

same types of dunes that may reflect similarities in their formation and migration characteristics. 

active dune systems at depths of  >5,000 meters are described, containing transverse dunes with 

heights of over 120 meters and wavelengths of over 10 km, making these some of the largest 

moving bedforms on Earth. Besides transverse dunes, which migrate perpendicular to currents, 

abyssal linear, barchan, and isolated dunes across several locations on the ocean floor are also 

described. The internal structures and lithologies of various dune and abyssal landscapes are also 

described by using sediment drill core and ground-penetrating sonar and seismic data. Several 

important similarities and differences between the sediment transport dynamics of aeolian and 

bottom current-controlled abyssal sedimentary environments are contemplated.  
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5.2 Introduction 

The ocean floor covers roughly 3/4ths of the Earth’s surface and the majority of this is area 

is a region known as the abyssal plain, which sits on average between 2,000 and 6,000 m below the 

ocean surface (Vinogradova, 1997). Abyssal plains cover around 40% of the total surface area of the 

Earth and are thus by far its most extensive depositional environment, comprising the bulk of 

Earth’s sediments and vast supplies of geo-resources (Antrim, 2005). Despite this, there are major 

gaps in our understanding regarding the variety of landscapes and sedimentary formations present in 

the ocean’s abyssal plains (Rebesco et al., 2014). A common generalization is that abyssal plains are 

structurally passive regions found between the more tectonically active continental margins and 

mid-ocean ridges. They are therefore generally believed to be uniform, level surfaces with limited 

variety in their geomorphologies (e.g. Weaver and Thompson, 1987). Many studies, however, have 

shown there is a wide range of large bedforms, and other landscape features dispersed across the 

abyssal portions of the ocean floor (Lonsdale, and Malfait; 1974; Lonsdale, and Spiess, 1977; 

Hernández-Molina, et al., 2008; Rebesco et al., 2014). To better understand the variety and 

complexity of submarine landscapes, a wide range of sedimentological features that exist on the 

abyssal plain are compiled and described, by using global datasets of high-resolution multibeam and 

sidescan sonar bathymetric data (Blondel, 2010; Blondel and Sichi, 2009). Although the majority of 

the ocean floor remains unmapped (roughly 80% according to NOAA: 

https://oceanservice.noaa.gov/), global collections of high-resolution bathymetric data which have 

recently become available (Marks and Smith, 2006; Wölfl et al., 2019) give us a wealth of 

information on the diversity and sedimentary bedforms found on the ocean’s abyssal plains. In 

addition to these data, numerous data on the internal architectures and lithologies of bedforms and 

deposits on the abyssal plain were obtained during the Deep Sea Drilling Project Reports (DSDP), 

Ocean Drilling Program, (ODP) and Integrated Ocean Drilling Program (IODP) Ocean drilling 

projects and are now openly available. These data allow for the analysis of the internal architectures 

and sedimentary origins of abyssal plain sediments.  
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In this study, the occurrences, morphologies, and extents of bottom current reworked and emplaced 

sediment bodies on the abyssal plain are mapped, and the scale and variety in bottom current-

controlled dunefields. Specifically, we aim to show: 1) variations in the scale and morphology of 

abyssal bottom current deposits, and 2) morphological and formational similarities of features found 

in the ocean’s abyssal plains with other types of sedimentary deposits (e.g. aeolian systems). 3) 

Internal architectures and lithologies of abyssal plain deposits.  

 

Figure 5.1. Schematic representation of three deep ocean sedimentary depositional systems. Left: a 
gravitationally driven system comprised of turbidity current driven channels and lobes. Middle: a system driven 
by both gravitational systems, which feed sandy material to the ‘moat’, and geostrophic bottom currents which 
redistribute a fine grained fraction into an adjacent ‘drift’. This system is called a moat and drift system and is a 
type of contourite. Right: An abyssal dunefield (sometimes called mudwave system). This system is comprised 
of transverse dunes that originate and move entirely under the action of geostrophic bottom currents. 

5.2.1 Abyssal processes 

Thermohaline-driven, geostrophic bottom currents are the dominant process on the ocean 

floor (Stow et. al., 2018). These are deep ocean currents that are driven by several deepwater 

formation engines located near the Earth’s poles (Huang and Xin, 2010). These are zones where 
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relatively dense, cold, and salty waters form and sink to the ocean floor. This process called; 

deepwater formation, powers a global conveyor system of abyssal bottom currents, which transports 

large amounts of sediment, water, and heat across the oceans, playing an essential role in Earth’s 

geological and climate systems. Bottom current directions and intensities vary locally and 

temporally due to 1) the amount of thermohaline deepwater formation, 2) Coriolis force, caused by 

Earth’s rotation, 3) eddies and wind-driven upwelling processes like Ekman transport, and 4) the 

shape and orientation of the continents, which cause obstructions and local flow convergence and 

divergence. Ocean bottom currents can impinge upon seafloor sediments and generate bed shear 

stress (sometimes called bottom drag; Trossman et al, 2016; Thran et al., 2018). This kinetic stress is 

persistently exerted onto the seafloor, where it causes 1) erosion of unconsolidated seafloor 

sediments, 2) emplacement of sediments derived from the coast and the water column, 3) 

winnowing of selected grainsizes based on current strength (McCave et al., 1995) and 4) the 

development of abyssal landscapes and geomorphologic features (Hernández-Molina, et al., 2008). 

The dispersal of shear stress across the ocean has been modelled in high spatial resolution using the 

HYCOM eddie-resolving ocean model (Chassinget et al., 2009). This allows us to link various 

abyssal geomorphologies to regimes of shear stress. The development of constructional abyssal 

landscapes and features can only occur when bottom currents are combined with the input of 

significant amounts of sediments, which are dominantly supplied with gravitationally-driven input 

of detrital material. Ocean bottom current processes thus work with episodic gravity-driven 

processes (e.g. turbidity currents, debris flows, etc.), to form a continuum of sediment 

accumulations on the seafloor, ranging from exclusively gravity-driven deposits, to almost 

exclusively thermohaline ocean bottom current-driven abyssal dune systems (Fig. 5.1). Like shear 

stress, the extensiveness of ocean floor sediment has been modelled in high resolution. For example, 

the GlobSed ocean sediment thickness map can indicate where large and small amounts of sediment 

supply exist (Straume et al., 2019). Many hybrid depositional systems also exist in the space 

between those end members, which are sometimes called contourites (e.g. Rebesco and 

Camerlenghi, 2008). A large amount of recent work has revealed the depositional characteristics of 

contourites and other mixed gravity/bottom current systems through physical modeling (Miramontes 

et al., 2020) but work on sedimentary deposits and landscapes formed under the action of bottom 
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currents have seen relatively little attention (e.g. Rebesco et al., 2014; Hernández-Molina, et al., 

2008; see chapter 6). Similarly, a large body of research has accumulated on deep marine gravity-

driven processes and deposits, but sediment formations that developed exclusively or almost 

exclusively under that action of deep marine bottom currents remain a key, understudied process. 

This research takes a step in solving this gap in our understanding by examining the variety of 

abyssal plain endmember and hybrid depositional systems using global compilations of bathymetric 

data.  

5.2.2 Terminology 

The term ‘geostrophic’ refers to the directional effects of Coriolis force. Therefore 

‘geostrophic currents’ can refer to anything from wind to shallow marine to abyssal bottom currents, 

whose direction is partially controlled by the Coriolis effect (Gill, 1982). Bottom currents are a 

more specific term that refers to ‘deep’ (sub-1 km water depth according to Stow et al., 2008), ocean 

currents are generally thermohaline-driven and almost always geostrophic, although deep tides and 

waves also play a role (Stow et al., 2008). Therefore, a complete terminology for the dominant 

current process on the abyssal plain is: ‘thermohaline-driven geostrophic bottom currents’ 

(Shanmugam, 2017). This terminology is simplified to ‘bottom currents’ in this study. Bottom 

currents interact with sediment deposited on the ocean floor or sediment in the process of settling in 

the oceanic water column (Faugères and Stow, 2008; Miramontes et al., 2020). This sediment is 

then entrained, deflected, and redeposited, developing sediment accumulations typically called 

‘contourites’ or ‘contourite drifts’ (Stow et al., 2008). As mentioned previously, these deposits are 

broadly described as sediment bodies that have been ‘emplaced or significantly reworked by bottom 

currents’ (Rebesco et al., 2014). When contourite drifts were first discovered, researchers noticed 

these follow bathymetric contour lines, (hence the name) as opposed to turbidite channels, and other 

gravitationally driven features, which often trend downslope, crosscutting contour lines (Bouma, 

1964). The name ‘contourite’ is now used in reference to a range of sediment deposits, generally 

formed in deep-water but in some cases along shorelines or on the shelf (Verdicchio and Trincardi, 

2008). The term ‘drift’, like the term contourite, is a somewhat broad term that refers to sediment 
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accumulations deposited typically due to coast-parallel marine currents. They can be generated by 

deep-water ocean bottom currents, or by relatively shallow longshore currents mostly powered by 

wind driven waves, but in some cases may be amplified by tides (Mann and Dalrymple, 1986). 

Bottom currents can generate fields of large bedforms on the ocean floor. These bedforms are 

sometimes called ‘mudwaves’ or less specifically ‘sediment waves. Both terms (‘mudwaves’ and 

‘sediment waves’) are effectively synonymous with ‘dunes’ (Fig. 5.1; Stow, 2021; personal 

communication); with the exception that the term sediment waves also encompass cyclic steps, 

which are not dunes (Slootman and Cartigny, 2020). Abyssal dunes can comprise sandy or silty 

sediment but mostly comprise clay (Flood and Shor, 1988; Flood et al., 1993). Although moving 

dunes are commonly associated with sandy sediment, many finer grained bedforms can develop and 

move in similar ways as sandy dunes, forming similar geomorphologies (Schieber and Southard, 

2009). Large collections of dunes on the abyssal plain are called abyssal dunefields (Fig. 5.1; 

Lonsdale and Malfait, 1974; Wyn and Stow, 2002; Wyn and Masson, 2008). Most of the 

bathymetric descriptions in this study are from abyssal dunes and dunefields, which can cover vast 

regions of the ocean floor, up to 1,000,000 km2 with the giant Zapiola abyssal dunefield.  

Although many studies have described seismic and sonar data of abyssal dunes and 

contourites, these systems suffer from a lack of outcrop analogues. Besides the lack of accessibility 

of modern systems, there is a limited understanding of the small-scale and mesoscale internal 

structures and sedimentary architectures of contourites and abyssal dunefields. This study, therefore, 

integrates the geomorphological studies with seismic and core data that show the internal 

architectures of contourites and abyssal dunefields.  

5.3 Methods 

This study presents global compilations of multi-beam and side-scan sonar data, published in 

many data repositories, and collected in the General Bathymetric Chart of the Oceans (GEBCO) 

data accumulation project. Google Earth and Geomapapp data navigators are used to create 

bathymetric images and topographic cross sections. Regions of interest are described in terms of the 

map view and height profiles to display bedforms and sedimentological features on the abyssal 

plain. Besides geomorphologies, core data of various bottom current-controlled bedforms are 



146  

  

   

studied to elucidate the internal architectures and lithologies of these features. Dune types are 

defined based on the lengths and trends of the dune crests, and the cross-sectional geometries of the 

dunes. Five dune types and three other non-dune landscape and bedform types are identified based 

on these criteria.   

Besides sonar data, sediment drill cores and bulk density measurement of selected locations 

are used to describe internal structures and sediment architectures of contourites and abyssal 

dunefields. These data are from publicly available Ocean Drilling Program (ODP) and International 

Ocean Discovery Project (IODP) sediment cores. Smear slides from these same data sources are 

used to determine the grain sizes of these deposits across multiple depth intervals.  

To quantify and characterize the cyclic changes of abyssal deposits, this study uses spectral analysis 

of bulk density measurements. These analyses are then linked to global records of climatic changes 

like global δ18O records to infer climatic or eustatic links between these data types.  

 

Figure 5.2. Map showing the location of various bottom current-controlled geomorphologies 
discussed in this study. 
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5.4 Results 

High resolution (<10 m) bathymetric data only covers ± 20% of the ocean floor, and our 

mapping shows that around 58% of the ocean floor contains bottom current deposits, yet only a 

small fraction of this portion (<5%) contains large (>10 m) bedforms that can be resolved with 

conventional sidescan or multibeam sonar equipment (Blondel, 2010; Blondel, and Sichi, 2009). 

The most common bedform morphologies are linear dunes, followed by transverse dunes (Fig. 5.2). 

Barchanoid dunes are rare although these are the smallest morphology, and the vast majority of the 

ocean floor is not mapped in high enough resolution to visualize these diminutive features, giving 

rise to the possibility that these types of bedforms are much more common than mapped. Isolated 

dunes that resemble ‘pyramidal’ dunes or ‘star’ dunes (Lancaster, 1989) are found in several 

locations. In addition to dunes, cyclic steps are another relatively common type of deep oceanic 

bedform, which are almost exclusively formed on continental slopes (Slootman and Cartigny, 2020). 

Finally, there are features on the ocean floor described that are sedimentary but did not fit in any 

standard category. Some dunefields are in relatively shallow <1,000 m ocean and shelfal waters, 

although most dunes occur at bathypelagic 1,000-4,000 m or abyssal >4,000 m depths. No dunes or 

other large bedforms were found in hadopelagic (>6,000 m) trench systems.  

5.4.1 Abyssal dune morphological types 

The variety of morphologies identified in this study include dunes, such as barchan, linear, 

transverse, pyramidal dunes, and cyclic steps, sheeted drifts, and a variety of miscellaneous forms. 

These types are described below:  

5.4.1.1 Linear dunes 

Linear dunes show a crestal axis that trends parallel to the dominant flow direction of the 

prevailing bottom current. They appear to migrate slowly, parallel to, or oblique to, the bottom 

current’s prevailing direction (Fig. 5.4; McCave and Tucholke, 1986). According to our mapping, 

These are the most common bottom current bedform type on the abyssal plain, sometimes occurring 

in large >100,000 km2 dunefields such as the Northern Atlantic Feni or Gardar dunefields. They are 
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typically 10-30 m high, 10-50 m wide and can be hundreds of kilometers long (Figs. 5.4; 5.5). 

Abyssal linear dunes are symmetrical and roughly triangular in cross section (Fig. 5.4). Linear dunes 

are commonly compound dunes, with very large (>1,000 km long) dunes being superimposed by 

numerous smaller, (10-50 km) linear dunes. A notable example is the Feni Drift, which has 

hundreds of small linear dunes superimposed on a very large linear ridge (Fig. 5.4). Linear dunes are 

relatively common, especially in regions with high bottom shear stresses, and sometimes develop in 

association with transverse dunes (Trossman et al., 2016; Fig. 5.5).  

 

Figure 5.3. Schematic box diagrams showing A. submarine linear dunes which have crests that trend 
parallel to the dominant current direction (e.g. the Feni Drift in the Northern Atlantic), and B. 
transverse dunes which have crests that trend perpendicular to the dominant bottom current 
directions (e.g., the Zapiola Dunefield offshore Argentina).  

 

Figure 5.4. Geomorphological comparison between A. abyssal linear dunes (Feni Drift, Northern 
Atlantic), and B. subaerial linear dunes in the Rub Al-Khali Desert, Saudi Arabia. Dashed arrows 
show current directions. V.E. = Vertical Exaggeration.  
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Figure 5.5. Trends of linear and transverse dunes in the Feni Drift, Northern Atlantic. All dunes are 
superimposed on a very large (>1,000 km long linear ridge). Black dashed arrows show current 
directions. 

5.4.1.2 Transverse dunes 

Transverse dunes migrate with their crests perpendicular to the current direction (Fig. 5.3). 

They generally have an asymmetric cross-section, with rounded crests (Fig. 5.6). Transverse dunes 

are usually wider and taller than linear dunes and tend to occur in large dunefields (Fig. 5.6). A 

notable example of a giant transverse dunefield is the Zapiola dunefield or, Zapiola Ridge dunefield 

located southeast of Argentina, which covers slightly over a million square kilometers, an area 

roughly twice the size of the country of Spain (Volkov et al., 2009). Like subaerial transverse dunes, 

the dunes in the Zapiola Dunefield have a relatively shallow stoss side facing the current, and a 

steep lee face facing the direction of migration. Abyssal transverse dune lee faces are around 7° 
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while subaerial transverse dune lee faces are steeper, at around 34°. In one giant transverse dune 

southeast of Sri Lanka, a height of 314 m and a le face slope of  23 degrees were measured. 

Subaerial lee faces are controlled by gravitational collapse and therefore equal the angle of repose 

for the sediment (34 degrees for fine sand; Pye and Tsoar, 2008). Abyssal dune lee faces appear to 

be generally shallow and more variable lee face angles, suggesting these faces are not controlled by 

gravitational collapse. Like the giant dunes in the Sri Lanka dunefield, transverse dunes in the 

Zapiola dunefield reach very large sizes, up to 10 km wide and 120 m high (Fig. 5.6). These dunes 

are driven by a barotropic vortex: a large eddie that moves irrespective of pressure and temperature 

gradients (Volkov et al., 2009). Bottom current velocities that drive the formation and migration of 

these giant dunes are around 10 cm per second (Saunders and King, 1995; Volkov et al., 2009). 

Interestingly, these velocities are significantly lower than those associated with the formation of 

floccule ripples which are 20-25 cm per second (Schieber and Southard, 2007). Typically, transverse 

dunes within a dunefield have a roughly similar height. In some cases, however, large transverse 

dunes become progressively larger down current. On rare occasions, transverse dunes can coincide 

with linear dunes and may superimpose or crosscut them, such as occurs in the Northern Atlantic 

Feni dunefield (Fig. 5.5).  
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Figure 5.6. Geomorphological comparison between A. abyssal transverse dunes (Zapiola dunefield, 
offshore Argentina), and B. subaerial transverse dunes in the Sahara Desert, Mauritania. Dashed 
arrows show migration directions. V.E. = Vertical Exaggeration. 

 

Figure 5.7. Trends of giant transverse dunes (black lines) and bottom current directions (white 
arrows) and shear stress associated with the Zapiola subaqueous dune field in offshore Argentina.  
The bottom current data are from Volkov et al., (2009). Transverse dunes migrate perpendicular to 
the bottom current direction and move along the directions of the Zapiola barotropic anticyclone 
(Volkov et al., 2009).  
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5.4.1.3 Barchan dunes 

Abyssal barchan dunes are small relative to linear and transverse dunes at roughly 20 m high 

and 60 m long, they are rarely imaged on sonar, which sometimes has a larger resolution (Blondel, 

and Sichi, 2009). Exceptions are on the Carnegie Ridge (Fig, 1; Lonsdale and Malfait, 1974) and the 

continental shelf east of Florida, USA (Fig. 5.8). These areas have sub-abyssal (less deep than 

abyssal yet still deep marine) water depths and are characterized by low sediment supply and high 

bed shear stress. According to the current understanding, abyssal barchan dunes have been found on 

the seafloor but appear to be somewhat rare (Londsdale and Malfait, 1974).  This rarity of 

occurrence may be a bias in observations due to the uniquely high data resolution necessary to 

image these small bedform morphologies. Although no data on the migration behavior of deep 

marine subaqueous barchan dunes is directly available, they are believed to migrate in the same way 

as aeolian barchan dunes, which is ‘horns first’ paralleling the dominant current direction (Lonsdale 

and Malfait, 1974). Grainsize data on these bedforms are also sparse, but abyssal barchans are 

believed to be generally finer grained than aeolian barchans (Lonsdale and Malfait, 1974). (Mutti et 

al., 2014) report fine sand barchan dunes that formed at the base of the slope in the Brazilian 

Atlantic Margin.  abyssal barchans can amalgamate to form barchanoid dunefields, or ‘box dunes’ 

(see chapter 9). These dunefields are composed of interconnected, asymmetric barchanoid features. 

Dunefield geometries defined by these features can be roughly circular or square. One example of 

such a dunefield is in the Gulf of Aden (Fig. 5.9). These barchanoid dunes in the Gulf of Aden are 

giant features, reaching heights of around 182 m.  
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Figure 5.8. Geomorphological comparison between A. submarine barchan dunes (Near the Florida 
Hatteras Slope, offshore Florida USA), and B. subaerial barchan dunes in White Sands New 
Mexico, USA. Dashed arrows show migration directions. V.E. = Vertical Exaggeration. 

 

Figure 5.9. Geomorphological comparison between A. giant abyssal barchanoid dunes Gulf of 
Aden, and B. subaerial barchanoid dunes in White Sands New Mexico, USA. Dashed arrows show 
migration directions. V.E. = Vertical Exaggeration. 
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5.4.1.4 Isolated or ‘pyramidal’ dunes 

Isolated dunes are likely most similar in shape to aeolian star dunes or pyramidal dunes, yet 

high-resolution sonar data is needed to resolve the more detailed ‘pyramidal’ or ‘star-like’ 

morphologies. Several examples of these dunes are found in a large dunefield in the Venezuelan 

Basin, roughly between the Dominican Republic and Venezuela. These forms are also present on the 

northern side of the North Atlantic Gardar Drift and in the Eirik Drift, south of Greenland. Contrary 

to the other abyssal bedform morphologies, these geometries are somewhat smaller than their 

aeolian counterparts (on average 16 m height for abyssal systems compared to 170 for subaerial 

systems). They are roughly equally spaced and have roughly equal heights (Fig. 5.10).  

 

Figure 5.10. Geomorphological comparison between A. abyssal isolated dunes (Caribbean Sea), and 
B. subaerial pyramidal dunes in the Sahara Desert, Algeria. V.E. = Vertical Exaggeration. 

5.4.1.5 Cyclic steps 

In contrast to the other bedforms described in this study, cyclic steps are not dunes, although 

they are commonly mistaken for such. Instead, these are associated with alternating Froude, (Fr)-

subcritical and Froude-supercritical flow on respectively the stoss side and lee side of individual 
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cyclic step bedforms (Slootman and Cartigny, 2020; Equation 5.1). This development of flow 

processes causes regularly spaced zones of erosion and deposition that, when active, appear as 

backward (against the current direction) migrating bedforms. Because of this backward migratory 

pattern, cyclic steps are sometimes (arguably, incorrectly) called anti-dunes (Slootman and Cartigny, 

2020). The environment that forms such bedforms is not a continuous thermohaline-driven bottom 

current environment, but an episodically active gravity current dominated system (Slootman and 

Cartigny, 2020). These bedforms typically form on the continental slope, migrating upwards when 

activated by downward flowing turbidity currents or hyperpycnal flows (Slootman and Cartigny, 

2020). Cyclic steps are thus distinct from dunes, as these are only active episodically, and migrate 

against the direction of fluid flow (Fig. 5.11).  

Cyclic steps can be differentiated from abyssal dunes through these characteristics: 1) Fields 

of cyclic steps form on steep continental slopes, while abyssal dunefields typically form on 

relatively level surfaces like the abyssal plain. 2) Fields of cyclic steps have a divergent geometry 

and are narrowest at the top of the slope and become progressively wider towards the basin floor. 

This is opposed to abyssal dunefields which typically have a uniform width, or no specific down 

current width or length trend. 3) The crests of cyclic steps can be on the trailing side of the bedform, 

as opposed to the forward facing dune crests of transverse dunes. This can be observed in 

bathymetric data but more clearly in seismic data and marks the backward migratory behavior of 

cyclic steps.  4) Fields of cyclic steps are associated with channels, commonly the apex of a cyclic 

step dunefield can have a channel morphology associated with the gravity flow deposits that drive 

these bedforms (Fig. 5.11).  
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Figure 5.11. Geomorphological representation of cyclic steps that formed on a continental slope in 
the South China Sea. Dashed arrows show migration directions. V.E. = Vertical Exaggeration. 

5.4.1.6 Sheeted drifts  

Sheeted drifts are large, generally smooth regions where bottom current-reworked sediments 

are deposited. These have no recognizable bedforms on their surface. Sheeted drifts can form where 

sediments are deposited in the water column by suspension fallout or gravity flows (Faugères et al., 

1999). These abyssal deposits can be considered equivalent to sand sheets in the aeolian realm. In 

some cases, they may be subject to deflation or deposition of relatively coarse ocean floor sediments 

(Stow and Brackenridge, 2011).  
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5.4.1.7 Miscellaneous types 

Offshore to the East Coast of the United States, bottom currents exert the strongest bed shear 

stresses on Earth, eroding the slope and channeling sediments across toward the deeper basin 

(Trossman et al., 2016). Much of the material being eroded by these bottom currents are taken from 

suspension as the bottom current flow diverges in the southern portion of this system and becomes 

then gets deposited on a giant sediment accumulation called the Blake Ridge (Borowski et al., 2000; 

Fig. 5.12). This area accumulates three adjacent mountain-sized sediment accumulations, which are 

over 2,000 meters high, rising from the 5 km deep abyssal plain to the west (Fig. 5.12). The Blake 

Ridge was cored during ODP mission 164, and results show it to consist of silty and clayey, mostly 

siliciclastic sediments (Borowski et al., 2000). An excellent example of a mass failure associated 

with bottom current deposits is found on the northern slope of one of these giant sediment 

accumulations, where a large slump, roughly 15 km2 is found (Fig. 5.12).   

Another miscellaneous type of contourite system is the Gulf of Cadiz Mediterranean 

Outflow Water depositional system (Gonthier et al., 1984; Hernandez-Molina et al., 2006). This 

depositional system is not driven by thermohaline current, but by evaporation differentials between 

the Mediterranean Sea and the Atlantic Ocean (Toucanne et al., 2007).  In this area, a range of 

bottom current-driven systems is developed, containing erosional areas where the bottom current is 

mostly confined in the Strait of Gibraltar to depositional areas on either side of this sea strait, that 

are comprised of moat and drift systems and plastered drifts, among other drift types (Gonthier et 

al., 1984; Llave et al., 2007).   
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Figure 5.12. Geomorphology of the Blake Ridge, an enormous sediment mound over 2 km in height 
produced by ocean-bottom currents. This feature has been cored proving that it consists of ocean 
sediments (Borowski et al., 2000). Inset in the top right shows a large mass transport-related feature 
on the northern side of the ridge. Dashed arrows current migration directions. V.E. = Vertical 
Exaggeration. 



159  

  

   

Table 5.1. Examples of bottom current-driven geomorphology types are found above and on the 
ocean’s abyssal plain. 

 Average height 

(m) 

Average 

wavelength 

(m) 

Examples References 

Transverse 

dunes 

116 4,340 Zapiola, South India, 

Thulean, Aghulas, Hatteras 

Flood and Giosan, 

2003; Hiscott et al., 

1989; Pudsey and 

Howe 2002 

Linear 

dunes 

46 2,242 Bahamas, Feni, Gardar, 

Gloria Mozambique 

channel, 

McCave and Tucholke, 

(1986) 

Barchans 10 30 Florida shelf, Carnegie 

Ridge 

Lonsdale and Malfait, 

(1974) 

Barchanoids 76 972 

 

Broken Ridge, Gulf of Aden None found 

Isolated 

dunes, 

‘pyramidal’ 

dunes 

25 1,228 

 

N. Gardar, Eirik, Bakutis Hunter, et al., 2007 

Cyclic steps 

(Driven by 

gravity 

flows) 

75 2,442 Dongsha, Amundsen, 

Naturaliste 

Kuang et al., 2014; 

Uenzelmann-Neben et 

al., 2012 
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5.4.2 Relict versus active dunefields 

It is not always clear whether the systems described here are actively forming or are relict 

systems that are no longer migrating, emplacing, or moving sediments. In some rare cases like for 

the Feni Drift, bedform migration has been observed throughout multiple, temporally spaced 

surveys (McCave and Tucholke, 1986). In other cases, seismic or core data provide information that 

can interpret whether deposition and sediment movement has occurred across a time interval. For 

instance, well and core studies from the Canterbury Basin (offshore New Zealand) have shown that 

drifts here have been active since the Pliocene (Hunter et al., 2007). Periodic changes in grain size 

and evidence of erosion in the sediment core, have led workers to an interpretation that bottom 

currents have fluctuated periodically throughout the geological past. 

A prominent dunefield that has been determined to be no longer active (relict) is the Hatteras 

Ridge dunefield offshore Eastern United States (Fig. 5.13). Core data from DSDP (Deep Sea 

Drilling Project) mission 603 suggests there has been no bedform migration here since the late 

Miocene (Pratson and Laine, 1989; Locker and Laine, 1992). What triggered this system to become 

inactive is not known, but its cessation of activity is likely due to a reorganization of thermohaline 

bottom currents (Locker and Laine, 1992). In this system, large asymmetric transverse dunes are 

visibly being eroded by gravity-driven processes, which are generating channelized features in this 

area (Fig. 5.13). Several prominent channel-shaped scars can be seen to erode the dunefields, 

especially on the eastern side, where erosion has reduced the dunes to isolated sediment mounts. 

This destruction of abyssal dunes by gravitation processes demonstrates a primary reason for the 

observed lack of preservation of bottom current deposits and contourites in the sedimentary record 

(Stow and Lovell, 1979).  
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Figure 5.13. Geomorphology of the Hatteras abyssal dunefield has been determined to be inactive 
(extinct) since the Late Miocene. The dunes in this system are now undergoing erosion from 
turbidity currents whose channels crosscut the dunefield. Cyclic steps and isolated dunes are also 
visible and may be also inactive. 
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Figure 5.14. Abyssal bedform scale boxplots. A: boxplot distribution diagrams of abyssal bedform 
wavelengths. Various morphologies are shown side-by-side. B: boxplot distribution diagrams of 
abyssal bedform heights. Various morphologies are shown side-by-side. 
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5.4.3 Abyssal dune migration rates 

Due to the lack of time-consecutive bathymetric surveys of abyssal bedforms and a lack of 

other relevant data, abyssal dune migration rates remain somewhat enigmatic. However, using 

biostratigraphic age markers from sediment cores, Flood and Giosan, (2002) have determined the 

migration rate of large abyssal transverse dunes in the Bahama Ridge. Their analysis, which also 

utilizes seafloor penetrating sonar profiles, indicates these dunes migrate extremely slowly, 

averaging 2.6 mm per decade. However, as mentioned by the paper’s authors these migration rates 

are likely highly variable through time, and abyssal dunes may be inactive for extended periods. 

Wind-driven subaerial bedforms can move up to half a million times faster at 0.3 m per day 

(1,095,727 mm per decade; see chapter 8). This major discrepancy can reflect the relatively sluggish 

pace of bottom currents and the large size of abyssal bedforms.  

5.4.4 Lithologies  

To quantify the grain sizes of abyssal deposits, smear slide measurements taken from the 

shallowest 100 m of ocean sediment core are listed (Table 5.1). This shows that while sandy (>50 % 

sand) intervals exist, sandstone portions of contourites and abyssal dunefields are typically thin and 

rare (Fig. 5.15). Contourites and abyssal dunefields tend to be fine grained (silty and clayey), and 

often, like the Bahamas and Blake drifts, they lack sandy material entirely (Fig. 5.15). On average 

sandy makes up 6% of sediment in the six systems discussed in this study, and there is no significant 

grainsize difference between abyssal dunefields, contourites, and cyclic steps. Despite these data, 

much sandier contourite systems have been described for example in Brackenridge et al. (2018) and 

Mutti et al. (2004).  
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Table: 5.2. Smear slides of ocean drill cores are used to directly infer grainsize distributions of 
abyssal dunefields (Marsalglia et al., 2013). These show that contourites and abyssal dunefields 
analyzed internally in this study are on average 6% sand, 30% silt, and 64% clay. These are very 
broad averages and intervals of >50% sand. 

Name Coordinat

es 

ODP/IOD

P mission 

Dune 

type 

Nr. Of 

smear 

slides 

Average 

% sand 

Average 

% silt 

Average 

% clay 

Feni drift 55.485100, 
-14.702100 

 

Leg: 162 

Hole 981 

Linear 68 8 66 26 

South 
Greenlan

d 

58.209300, 
-48.369100 

 

646 

 

Linear 67 16 23 61 

 

Cadiz 36.425333, 
-7.277950 

 

339 

 

Contouri
te (moat 

and 
drift) 

152 

 

9 24 66 

Bahama 
Ridge 

28.246100, 
-74.417600 

 

1062 

 

Transver
se 

46 

 

0 

 

11 89 

 

Sri Lanka -0.929800, 
81.390100 

 

Leg: 116 

Hole 717 

Transver
se 

446 2 24 74 

Blake 
ridge 

30.1254, -
73.6293 

Leg: 172 
Hole 1060 

Miscella
neous 

51 0 14 86 

Japan 
Southeast 

active 
margin 

33.1340, 
138.1138 

Leg: 186 
Hole 1151 

Cyclic 
steps 

232 

 

7 

 

43 

 

50 

 

Total 
average 

   152 6 30 64 
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5.4.5 Internal architectures  

5.4.5.1  abyssal dunefield core photos 

Ocean sediment drill core from the ODP and IODP programs can be used to visualize the 

internal structures of abyssal dunefield sediments. First, photos of abyssal dunefield core show 

generally homogeneous dark to light grey or sometimes brown sediments. Several aspects are 

commonly shown such as 1) bioturbation, in the shape of round vertical, and horizontal burrows. 2) 

Homogenous bedding and a lack of common small-scale sedimentary structures like ripples, cross 

strata and planar laminations, 3)  gradual color variations that could be cyclic or non-cyclic (Fig. 

5.16). These color changes have been studied for example for the Feni drift core (Giosan et al., 

2002). The aforementioned study mentions that sediment lightness is controlled by the carbonate 

content and organic matter presence, while the hue is primarily due to ferruginous mineral content 

and oxygenation states in clay minerals. Specifically, hematite is differentially preserved at various 

sites due to differences in reductive diagenesis and dilution by other sedimentary components. Other 

factors relevant for these color changes have been reported to be diagenetic effects resulting from 

changes in organic carbon content, sedimentation rates, and sulfide mineral production Giosan et al. 

(2002).  
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Figure 5.15. Six 100 meter sections of contourites and abyssal dunefields and a field of cyclic steps 
(Japan). See Fig, 5.1 for locations. Grainsize measurements were derived from smear slides taken 
from the core across regular intervals. Note that all cores are mostly fine grained (silt and clay) with 
thin sandy intervals.  
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Figure 5.16. Six 150 cm segments of a deep ocean sediment core from various contourites and 
abyssal dunefields. Note general lack of sedimentary structures besides gradual color changes and 
bioturbation. With the Cadiz contourite, there is a marked sub-orbital scale cyclicity. The Greenland 
core has an ice-carried drop stone.  

5.4.5.2 Abyssal dunefield subsurface architectures  

Besides ocean drill core, various studies have described the internal architectures of 

contourites, abyssal dunefields, and cyclic steps with the use of reflection seismic and bottom 

penetrating sonar profiles (e.g. Hernandez-Molina et al., 2006). These indicate that the wide range of 

bathymetric variety is equally broad and complex for internal architectures. Generally, contourites 
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show parallel reflectors across drive systems that may be divergent in one or more directions 

(Hernandez-Molina et al., 2006). With moat and drift systems, the sandy moat component can have 

chaotic reflector facies (Fig. 5.17A).  Mutti et al. (2014) describe large, buried abyssal barchan 

dunes of the Brazilian Atlantic Margin visualized on seismic data (Fig. 5.17B). These are comprised 

of fine sandy material and are reported to have good hydrocarbon reservoir properties (Mutti et al., 

2004).  

Seafloor penetrating sonar profiles of migrating abyssal transverse dunes in the Bahamas 

drift (Fig. 5.17C) demonstrate a set of large, supercritical climbing dunes, that are almost entirely 

silt and clay (Fig, 5.16). Finally, a field of large cyclic steps offshore Japan are visualized on seismic 

data and published in Heiniö and Davies, (2009). This field of seismic steps has parallel reflectors 

showing large sediment waves on a steep continental slope, that are migrating upslope.    
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Figure 5.17. Four examples of seismic and seafloor penetrating seismic data of contourites and 
abyssal dunefields. A: The Faros Albufeira drift, a notable example of a moat and drift contourite. 
B: Two large abyssal barchan dunes of the Brazilian Atlantic Margin. These dunes consist of well-
sorted fine sand (Mutti et al., 2014). C: Three large migrating transverse dune in the Bahamas Drift. 
Drill core and biostratigraphic age indicators were used to calculate the migration rate for these 
dunes. D: large cyclic steps that can be seen to migrate upslope, against downslope-oriented 
turbidity currents (Slootman and Cartigny, 2020).  

5.4.6 Cyclicity in abyssal dunefields 

GRA bulk density developments across abyssal dunefield core often have a meter to 

decameter scale cyclicity (Fig. 5.17). In most core, such as the Feni Drift core, these cycles 

commonly correlate strongly to globally averaged oxygen isotopes change and can therefore be 

linked to climatological effects ((Lisiecki et al., 2005); Fig. 5.18). Sediment density may change 

cyclically due to variations in the amount of authigenic water column sediment production also the 

mineralogical composition of the sediment (Giosan et al., 2002). Climatologically driven changes in 

the magnitude of thermohaline overturning can change bottom current intensities and vary sediment 

grainsizes, which can affect the total bulk density of the sediment (Sivkov et al., 2015). Contour 

currents of the North Atlantic during the last glacial cycle, glacial/interglacial climate alternations 

change the amount of thermohaline overturning and affect bottom current intensity. These climate 
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cycles have strong orbital control through precession, obliquity, and eccentricity cycles, and the 

periods of these orbital signals are visible in periodograms of bulk density variations in the cyclic 

abyssal dunefield core of the Feni Drift. The Bahama, Cadiz, Blake, and Sri Lanka cores also have 

correlations to orbitally passed climate cycles. According to Sirvkov et al. (2015) and Raymo et al. 

(1992), colder glacial episodes are associated with more intense thermohaline overturning due to the 

larger temperature differential between the equator and the poles and increase amount of sea ice 

formation (Raymo et al., 1992). Both of these effects amplify deep water created in areas of 

deepwater formation, increasing the strength of ocean bottom current worldwide. Stronger glacial 

bottom current intensity appears to correlate to high bulk density in abyssal sediments, although 

more data is needed to link this signal to grainsize while eliminating possible other climatological 

factors that may affect abyssal dunefield bulk density, like biogenic mineralogy changes. The rapid 

cyclic changes visible in the Cadiz core are roughly 6-10 cm in period and thus rapid and sub-

Milankovitch in origin. The origin for this high-frequency cyclicity is unclear but may be linked to 

Heinrich events (Llave et al., 2004).  
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Figure 5.18. GRA bulk density measurements indicate that abyssal dunefields often have a meter to 
decimeter cyclicity. This is likely due to climatologically controlled changes in the mineralogy and 
grainsize of the sediment.  
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Figure 5.19. Climatologically controlled cyclicity in the stratigraphic bulk density developments of 
the Feni drift, an active abyssal linear dunefield in the North Atlantic. A: Comparison between bulk 
density variations in a sediment core of the Feni Drift (ODP 981; black) and  Cenozoic Low 
Latitude Marine Benthic δ18O Stack (Lisiecki et al., 2005; red). Bulk density data was depth time 
converted using biostratigraphic age markers developed during the ODP Leg 162. B: Periodogram 
of the orbital insolation (Laskar et al., 2011; yellow), showing correlation with cyclic changes in 
bulk density of the Feni drift (black). Bulk density data (black) in A is the same as for B.  
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5.5 Discussion 

5.5.1  Comparison with aeolian systems 

Due to the inaccessibility of many ultra-deep dunefields, and the sparsity of sediment 

samples or core data from these features, this study proposes that process studies in aeolian systems 

can be an analogue to better understand the dynamics of abyssal dunefields (see chapters 8 and 9 of 

this work).  For example, this study looked at the crestal morphologies and orientations of transverse 

dunes in the Argentine Basin (Fig. 5.8) and compared those features to published data on aeolian 

deposited dune crestal morphology to test the self-similarity of these two types of deposits. By 

superimposing these dune crest trends with dominant bottom current directions from (Volkov et al., 

2009) it can be seen that, like aeolian systems, submarine transverse dunes trend perpendicular to 

the current direction, with their steep lee face facing down current (Fig. 5.4). Similarly, examination 

of linear dunes in the North Atlantic shows their crests to trend roughly parallel to the dominant 

current direction, similar to the migration behavior of subaerial linear dunes (Figs. 5.3; 5.4). Such 

similarities between the geomorphologies of aeolian and abyssal systems lead me to propose there 

are similarities in their formational dynamics. six key similarities and three differences are 

formulated to contrast the physical parameters between these systems. Important similarities 

between aeolian and abyssal systems are:  

1. Both aeolian and abyssal systems are long-lived depositional systems that develop and migrate 

gradually under the action of generally continuous currents. Both types of environments thus have a 

roughly homogenous current direction and current strength across their surfaces, meaning that 

current intensity is roughly equal in a lateral direction, even across large distances.    

2. The ‘wetted perimeter’ (not specifically referring to subaqueous systems) of both abyssal and 

aeolian systems are very large, as they are both essentially unconfined in all directions (Acheson, 

1990; see equation 5.1). This results in a flow velocity, which causes the flow to remain subcritical 

across the entire system, possibly except for short-lived violent events like turbidity currents, 
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hyperpycnal flows, and possibly abyssal storms, which may play an important role in the motion of 

abyssal dunes (Hollister and McCave, 1984).  

      Fr = 
𝑢√𝑔∗ℎ      (5.1)        

3. Flows in both systems have deep flow depths. Flow depth is an important parameter in many 

physical relationships of fluid flow and fluid dynamics (Acheson, 1990; see equation 5.1).  

4. Sediment is derived from other depositional systems (turbidity currents or fluvial/longshore drift). 

As opposed to ignitive or confined systems, sediment in abyssal and aeolian systems is not supplied 

through the flow but is typically siphoned from other, adjacent depositional systems (Bagnold, 

1941).   

5. Grain-sizes in both abyssal dunefields and aeolian dunefields show little variance within their 

specific fields; silt/clay grainsizes for abyssal systems and fine-sand grainsize for aeolian systems 

(Bagnold, 1941; McCave et al., 1995).  

6. In both aeolian and abyssal systems, the amount of sediment accumulation is irrespective of 

accommodation. Thereby accumulating stratigraphy by stacking bedforms rather than filling regions 

affected by subsidence. Neither system is therefore accommodation limited and may grow 

unimpeded by a lack of space.    

Important differences between aeolian and marine systems are 1. Although there is little grainsize 

variance within aeolian or abyssal dunefields, grainsizes between aeolian and abyssal dunefields are 

major, with aeolian dunefield being composed dominantly of sand-sized particles and marine 

abyssal dunefields being composed dominantly of silt and clay-sized particles (Bagnold, 1941; 

McCave et al., 1995).  These may prove to be fundamental differences in formational dynamics.  

For example, some forces within coarse grains, such as electrostatic charges or Van Deer Waals 

forces, can generally be ignored in aeolian systems (Jumars and Nowell, 1984).  However, in silty 

and clayey material these forces probably play an important role in sediment dynamics.  
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2. Current velocities and flow turbulence are far higher for aeolian systems compared to marine 

abyssal systems.  

3. Finally, drag forces are greater in water than in air, so suspended particles tend to have lower 

impact velocities, leading to more limited impact entrainment in abyssal systems (Pähtz, 2020).  

5.5.2 Lack of sedimentary structures 

Photographs of a drilled core that penetrate active abyssal dunefields show that besides 

bioturbation and gradual color changes, no common sedimentary features like sedimentary 

structures are visible. Based on the smear slide lithologies in table 5.1, it can be inferred that all 

abyssal dunefield and at least some contourites are dominantly clayey or silty clayey in lithology. 

Flume experiments have shown that developing muddy bedforms is closely related to flocculation 

and developing floccule ripples (Schieber and Southard, 2007), although verification of these effects 

in active abyssal systems is limited.  

5.6 Conclusions 

We present a selection of global bathymetric data, which shows the variety of abyssal 

bedforms and dune systems, all found at great ocean depths and whose formation is believed to be 

dominantly controlled by thermohaline-driven geostrophic currents.  These deposits can be grouped 

into several morphologies including, sheeted drifts, linear dunefields, transverse dunefields, barchan, 

and barchanoid dunefields and isolated dunes. In addition, there are a group of abyssal bedforms 

known as cyclic steps which are backward migrating bedforms that form on continental slopes. 

Abyssal dunes are generally larger and migrate far slower than aeolian dunes; whereas aeolian dunes 

can move on the order of centimeters per day, abyssal dunes move on the order of millimeters per 

decade. Despite this, many overall migration behaviors and corresponding morphologies are broadly 

similar between aeolian and abyssal dune systems. The self-similarity of subaqueous and subaerial 

dunefields is likely due to several similarities between these two depositional settings. Similarities 

between the two settings include: 1) currents are continuous over long periods, 2) the flow covers a 

wide surface area and has relatively low Froude number, 3) the flow has great depth, 4) sediment is 
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generally derived from other sedimentary systems and is resedimented, 5) grainsizes show relatively 

little variance. 6) neither aeolian nor abyssal systems are accommodation limited. However, 

differences do exist in these two settings that may account for differences in morphology between 

them.  These differences are: 1) grainsizes are much finer for abyssal systems, 2) flow velocities and 

turbulence are far lower for abyssal subaqueous systems, and 3) drag forces are larger in abyssal 

systems likely leading to less impact entrainment for abyssal systems as compared to aeolian 

systems.   
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CHAPTER 6 
 

PREDICTING BOTTOM CURRENT DEPOSITION AND EROSION  
ON THE OCEAN FLOOR 

 

6.1 Abstract 

In this study, three types of oceanographic data are integrated to predict thermohaline 

geostrophic bottom current deposition and erosion on the ocean floor. These data types are 1) high-

resolution bathymetry, 2) numerical model data of bottom current shear stress, and 3) model data of 

the amount of sediment on the ocean floor. Intervals of thermohaline geostrophic bottom current 

deposition and erosion can be quantified from this information, which is then be extrapolated across 

the ocean floor in 4.5 x 9.3 km grid-size resolution. The results are displayed on a map that shows 

the distribution of zones of bottom current erosion and deposition. This map is then cross-referenced 

for accuracy using documented examples of mapped erosional and depositional bottom current 

systems, which demonstrates this study’s approach has strong predictive capabilities. The model is 

then used to derive boundaries for depositional bottom current regimes and formulate generalized 

patterns that contribute to bottom current erosion and deposition, and then discuss the importance of 

these interpretations for resource extraction and ocean floor mapping.  
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6.2 Introduction  

In sedimentology, the deep marine realm remains the largest and least understood 

depositional environment on Earth. Despite this, the ocean floor experiences a limited range of 

depositional processes, which are dominated by thermohaline circulation; a continuous overturning 

of vast water masses, driven by several ‘deepwater formation pumps’ located near the Earth’s poles. 

Zones of deepwater formation generate relatively dense water through cooling and salinification of 

ocean surface waters. From these areas of deepwater formation, surface waters sink to the ocean 

bottom, and then emanate across the entire ocean floor, driving a global conveyer of deep ocean 

currents. Bottom water masses eventually reach areas of upwelling, which are typically adjacent to 

steep, active continental margins (Xie and Hsieh 1995). Coastal upwelling brings deep ocean waters 

back to the surface through complex series of mostly wind-driven processes, notably Ekman 

transport (Xie and Hsieh 1995; Jacox et al., 2018). In between deepwater formation and coastal 

upwelling, the speed and direction of bottom currents are largely controlled by the topography of the 

seafloor and the location of Earth’s continents (Rebesco et al., 2014). Furthermore, the rotation of 

the Earth leads to a so-called ‘geostrophic’ deflection of bottom currents through the Coriolis Effect. 

These factors combine to form a continuous pattern of deepwater currents called geostrophic bottom 

currents, or simply, bottom currents.  

Bottom currents are relatively slow (typically 0.01-0.5 m/s; Stow et al., 2009), yet 

omnipresent and incessant. They shape the geomorphology of vast portions of the ocean floor by 

entraining, transporting, and depositing material on the abyssal plain. Geostrophic currents are 

decoupled from shallow and middle water masses through kinetic barriers defined by rapid 

temperature, pressure, and salinity changes in the oceanic water column. One such barrier is the 

thermocline; a well-defined layer of uniquely sharp changes in temperature that typically sits 400-

1,000 m below the ocean surface (Zenk, 2008; Stow et. al., 2018). Bottom currents do fluctuate in 

intensity, but overall, the deep marine realm is relatively predictable and less stochastic than the 

continental or shallow marine realms, allowing for relatively accurate numerical modelling of the 

direction and intensity of these bottom currents (Trossman et al., 2016; Thran et al., 2020). 

Arguably, ocean bottom currents are one of the most important processes in sedimentology, as it 
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dominates the largest depositional environment on Earth (the abyssal plain), has the longest 

continuous effects (typically longer than several million years), and generates the largest bedforms 

on Earth (Flood, et al., 1993). Despite this, deposits formed by bottom processes may be the least 

well understood because they are hard to reach, and because ancient bottom current deposits 

identified on land are rare, due to their low preservation potential on geologic timescales (Stow et 

al., 1998; Hüneke, H., and Stow, 2008; Rebesco et al., 2014; Beelen et al., 2021). 

Table 6.1. Overview of process environments in the world’s oceans (Rich, 1951; Hüneke, H., and 
Stow, 2008; Rebesco et al., 2014; Stow et al., 2018). 

 Shallow 
marine 

Continental 
shelf 

Continental 
slope 

Abyssal 
plain 

Dominant sedimentological process (Rich, 
1951; Hüneke, H., and Stow, 2008; Rebesco et 

al., 2014; Stow et al., 2018) 

Waves and 
tides 

Tides and 
sediment 

gravity flows 

Deep tides, 
gravity flows 
and bottom 

currents 

Bottom 
currents 

Typical depth 0-50 m 50-200 m 200-3,000 m >3,000 m 

Depositional energy High Low Medium Low 

Percentage of the ocean floor ) 
https://www.britannica.com/science/continental-

shelf). 

8% 8.5% 8% 75.5% 

Preservation potential on geologic timescales Very high High Low Very low 

6.2.1 Nomenclature 

In recent years, there has been an increase in the research interest on contourites, which are 

sedimentary deposits formed by bottom currents in deep oceans and seas. The term ‘contourites’ is 

synonymous with ‘contourite drifts’ and was initially defined as: ‘Sediment accumulations driven by 

bottom currents, that trend the contours of ocean bathymetry maps’ (Stow and Lovell, 1979). 

Alternatively: ‘sedimentary deposits in the deep sea formed by (bathymetric) contour-parallel 

thermohaline currents’ (Heezen and Hollister, 1971). The coast-parallel character of these deposits 

comes from bottom currents deflected by large landmasses and thus trend continental slopes and 
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shelves, where they are called boundary currents. More recently, contourites have been defined as 

‘Sediment accumulations emplaced or affected by deep marine bottom currents’ (Rebesco et al., 

2014). ‘Bottom currents’ or, ‘deep ocean currents’ in turn are described as currents that exist in 

‘deep-waters’ which are often considered to be below the thermocline (400 – 1,000 m: Stow et. al., 

2018). As explained previously, most currents at these depths are thermohaline-driven geostrophic 

currents, but winds (e.g. deep waves and abyssal storms), and more important, deep (internal) tides, 

also play a role. Although, the impact and relative importance of deep waves and tides is poorly 

understood and may be negligible in most settings (Rebesco et al., 2008; Faugères and Mulder, 

2011). In any case, geostrophic currents are believed to be the dominant process at abyssal (>3,000 

m water) depths (Stow et al., 2018).   

In In addition to continuous processes, deep marine deposits are typically formed under the 

combined action of bottom currents and sediment/mixed-fluid gravity flows, which include 

turbidites and hyperpycnal flows (Fig. 6.1; Mulder et al., 2003). The combination of these processes 

can generate deposits ranging from so-called moat and drifts (Rebesco and Stow, 2001), to plastered 

drift and sheeted drifts (Rebesco and Stow, 2001; Faugères et al., 1999). These features are 

collectively referred to as ‘contourites’. However, in this study a distinction is made between such 

systems and ‘geostrophites’, the latter of which are driven by geostrophic bottom currents (Fig. 6.1). 

Such types of deposits are dominantly abyssal dunefields (sometimes called mudwave systems (e.g. 

Flood et al., 1999). These depositional systems can cover large tracts of the abyssal plain 

(sometimes >1,,000,,000 km2) and geomorphologically resemble subaerial ergs and aeolian systems, 

as they are comprised of various types of migrating dunes like barchan, transverse and linear dunes 

(chapter 5 of this work; Lonsdale and Malfait, 1974). Abyssal dunes are dunes in deep water and are 

synonymous with ‘sediment waves’. They can be coarse grained (sandy) or fine grained (silty or 

clayey).  
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Figure 6.1. Schematic representation of three deep ocean sedimentary depositional systems. Left: a 
gravitationally driven system comprised of turbidity current driven channels and lobes. Middle: a 
system driven by both gravitational systems, which feed sandy material to the ‘moat’, and 
geostrophic bottom currents which redistribute a fine grained fraction into an adjacent ‘drift’. This 
system is called a moat and drift system and is a type of contourite. Right: An abyssal dunefield 
(sometimes called mudwave system). This system is comprised of transverse dunes that originate 
and move entirely under the action of geostrophic bottom currents.  

Over the past few decades, a growing amount of high-resolution multibeam sonar has 

become publicly available and has elucidated the geomorphologies in various regions of the ocean 

floor (Marks, and Smith, 2006). This imagery shows that the omnipresent geostrophic bottom 

currents generate a wide range of features, that can be depositional (e.g. contourites or abyssal 

dunefields) or erosional (e.g. furrows; Heezen, 1959; Hollister and Heezen, 1972). These data can 

thus be used to map the dispersal of such geomorphologies.  Herein, these are used to map these 

morphologic features, and use them to quantify the controls on deep ocean bottom current 

deposition and erosion (Fig 6.2).  
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Figure 6.2. A)World map showing locations examples of locations with visible zones of deposition 
(white stars) and zones of erosion (black stars). B: Deposition is visible through the presence of 
abyssal dunefields or contourites on high-resolution bathymetry. C: Similarly, erosion is visible as 
furrows. White lines are cross sections visible at the bottom of images B and C.  
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6.2.1 Parameters influencing bottom current deposition and erosion   

 

Existing models of bottom current dispersal are resolved in high-resolution by the eddy-

resolving HYbrid Coordinate Ocean Model (HYCOM; Chassignet et al., 2007). As bottom currents 

move across the ocean floor, they exert a shear stress on deep ocean sediments. This stress is termed 

bottom drag (more commonly referred to as bed shear stress in the field of sedimentology). In this 

study, this parameter is referred to as bottom shear stress. This parameter is controlled by the speed 

of geostrophic bottom currents, as well as the topography of the sea floor, and can be linked to the 

entrainment, transportation and deposition of sediments (Trossman et al., 2016; Thran et al., 2018). 

Previous works have shown that the amount of shear stress on the ocean floor can be linked directly 

to the dispersal of mapped bedforms on the ocean floor (Thran et al., 2018).  Such maps  have been 

published in a variety of journal papers or in compilations such as the contourite atlases of Rebesco 

et al. (2014) and Claus et al., (2017). Such a methodology has greatly helped oceanographers and 

deep water sedimentologists to determine where accumulations of abyssal bedforms are distributed 

(Thran et al., 2018). However, a second crucial parameter is missing from existing methodologies 

that attempt to resolve the dispersal of deep ocean bedforms, which is the distribution of deep ocean 

sedimentation.  

Deep ocean sedimentation occurs by means of two processes 1) settling of authigenic 

sediments that form in the water column, and 2) the delivery of detrital sediments from continental 

and shallow marine regions, through gravitational processes. According to existing studies, the first 

accounts for around 8%, while the latter comprises the remaining 92% (chapter 7 of this work). Both 

of these processes contribute to the total thickness of ocean floor sediments, which have been 

measured through deep ocean core and reflection seismic data, and have been published in Straume 

et al., (2019). In this study, two parameters are combined that are fundamental to the dispersal of 

deep ocean currents: bottom shear stress and sedimentation rate, to improve upon existing models 

for the distribution of deep marine sediment accumulations. The combined sediment dispersal and 

bottom drag data allow us to map the dispersal of ocean floor erosion and deposition.   
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6.3 Methods 

Areas of deep ocean deposition are identified on high-resolution bathymetry data accessed 

through GeoMappApp and Google Earth (Marks and Smith, 2006). Zones of deposition are 

identified based on the presence of abyssal dunes, contourites, or any other drifts (Fig. 6.2; Viana et 

al., 1998). These areas are researched in the literature to determine if they are active or relict, like 

the Hatteras dunefield which became inactive during the Miocene according to Locker and Laine 

(1992). Similar to depositional areas, areas of erosion can be identified on bathymetric data through 

the presence of furrows or megafurrows (e.g. Niedoroda et al., 2003).  

6.3.1 Sediment supply 

Although sediment is deposited across all the world’s oceans, many places, such as near 

mid-ocean ridges have too little sediment accumulation to develop widespread bottom current 

deposits, despite bottom shear stress being sufficient in some of these areas. To understand where 

these low sediment supply regions exist, the total amount of sea-floor sediment accumulated is used 

as a proxy for the amount of sediment supply. The amount of total ocean floor sediment has been 

accurately determined for the entire ocean floor in detailed sediment thickness maps. These are 

constructed from interpolating sediment column thicknesses obtained from seismic data and ocean 

drilling and are published as the GlobSed project (Straume et al., 2019). Although total seafloor 

sediment thickness differs from the amount of sediment supply, it is a strong indicator for the 

distribution of the magnitude of sediment deposition. For instance, mid-ocean ridges sit well above 

the abyssal plain and are at a far distance from the shore, so these areas gain much less sediment 

from the slope and coast than areas on the abyssal plain. mid ocean ridge areas thus have low 

sediment supply, which is reflected in the GlobSed ocean thickness data (Straume et al., 2019). 

supply, which is clearly reflected in the GlobSed ocean thickness data (Straume et al., 2019).   

6.3.2 Quantifying bottom shear stress 

Bottom shear stress exerted by geostrophic currents onto the ocean floor varies in space 

(Trossman et al., 2016). For example, high rugosity and large obstacles like continental shelves or 
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seamounts are conducive to the local development of high bottom shear stresses (Trossman et al., 

2016). The spatial distribution and magnitude of ocean bottom shear stress can be modelled using an 

eddy-resolving numerical ocean model, which incorporates thermohaline circulation, deep tidal 

activity, and seafloor topography. In this study, the HYbrid Coordinate Ocean Model (HYCOM) is 

used (Chassignet et al., 2009). This model allows us to infer values for ocean bottom shear stress on 

a global ocean scale, in high-resolution, with an average grid size of 4.5 x 9.3 km. The model values 

used in this study are from (Trossman et al., 2016). These data represent yearly (seasonally) 

averaged values following a 32-year ‘spin-up’ or equilibration period of the HYCOM model 

(Trossman et al., 2016). Aside from seafloor topography and rugosity, significant factors affecting 

local values of bottom shear stress are thermohaline conveyor current volumes and velocities, and 

bottom current confinement and divergence due to topography.  

6.3.2 Developing the bottom current deposition and erosion map 

First, a sediment thickness versus bottom shear stress matrix is populated with depositional 

locations determined to be active (Fig. 6.3A). After adding locations with bottom current deposition, 

the matrix is populated with actively erosional locations. This allows to empirically constrain 

regimes of bottom current deposition and erosion. 

Second, regimes for bottom current deposition and erosion are quantified (Fig. 6.3C). Values 

for bottom shear stress and sediment thickness are linked to the identified zones of deposition and 

erosion (Fig. 6.3). Depositional and erosional locations are then plotted on a matrix with shear stress 

on the x-axis and sediment thickness on the y-axis (Fig. 6.3A). The zone associated with deposition 

is then identified as a region on this matrix (Fig. 6.3C). 60 bathymetric areas with recognizable 

deposition or erosion are identified on the ocean floor and listed on the matrix, showing that 

deposition consistently occurs within an interval between 0.00117 and 0.04 N/m2 of bottom shear 

stress, and a sediment thickness between 534 and 4,300 m. The zone of erosion lies in > 0.04 N/m2 

bottom shear stress. The rest of the shear stress vs. sediment thickness matrix lies in the regime of 

stasis (Fig. 6.3B).  
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Finally, these quantified regimes of bottom current deposition and erosion are extrapolated 

across the ocean floor to form a global map of bottom current deposition and erosion. Quantified 

depositional and erosional areas are visualized on equirectangular map projections, to form a global 

map with empirically defined, numerically quantified areas of sediment deposition, erosion, and 

stasis (Fig. 6.5C). The resulting map is then cross-referenced with existing maps that show the 

measured dispersal of contourites (Fig. 6.5; Rebesco et al 2014; Claus et al., 2017). This shows there 

is a strong spatial correlation between modelled zones of deposition and mapped contourites in the 

deep sea. These results predict the presence and extent of contourite deposits and erosional zones 

across seafloor landscapes, even in locations where high-resolution sonar data is lacking (Fig. 6.5C).  



192  

  

   

 

Figure 6.3. Three matrices showing intervals of geostrophic deposition, erosion, and neither (stasis). 
A: Schematic matrix of log bottom shear stress on the X-axis and log Sediment thickness on the Y-
axis. The green box denotes the regime associated with the geostrophic deposition of sediments. The 
red box shows the regime associated with erosion. The rest is associated with stasis. Points on the 
matrix correspond to locations on the ocean floor empirically linked to deposition or erosion by 
analyzing high-resolution bathymetry data, B: Same matrix as A, with schematic representations of 
the various depositional and erosional regimes. C: Matrix showing all datapoints plotted as a density 
graph. This shows that the most widespread interval is near 100 meters of sediment thickness and 
0.001 N/m2 of bottom shear stress. The green box shows the depositional regime, and the red 
interval shows the erosional regime.  
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Figure 6.4. Pie diagram showing the percentage of the ocean floor covered by bottom current stasis 
(58%), deposition (41%) and erosion (1%). 

6.4 Results 

The shear stress and sediment thickness matrix were populated by 60 locations scattered 

across the ocean floor (Fig. 6.3). Locations are at depths ranging from -440 m to -5,190 m with an 

average of -3,352 m. The map that resulted from the extrapolation shows regions of bottom current 

deposition (green) erosion (red) and stasis (blue). According to this analysis, around 75.5% of the 

Earth is covered in oceans and seas. From this fraction, 58.0% is in stasis, 41.3% is depositional, 

and 0.7% is erosional (Fig. 6.4). These percentages correspond to 22,347,627,551 km2 of stasis, 

15,904,290,699 km2 of deposition and 260,631,750 km2 of erosion. Most zones of sediment 

deposition are nearby continental slopes, as these regions capture abundant sediment from relatively 

nearby continents, and also because these areas have significant topography, which can amplify 

bottom shear stress. Aside from these areas, there are extensive regions of deep ocean   (>4,500 m 

water depth) with abundant bottom-current drove deposition and dunefields. Examples are the 

Argentine Basin, the Northern Atlantic Ocean, and areas in the Indian and Southern Oceans. 

Confined areas and sea straits like the Bering Strait and the Drake Passage are mostly undergoing 

erosion, while most of the abyssal plain nearby the mid-oceanic ridges is experiencing stasis (Fig. 

6.5C).  



194  

  

   

6.5 Interpretations 

6.5.2 Depositional zones 

Major zones of deposition are in the northern Atlantic Ocean (e.g. Gloria, Eirik, Björnsson, 

Gardar, and Feni drifts, McCave and Tucholke, 1986; Flood et al 1979), the Argentine Basin 

(Zapiola Drift), the Mozambique Channel, and the Agulhas depositional systems (e.g. Breitzke et 

al., 2017), the Australian and Indonesian continental shelves, the Bering Sea, and areas of the 

Southern Ocean (e.g. Cosmonaut Drift and Larsen Sea Drift, Rebesco et al., 2014). Depositional 

areas develop in continental slopes, where abundant sediment is collected from the land, and 

significant topography is present to amplify shear stresses exerted by bottom currents and develop 

boundary currents. Examples of these areas are the Antarctic circumpolar currents, the North 

Atlantic boundary current, and the Agulhas boundary current. Another type of area with abundant 

bottom current deposition is abyssal regions with significant medium-to-deep water downwelling 

such as barotropic vortices, which occur irrespective of pressure and temperature gradients. In these 

regions, sediment is trapped, and vigorous bottom currents can develop this sediment into extensive 

dunefields (Volkov et al., 2009). Note these areas differ from zones of deepwater formation, which 

are baroclinic systems where surface waters are pumped down to the ocean floor (Xie and Hsieh 

1995). Additionally, deposition can occur in abyssal regions with significant topography like the 

Kerguelen Plateau and the Zealandia submarine continent (Fig. 6.5C). In these areas, topographic 

obstacles like seamounts can locally amplify bottom shear stresses, causing bottom current deposits 

to form adjacent to these features. 
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Figure 6.5. Maps showing sediment thickness (A), bottom shear stress (B), and the dispersal of bottom 
current erosion and deposition (C). A: GlobSed sediment thickness map by Straume et al., (2019). B: 
Bottom shear stress across the world’s oceans modelled by HYCOM (Chassignet et al., 2009; 
Trossman et al., 2016). C: Map showing the modelled dispersal of bottom current erosion and 
deposition. This map was constructed by extrapolating regimes of bottom current erosion and 
deposition onto a world map with the same equilateral projection as the maps in A and B.   
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Table 6.2. Three settings are associated with abundant deposition from bottom currents. 

Deposition Deposition 

Example 

Process 

Continental slopes Santos Drift 
(Duarte and Viana, 

2007), 

Geostrophic bottom current amplification due to 
topography: boundary currents. 

Deep ocean 
barotropic vortices 

Zapiola drift (Klaus 
and Ledbetter 1988; 

Flood and Shor, 
1988) 

Barotropic vortices. 

Regions adjacent to 
mounds, submarine 
platforms and other 
obstructions on the 

seafloor 

Rockall sheeted 
drift (Masson et al., 

2002). 

Geostrophic bottom current amplification due to 
topography. 

6.5.3 Erosional zones 

Major zones of bottom current erosion are off the east coast of the United States, such as the 

area around the Blake Plateau, located offshore east of Florida. This area has the most powerful 

bottom currents in the world: the Florida Current or, Southern Gulf Stream Boundary Current, 

which exerts up to 6.4 N/m2 of shear stress onto the seafloor (Spall, 1996; Fig. 6.5C). This system 

continuously removes and redistributes sediment, developing an enormous depositional system that 

occurs in association with this large erosional feature. The name for the depositional system here is 

called Blake Ridge (see chapter 5). Other major erosional areas are west of the Zapiola Drift, 

trending along the Argentinian Continental Shelf, the Agulhas Boundary current, the Kerguelen 

Plateau, and south of the New Zealand Plateau and the Bering Strait. Powerful, erosional boundary 

currents are easy to identify on bathymetric data, as they tend to smooth out continental slopes due 

to continuous erosion, whereas non-erosional slopes tend to be scarred by numerous scours that are 

formed by gravity processes like turbidity currents, given them a rugose texture (Fig. 6.5).  

Zones of deepwater erosion are also common in sea straits, where geostrophic or deep tidal 

currents are confined and amplified. Some examples are the Mozambique Strait, Bering Strait, or the 

Gulf of Cadiz (Figs. 6.8). In the latter, Mediterranean Outflow Water generates bottom currents 

known to erode the seafloor and form depositional contourites (Hernández-Molina et al., 2016). 
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According to this model, the English Channel has both areas of deposition and erosion but appears 

to be dominantly erosional in its central, narrowest region where amplified tides develop furrows 

(Flood, 1981).  

 

Figure 6.6. Bathymetry data of two near-adjacently located continental shelf and slope systems off 
the East Coast of the United States. A: The continental slope adjacent to the Blake Plateau shows a 
smooth texture.  This region is smoothed out by erosion due to high shear stress bottom currents 
(6.54 N/m2). B: Continental slope ~ 1,000 km north of (A) along the same margin showing an 
abundance of slope incisions, some impinging on the shelf.  This region has low bottom shear stress 
and turbidity currents develop scars on this slope which remain intact due to lack of erosional 
bottom currents.  

Table 6.3. Two settings are associated with abundant erosion from bottom currents. 

Erosion Erosion Example Process 

Sea straits Bering strait Tidal amplification, 
confinement of bottom 

currents 

Continental slopes 
affected by strong 
boundary currents 

Agulhas current, Gulf Stream east of 
Florida. 

Boundary currents 
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6.5.4 Stasis 

Stasis is common in extremely distal regions where there are no terrestrially derived or 

reworked sediments are available, such as over mid-ocean ridges (Fig. 6.5C). Areas of deep ocean 

upwelling have limited amounts of shear stress exerted by bottom currents, and therefore have 

limited to no contourite and abyssal dunefield deposition, despite there being abundant sediment 

supply from nearby continental areas. Areas of significant deepwater formation, such as north of 

Iceland or the Weddell Sea near Antarctica have marked zones of stasis, due to a lack of bottom 

currents passing across the ocean floor in these regions. Instead, water masses move vertically down 

here, which apparently coincides with a limited amount of bottom shear stress on the ocean floor 

(Trossman et al., 2016). Some continental shelves can have stasis, such as off the east coast of the 

United States, as there is limited thermohaline bottom current activity here (Fig. 6.4C). This lack of 

bottom current activity on continental shelves occurs because deeper thermohaline bottom currents 

remain at the abyssal plain, below or on the toe of the continental slope, and tend to not ‘climb’ up 

to shallower continental shelves (Rebesco et al., 2014). Note that under many circumstances, 

continental shelves can have enough shear stress to develop deposits, but this shear stress is 

typically due to due to deep tides and not from thermohaline currents. The amount of tidal shear 

stress on continental shelves is mostly contingent on the depth of the shelf and tidal activity in that 

area. The amount of tidal energy in turn, is mostly controlled by the shelf’s relative position to the 

nearest amphidromic point and the local coastline shape and orientation (Davis and Dalrymple, 

2011). Finally, deep, partially, or enclosed basins like bays and Mediterranean seas are generally 

bypassed by the global thermohaline bottom current conveyer, leading to very few thermohaline-

driven deep currents to exert bottom shear stress in these areas. One exception is the Mediterranean 

Outflow Water, which is not driven by thermohaline circulation but by evaporation differentials 

between the Mediterranean Sea and the Atlantic Ocean (Toucanne et al., 2007). 
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Table 6.4. Five settings are associated with stasis (neither deposition nor erosion from bottom 
currents). 

Stasis Stasis Example 

Zones of deep water upwelling West of Namibia 
Zones of deepwater formation Weddell Sea 

Enclosed Basins The Mediterranean Sea, Bay of Bengal 
Certain continental shelves Offshore the east coast of the United 

States 
Mid-oceanic ridges Mid-Atlantic ridge 

Table 6.5. Regimes of geostrophic bottom current deposition, erosion and stasis. Regime boundaries 
are quantified, and an explanation of their nature is provided. 

Boundary Upper sediment 
thickness  boundary 

for deposition 

Lower sediment 
thickness  boundary 

for deposition 

Upper bottom shear 
stress boundary for 

deposition 

Lower bottom 
shear stress 

boundary for 
deposition. 

Value -4,454 m -129 m 0.0400 N/m2 0.0117 N/m2 
Nature of the 

boundary 

Above this 
boundary are 

typically shallow 
marine areas with 

high sediment 
supply that are 
dominated by 
gravitationally 

driven processes 
that overprint the 
relatively weak 

continuous bottom 
currents. 

Below this 
boundary are areas 
that have too low 

sediment supply to 
develop contourites 

or abyssal 
bedforms. 

Above these values 
for shear stress, 

dominantly erosion 
takes places. 

Below this value 
there is not 

enough bottom 
shear stress to 
move sediment 
into contourites 

and abyssal 
bedforms. 

6.6 Discussion 

6.6.1 Model comparison to mapped systems 

The Gulf of Cadiz contourite system is driven by Mediterranean Outflow Water (Toucanne 

et al., 2007). It contains erosional channels formed by strong bottom currents and adjacent 

contourite depositional systems (Hernandez-Molina et al., 2016). Although this is a relatively small 
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system on an oceanic scale, it has received a lot of research attention and is well mapped through 

sonar and core data, allowing for close comparison between these modelled results to known 

features on the ocean floor. This comparison shows this model accurately simulates the procedurally 

generated dispersal of erosional and depositional zones, such as the erosional moat near the strait of 

the Gibraltar Strait and the adjacent drift to the north of this feature. This model also correctly 

simulates a field of stasis towards the south and southwest of the Gulf of Cadiz (6.7). Another 

mapped system that was modelled accurately is the Zapiola Drift Abyssal dunefield. This is a vast 

dunefield containing some bedforms up to 125 m high, which are some of the largest bedforms on 

Earth. Adjacent to these regions of abyssal deposition are zones of extensive ocean floor erosion. 

These adjacent process areas are all accurately displayed on this procedurally generated map (Fig. 

6.8A).   

 

Figure 6.7. Depositional and erosional bottom current systems in the Southern Hemisphere. A. The 
enormous Zapiola Drift systems, deposited off the southeast margin of South America, are driven by 
the Zapiola barotropic vortex or, anticyclone, which traps large amounts of sediments in this region.  
These sediments develop into an enormous abyssal field of migrating dunes (see chapter 5). B: The 
Agulhas Current, found off the southern tip of South America, is a powerful geostrophic boundary 
current that generates a large zone of erosion surrounded both landward and basinward by large 
zones of deposition. The Mozambique Strait (between Africa and Madagascar) receives significant 
open ocean seafloor deposition. . C: A large submarine platform in the Indian Ocean called the 
Kerguelen Platform has complex systems of bottom current erosion and deposition. 
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Figure 6.8. Depositional and erosional bottom current systems in the Southern Hemisphere. A. The 
enormous Zapiola Drift systems, deposited off the southeast margin of South America, is driven by 
the Zapiola barotropic vortex or, anticyclone, which traps large amounts of sediments in this region.  
These sediments  develop it into an enormous abyssal field of migrating dunes (see chapter 5). B: 
The Agulhas Current, found off the southern tip of South America, is a powerful geostrophic 
boundary current that generates a large zone of erosion surrounded both landward and basinward by 
large zones of deposition. The Mozambique Strait (in between Africa and Madagascar) receives 
significant open ocean seafloor deposition. . C: A large submarine platform in the Indian Ocean 
called the Kerguelen Platform has complex systems of bottom current erosion and deposition.  
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6.6.2 Unmapped systems  

Aside from these well-known systems, these results also reveal several regions of deep ocean 

depositional systems that to my knowledge are hitherto undescribed. Examples are an unnamed 

dunefield south of India, which, according to my knowledge, may have the largest moving bedforms 

on Earth. This dunefield, which lies in over 5,000 m water depth, contains transverse dunes, some of 

which are almost 350 meters in height and 10 km in wavelength (Fig. 6.9A). Other examples of 

hitherto undescribed bottom current depositional systems are unnamed dunefields northeast of 

Papua New Guinea and north of Venezuela (Fig. 6.9). 

 

Figure 6.9. Bathymetric images of three unnamed dunefields illustrating the dune morphologies 
present in abyssal dunefields, including A: giant transverse dunes south of Sri Lanka:   
1°13'26.19’S, 80°15'29.18’E. This transverse dunefield contains the largest abyssal dunes located so 
far with wavelengths of 8-10 km and heights up to 347 meters, possibly making these the largest 
bedforms on Earth. C: Large linear dunes Northeast of Papua. 2° 4'20.99’N, 147° 2'56.41’E, and D:. 
‘pyramidal’-like dunes north of Venezuela  15°13'29.03’N, 69°28'23.13’W. These fields are defined 
on the map (Fig. 6.5C) as areas of deposition on the ocean floor.  
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6.6.3 Contourite depositional systems 

Various contourite depositional systems can be recognized from their planform distribution 

and are visualized through the results of this study. For example, moat and drift systems are a type 

of contourite system that often develops in sub-abyssal (<1,000 meters) water depths (Faugères et 

al., 1999). These systems are fed with sediment from continents, which are separated into a coarse 

component deposited in a moat. In these moats, fine material is winnowed, which defines it as an 

erosional zone on the bottom current erosion map. Second, these systems also have a fine ‘drift’ 

component, which is carried further basinward by geostrophic or deep tidal currents (Miramontes et 

al., 2020). Such systems are visible on the map as elongate erosional zones surrounded by relatively 

extensive depositional areas (Figs. 6.10; 6.11).  

Plastered drifts are depositional areas that collect fine-grained sediment from the water 

column and deposit them on continental slopes, where shear stresses are relatively high. Such areas 

are visible on the map as extensive (up to hundreds of km long) patches of deposition (Fig. 6.11). 

Other types of contourites like mounded, separated, or elongate drifts can be distinguished based on 

their setting and shape and are all visible as depositional systems on my map simulations.  

The map also shows regions containing extensive abyssal dunefields, which are the most 

extensive deep marine depositional systems and are geomorphologically similar to terrestrial ergs or 

‘sand seas’ (Figs. 6.8; 6.12).  Abyssal dunefields contain a wide variety of dune types and sizes of 

various morphologies such as barchan (Carnegie Ridge; Lonsdale and Spiess, 1977; Lonsdale and 

Malfait, 1974), transverse (e.g. Zapiola drift), or linear (e.g. Feni drift) dunes. In contrast to aeolian 

systems, these ‘deserts of the deep’ are comprised of fine-grained muds and clays and are sculpted 

over long timescales by continuous bottom currents (chapter 5; Lonsdale and Malfait, 1974; Fig 

6.2). 
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Figure 6.10. Depositional and erosional bottom current systems around North America. A.) Elongate 
moat (red) and drift (green) systems are formed by the movement of boundary currents around 
Greenland. Narrow sea straits between the Nanavut Islands generate erosion. B: The Bering Strait, 
between the landmasses of Alaska and Russia, has amplified tidal currents which generate erosion 
toward the center of the Strait and deposition at the strait’s north and south entrances. C:  Intense 
Gulf Stream Boundary currents occur off the East Coast of the United States and generate extensive 
zones of erosion at the shelf margin toe of the slope and around the carbonate margins of south 
Florida.  Deposition occurs on the eastern shelf where terrestrial sediments feed the formation of 
seafloor constructs. See figure 6.4C for color legend.  



205  

  

   

 

 

 

 

 

Figure 6.11. Comparison between model results and schematic, cross-sectional models that 
represent the plan from geometries.  Cross-sectional models are developed from seismic data by 
Faugères et al., (1999). The figure shows a map view of a moat and drifts deposit, located southeast 
of Greenland (Eirik drift), and a map view of a plastered drift deposit located off the coast of 
Uruguay.  
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Figure 6.12. Depositional and erosional bottom current systems around Western Europe. A.  
contourites are deposited south of Spain where Mediterranean Outflow Water moving between 
Spain and Morocco erodes and deposits sediments on the seafloor. B.  The North Atlantic is a major 
zone of bottom current deposition. Several large drifts sit adjacent to one another (i.e..,  Feni Drift, 
Gardar Drift).  Erosion is occurring in areas between adjacent continents (i.e.. English Channel, 
Öresund) in areas near the base of the continental slope east of Nova Scotia, or across the area of the 
North Sea between Iceland and the United Kingdom. See figure 4C for color legend.  

6.6.4 Sediment types 

I recognize that a major caveat on estimating boundary values for erosional and depositional 

shear stresses is the lack of input on grain size and sediment types. Seafloor sediment type maps 

have been published for example in Dutkiewicz et al., (2015), but these remain somewhat 

troublesome, as they give little information on grain sizes. This lack of important data is a major 

weakness of this work, but since the models presented are empirical and derived from direct 

observations of seafloor morphologies, the map presented herein can be helpful for broadly 

predicting the dispersal of thermohaline-driven geostrophic bottom current deposits. Future work 

can therefore expand on this work by populating the models presented with local information on 

sediment grain sizes.    
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6.6.5 Deep marine resources 

Mineral resources on the abyssal plain are abundant, and a potential future target for 

economic extraction (Antrim, 2005). This map can give insights into zones of seafloor erosion 

processes that can locally enrich the abyssal plain in mineral resources such as ferromanganese 

nodules, by deflating surrounding sediments and concentrating more massive nodules and 

concretions (Lonsdale and Malfait, 1974). Geostrophic currents have been shown to strongly affect 

the properties of sedimentary rocks on the ocean floor by eroding and transporting sandy sediments 

to adjacent depocenters, or by concentrating sandy sediments in specific regions of the contourite or 

abyssal dunefield. The homogeneous and extensive nature of these dunefields creates the 

opportunity for spatially extensive hydrocarbon reservoir development in ultra-deep waters, beyond 

the margins of clastic submarine fans, thus extending the opportunity to deeper and deeper settings. 

Finally, understanding the variables that control the dispersal of sediments in deep ocean regions can 

lead to predicting the occurrence and dispersals of these reservoirs in older ocean systems, and 

better understanding ancient regimes of bottom current circulation.    

6.7 Conclusions 

I integrate three types of data: 1) high-resolution bathymetric data to visualize erosional and 

depositional features on the ocean floor 2), models of global shear stress from the HYCOM 

numerical ocean model. 3) Models of sediment thickness from the GlobSed ocean sediment 

thickness map. Using these three types of data, regimes of ocean bottom-current deposition, erosion, 

and stasis (neither deposition nor erosion) are defined and extrapolate these regimes across the 

ocean floor. This allows us to map the dispersal of contourites, abyssal dunefields, and erosional 

systems in shelf, slope, and abyssal regions of the world’s oceans. The completed map is cross-

referenced with existing maps that show the dispersal of contourites and abyssal dunefields are 

accurately tracked across the world. This map is then used to illustrate various types of contourite 

depositional systems and develop generalized patterns that govern the dispersal of depositional and 

erosional bottom current systems in the world’s oceans. From this model, areas with high deposition 

are Continental slopes affected by boundary currents, barotropic vortices, submarine mounds, 
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platforms, and other obstructions on the seafloor. Areas of erosion: Sea straits and continental slopes 

affected by strong erosional boundary currents. Areas of stasis: Zones of deep water upwelling, 

zones of deepwater formation, mid-oceanic ridges,  some continental shelves, enclosed basins, and 

seas. Future improvements to this study can be made by populating data presented with models of 

various ocean floor lithologies.  
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CHAPTER 7 

 
QUANTIFYING DETRITAL VERSUS AUTHIGENIC SEDIMENTATION IN THE OCEAN 

 

7.1 Abstract 

This study aims to estimate the portion of oceanic sediments formed in the water column 

(authigenic), as compared to the percentage of continental or shallow marine-sourced material 

transported by gravitational processes to the abyssal realm (detrital). If there is no sediment influx 

from gravity flows on isolated submarine platforms, the ratio between detrital and authigenic 

sediment fluxes can be estimated by comparing sedimentation rates in these areas to those in the 

open ocean. To achieve this, sedimentation rates are calculated from 16 biostratigraphically age-

dated sediment core collected from across the world’s oceans. Based on the difference between 

averaged open ocean sedimentation rates (55.7 mm per kyr) and averaged submarine platform 

sedimentation rates (4.3 mm per kyr), it is estimated that around 8.4% of ocean sediment is formed 

in the water column while the rest is formed on and near the continents and delivered to the ocean 

floor by various processes. Open ocean sediment core also show that bottom current deposits have 

on average 2.5 times higher sedimentation rates than open ocean regions not subject to bottom 

current deposition.  
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7.2 Introduction 

The world’s oceans are the largest depositional basins on Earth.  Sediment supply in deep 

ocean regions is provided by 1) detrital sediment derived from continents, which is then transferred 

to the ocean floor through sediment gravity flows and bottom currents and 2) authigenic material 

produced inside the water column. The relative fraction of these sources remains an open question 

(Rebesco, 2021, personal communication; Stow SedsOnline Talk 2021; Velde, 2013). Existing 

studies that aim to quantify this, typically rely on estimates derived from core samples. In these 

samples, researchers can measure the fraction of planktonically derived biogenic material, to 

estimate the portion of authigenic sediment at a single location (e.g. Stow, 1985). In this study, the 

aim is to construct a global, long-term macro estimate for this ratio of detrital to authigenic derived 

ocean sediment. Although it is well understood this relative fraction of detrital versus authigenic 

sediment changes through space and time, this study aims to develop a useful, first-order, global 

estimate, that can be applied when case-specific data is limited. To effectively measure such 

sediment ratios, the data considered in this study are from areas of the ocean cored and assumed to 

be free from the influence of detrital processes. To do this, core taken from submarine platforms 

have their tops topographically removed from the transport and deposition of detrital sediment by 

gravity or bottom currents. It is assumed that sediment gravity flows originating from shallow 

marine areas or continents cannot reach these submarine platforms, and that bottom currents 

impinge on the flanks of submarine platforms but are not active on top of the platform, therefore 

delivering no sediment there (chapter 6, Thran et al., 2016). Therefore, core taken on the tops of 

submarine platforms exclusively collects authigenic water column sediments and windblown 

sediments, receiving virtually no detrital material from surrounding continents (Fig. 7.1). Due to this 

lack of detrital sedimentation processes, there are far slower sedimentation rates on submarine 

platforms as compared to the open ocean (Fig. 7.1). By quantifying this discrepancy across several 

submarine platforms and open ocean sediment core, a ratio of authigenic versus detrital sediment 

can be estimated for the global ocean.   
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Figure 7.1. Schematic figure illustrating two primary environments of this study. The open ocean 
environment (1) has relatively rapid sediment accumulation, coming from both detrital continental 
input and authigenic suspension fallout. Submarine platforms (2) have far slower sediment 
accumulation entirely from authigenic suspension fallout. No scale intended. 

7.3 Methods 

Sedimentation rates for deep ocean regions can be calculated from the biostratigraphically 

age-dated sediment core, which lists the stratigraphic ages across various depth intervals of ocean 

sediment. These measurements are obtained from Ocean Drilling Program (ODP) and International 

Ocean Discovery Program (IODP) core, which offers numerous publicly available core data from 

across the ocean floor (Fig. 7.2). 16 ‘suitable’ sediment core were found with sufficient depth for 

this study and good age data (Fig. 7.2). To avoid sampling of areas with erosional diastems, the 

chosen core is outside of mapped areas of present-day erosion (see chapter 6). Other criteria for the 

selection of suitable core are submarine platform core must be taken on platforms of sufficient 

height (>1,000 m) above the abyssal plain, and open marine core are selected to sit within a range of 

globally ‘typical’ sedimentation rates (2 – 20 mm per kyr). This avoids sampling of extreme high 

and low sedimentation rate areas and helps to get a useful, globally representative result. Data that 

enabled this selection is from Straume et al., (2019). Following the selection of suitable data, the 

open ocean core is mostly in the northern hemisphere, while the submarine platform core are 

predominantly in the southern hemisphere (Fig. 7.2). This discrepancy is purely coincidental and 

should not affect the outcome of the analysis.   
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A single averaged sedimentation rate for each core is calculated by determining the line of 

best fit for core depths (meters below seafloor) versus biostratigraphically derived ages (Fig. 7.3). 

Sedimentation rates for the open ocean can then be compared to those for submarine platforms, and 

the discrepancy between these can estimate a global macro estimate for detrital versus authigenic 

sediment fluxes.  

 

Figure 7.2. Map showing the distribution of core sites used in this study. Drill core in open ocean 
areas is shown by blue dots (dark blue for contourite), drill core on submarine platforms is shown by 
red dots.  

7.4 Results 

Sedimentation rates for submarine platform core are relatively consistent, averaging 5.14 

mm per kyr. The relative similarity in average sedimentation rates across various submarine 

platforms is not intuitive, as one would expect to see widely different authigenic ocean column 
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sediment formation rates due to regional variations in ocean biological activity and windblown 

sediment supply (Sigman and Hain, 2012).  

The Kerguelen Platform sediment core penetrates the deepest stratigraphy, going down to 

late Cretaceous strata (76 Ma). The depth to age trendline for this core appears to be parabolic, 

showing increasing sedimentation rates with depth (Fig. 7.3). This apparent increase in 

sedimentation rate is likely due to sediment compaction which increases the measured sedimentation 

rate towards greater depths, as the sediment column gets compressed vertically (Fig. 7.3). Generally, 

sedimentation rates appear to be roughly equal for each core, varying no more than 20% across long 

(millions of years) timescales.   

The best-fit linear trendline for all open ocean sediment age versus depth plots is defined by 

the function y = 55.6 * x (R2 = 0.78, y = meters depth, x =millions of years age), while the best-fit 

linear trendline for all submarine platform age versus depth plots is defined by the function y = 4.3 * 

x (R2 = 8.5, y = meters depth, x =millions of years age). Based on the data collected in this study, 

typical open ocean sedimentation rates are 23-88 mm per kyr with an average of 55.7 mm/ kyr 

(Table 7.1, Fig. 7.4). In contrast, isolated platform sedimentation rates are around 3-9 mm per kyr 

with an average of 4.3 mm per kyr (Tables 7.1; 7.2; Fig. 7.4). Based on these data, the average 

amount of sediment produced in the water column is around 4.3/(55.7-4.3)*100%=8.4%. Note there 

is a minor discrepancy between averaged sedimentation rates and totaled dataset trendline gradients, 

this is because not all datasets have equal data points. To include the full range of data, trendline 

gradients are used to calculate the final results. Due to data limitations integral to this analysis, the 

estimated value of 8.4% authigenic sediment represents a broad, first-order estimate.  
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Table 7.1. Drill core in open ocean areas used in this study. Sedimentation rates vary between 23.81 
and 100 mm per kyr with a mean of 61.64 mm per kyr. 

Name Leg-Site Water depth 
(m) 

Coordinates Age (ma) 
at borehole 

TD 

Sedimentation 
rate (mm/kyr) 

Bahama Ridge 172-1062 4,763 28.2464, -74.407 2.80 47.62 
Blake Ridge 172-1060 3,,481 29.9753, -73.5999 1.58 100.00 
Feni Drift 162-980 2,168 55.4851, -14.7021 1.23 71.43 
Greenland 303-1306 2,355 58.2371, -45.6421 8.92 83.33 

Southern India 116-717 4735 -0.9298, 81.3901 9.00 90.91 
Southern Ocean 113-694 4,653 -66.847, -33.4461 14.55 23.81 

Alboran Sea 161-975 2,416 38.8964, 4.5099 5.33 58.82 
Western Pacific 191-1179 5,566 41.0795, 159.9633 7.15 47.62 

Sea of Japan 127-794 2,811 40.19, 138.231 4.77 31.25 
Average     61.64 

Table 7.2. Drill core in submarine platforms used in this study. Sedimentation rates are much slower 
than in open ocean environments, varying between 2.65 mm/kyr and 10.75 mm per kyr with a mean 
of 5.14 mm/kyr. 

Name Leg-Site Depth 

(m) 

Coordinates Max age 

(ma) 

Sedimentation rate 

(mm/kyr) 

Kerguelen Plateau 120-748 1290 -58.441, 78.9981 76.0 6.02 

Broken Ridge 121-754 1066 -30.941, 93.5665 28.2 4.57 

Meteor Ridge 114-703 1796 -47.051, 7.8947 52.0 4.67 

Richardson 

Seamount 

177-1088 2081 -41.1361, 13.5628 10.7 

10.75 

Maud Seamount 113-689 2080 -64.517, 3.0999 66.4 3.55 

NinetyEast Ridge 121-757 1652 -17.0243, 88.1816 55.3 3.77 

Shatsky Rise 198-1209 2387 32.6518, 158.5059 43.6 2.65 

Average     5.14 
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Figure 7.3. Graphs showing the difference in sedimentation rates for open ocean drill sites and 
submarine platform drill sites. A: Data in blue: Sedimentation rates in the open ocean area. Data in 
red: sedimentation rates on isolated submarine platforms, which collect no detrital sediment from 
continents. Open ocean sedimentation rates are about 11 times higher. B: same data on log/log scale.  
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7.5 Discussion 

Open marine sedimentation rates appear to have two main modes, a relatively slow one with 

an average of around 17 mm/kyr and a relatively fast one near 45 mm/kyr. Based on the locations of 

the sediment core (Fig. 7.2), the relatively fast population of open marine sedimentation rates 

appears to correspond to the dispersal of contourite deposits that have been mapped and published 

(Rebesco et al. 2014 and Chapter 6 of this work). This notion supports previous work by Faugères 

and Stow (1993) which shows that deep marine sedimentation rates are significantly affected by 

ocean bottom currents, which redistribute and deposit sediments across contourites and bottom 

current deposits. Interestingly, sedimentation rates across long tracts of geological time are 

relatively consistent (note Kerguelen core which tracks back to the late Cretaceous). Apparently, 

despite major climatological and biological developments, the rates of sedimentation on deep ocean 

platforms remain relatively consistent. This may indicate that the global long-term macro estimate 

for the ratio between detrital and authigenic ocean sedimentation may apply to some extent, across 

long-term geological timescales.  
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Figure 7.4. Graphs showing histograms for sedimentation rates in submarine platforms (red) and 
open ocean conditions (blue). Note that y-axes are different for both graphs. Submarine platforms 
that do not collect gravitationally carried sediments and have sedimentation exclusively from 
production in the water column have roughly 11 times slower sedimentation rates. Open ocean 
regions collect sediments from both the water column and gravitationally driven sources. This 
suggests that on average, around 8.4% of the deep ocean sediments are produced in the water 
column. Open ocean sedimentation rates appear to be distinct for the true open ocean (light blue) 
and contourites (dark blue), suggesting that bottom currents have a major impact on deep ocean 
sedimentation rates.  
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7.6 Future work 

This research has implications on understanding the origin of deep-marine sedimentation, 

with relevance for depositional environment reconstruction and characterization of deep basinal 

sediments. Refining the ratio between authigenic and detrital sedimentation can be a priority for 

future studies that aim to develop a better understanding of deep marine sediments. This refinement 

can be done by adding more sediment cores to the dataset that is presented here, therefore 

developing a wider range of settings into the globally averaged values. This study aims to develop a 

wide range, globally averaged value, but developing case-specific values of detrital versus 

authigenic sedimentation in marine or lacustrine basins can be a further research pursuit, that would 

give important insights into the biology and sedimentology of deep sedimentary environments. 

Finally, sediment mineralogies are not a direct indication of authigenic versus detrital 

sedimentation, as both siliceous and carbonaceous sediment can be authigenic or detrital. However, 

this study can be expanded by adding a wider discussion on the mineralogical differences between 

open marine and submarine platform core, which can provide further insights into deep ocean 

sedimentation.   

7.7 Conclusions 

Based on the ratio between the submarine platform and ocean floor sediment rates, it is 

estimated that on average, around 8.4% of ocean floor sediment is authigenic material derived from 

suspension fallout in the water column, while 91.6% is detrital sediment transported from the land to 

the ocean floor. 
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CHAPTER 8 
 

WHY SMALL DUNES MOVE FASTER THAN BIG DUNES 

 

8.1 Abstract 

Larger objects have less surface area per volume than smaller objects with the same shape. 

This concept relates to the motion of sand dunes because only the sediment exposed at the surface is 

available for transportation. To examine how a dune’s size is related to its migration rate (u), this 

study uses satellite images to measure dune sizes and migration rates by comparing barchan dune 

displacements across time-stamped satellite photos. Subaerial dunefields on 10 locations on the 

Earth and one dunefield under water and one dunefield on Mars are measured. Despite large 

differences in environment, driving fluid, and sediment type, velocity to surface area trendlines are 

always parabolic, with a consistent exponent of -0.5. This relationship can be derived from the link 

between surface area and its corresponding surface-to-volume ratio (A/V), which is linearly 

proportional to dune velocities, so that u=b*A/V. Here, b is roughly consistent within a dunefield, 

but highly variable across different environments, and is proportional to the amount of fluid energy 

converted into dune motion. A/V and b are also shown to control barchan dune shapes, whereby a 

higher b limits the lengths of the dune’s stoss side. Ratios between the length of the lee face (l) and 

the stoss side (s) are thus correlated with b, enabling reasonably accurate, universal predictions of 

barchan dune velocities through the equation: u =13 *  

𝑙𝑠 −0.2𝑙+𝑠   
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8.2 Introduction  

8.2.1 Surface-to-volume ratios  

The surface-to-volume ratio (A/V) is the amount of surface area (A) compared to the 

volume (V) of an object. Consider that the size of an object can be linked to a characteristic 

length (L), this is for example the length of a cube or the radius of a sphere. As an object’s 

surface area increases quadratically to this length, the objects’ volume increases to the third 

power. Therefore, a larger object always has a lower A/V (less surface area compared to their 

volume) as compared to a smaller object with the same shape. The larger object thus has a lower 

A/V than equivalent smaller objects. For example, a cube with length 1 has a surface area of 6 * 

12 = 6 (a cube has six sides) and a volume of 13 = 1. This cube thus has an A/V of 6 / 1 = 6. A 

cube that is twice as long (L = 2), has a surface area of 6 * 22 = 24 and a volume of 23 = 8, and 

thus has an A/V of 24 / 8 = 3. The larger cube thus has only half as much surface area compared 

to its volume than its smaller counterpart (Fig. 8.1).   

This link between size and A/V exists for every object if the object’s shape remains 

constant across various sizes. For barchan dunes, L here is the dune’s length along the central 

axis, which is also the direction of migration (Finkel, 1959). A is the measured surface area of 

the dune’s footprint. Smaller barchan dunes have higher A/V than larger barchan dunes. This is 

important because, for sand dunes, the A/V is linked to the fraction of sand exposed at its 

surface, as compared to its total amount of sand. Larger dunes have a lower A/V and therefore 

have a smaller fraction of sand exposed to the wind. Since barchan dunes exist across a wide 

range of sizes, variations in dune A/V are hypothesized to be an important control on their 

migration velocity (u). This study aims to use real-world dune systems visualized from satellite 

data, to measure and derive the links between dune velocities and their size, and their 

corresponding A/V.    

https://en.wikipedia.org/wiki/Surface_area
https://en.wikipedia.org/wiki/Surface_area
https://en.wikipedia.org/wiki/Surface_area
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8.2.2 A/V ratios and sediment settling rates  

Besides the motion of dunes, A/Vs are also important for the settling velocities of 

particles in a fluid. For instance, the rate at which a sediment particle settles in a fluid depends 

partially on its relative surface area, which is proportional to its size (Stokes, 1985). Smaller 

sediment particles like clays have more surface area compared to their volume (and thus mass) 

than larger sediment grains like sands. Because of this, clay experiences more drag compared to 

gravity and settles in fluids more slowly than sand. Likewise, a faint flow can suspend small 

grains with high surface area compared to mass, while the same flow may not mobilize coarser 

material (e.g. Hjulström, 1935).     

8.2.3 Key to abbreviations 

L Barchan dune length m 

A Barchan dune surface area m2 

V Barchan dune volume m3 

A/V Surface per volume  m-1 

u Barchan dune velocity m/day 

b Scale-adjusted migration rate m2/day 

H Barchan dune height m 
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Figure 8.1. Schematic illustration demonstrating that surface-to-volume ratios (A/V) are lower for 
larger objects. Values for L, A and V are for the cube, but the concept is equally true for every 
object, including dunes. This study investigates the link between A/V and dune migration rates. 

8.3 Methods   

Stoss side surface areas and lengths of barchan dunes are measured from Landsat satellite 

images of various dunefields. Dune displacements are also measured and compared to sequential, 

time-stamped satellite images. This allows for the accurate measurement of dune sizes and their 

respective migration rates. Ten dunefields are measured resulting in ten datasets, these are:   
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1. Southern Taklamakan Desert, China (36°58'22.8’N, 82°35'38.4’E)   

2. White Sands, NM, USA (32°56'45.6’N, 106°21'21.6’E)   

3. Ancash Department, Peru (9°20'02.4’S, 78°20'56.4’W)   

4. El Aaiún, Western Sahara, Southern Morocco (27°12'36.0’N, 13°12'43.2’W)   

5. Ounianga Kébir, Central Sahara, Chad (19°19'48.0’N, 20°16'12.0’E)   

6. The Namib Desert, Namibia (26°51'36.0’S, 15°19'12.0’E) 

7. Inner Mongolia, Gobi Desert, China (40° 1'54.21’N, 103°57'53.61’E) 

8. Al Wahat Al Dakhla Desert, Egypt (24°55'33.12’N, 30°28'4.70’E) 

9. Murzuq District, Libya (24°28'56.58’N, 18°35'22.68’E) 

10.    Ain Ba Ma'bad, Yemen (14° 2'53.88’N, 47°50'5.71’E) 

 

Trendlines for migration rates versus barchan dune surface areas and velocities 

versus barchan dune lengths are plotted by calculating the line of best fit for the regression 

(Fig. 8.3). Timesteps are always several years (2-32 years) long, which is done to 

accommodate seasonal changes in wind patterns and migration velocities. 

Besides the ten dunefields discussed above, a field of submarine barchan dunes in the 

Florida Keys are measured using the same methodology (24°34'58.15’N, 82° 1'20.70’W). 

Finally, Satellite images from the HiRise sensor onboard the Mars Reconnaissance Orbiter 

are used to determine sues and migration rates of Martian barchan dunes (Silvestro et al. 

2020; Fig. 8.3).  
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Figure 8.2. Schematic depiction of the methodology used to determine the relationship between 
barchan dune surface area and migration rates, an example is from El Aaiún, S. Morocco. A. Plot 
showing measured barchan dune surface areas (x-axis) and corresponding velocities (y-axis) 
between Aug.18th, 2012 to June 17th, 2016, and June 17th, 2016, and Aug. 10th, 2019. B. Satellite 
image of dunefield, superimposed area polygon traces of several dunes across three timesteps. 
Polygons define locations and surface areas of barchan dunes, polygon displacement between 
timesteps is used to calculate dune velocities.  
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Figure 8.3. Examples of barchan dunes across the various setting are visualized on satellite imagery. 
White arrows indicate migration direction. A: Sandy barchan dunes in the Sahara Desert. B: 
Gypsum barchan dunes in White Sands, USA. C: Submarine barchan dunes. D: Barchan dunes on 
Mars. 
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8.4 Results   

8.4.1 Do barchan dunes have similar shapes?  

The resulting data encompasses a large variety of barchan dune scales: The smallest 

dunes are in Peru, where high-resolution satellite images are available and timesteps are short, so 

small migrating barchans can be resolved here. The smallest has a footprint surface area of only 

12 m2. The largest barchan dune considered is from the Namib Desert and has a footprint surface 

area of 684,682 m2 and is therefore over 50,000 times larger than the smallest. Even larger 

barchan dunes exist for instance in Saudi Arabia, with a footprint surface are of 8,455,854 m2 but 

these proved to migrate too slowly to measure correctly, having minute displacements across 

timesteps. The average dune surface areas measured in this study are around 19,000 m2.  

Despite the large differences in scale, dune lengths always have roughly the same 

proportionality with their surface area, even across various locations (Fig. 8.3D).  According to 

the combined datasets, the relationship between dune length (L) and surface area (A) describes 

the following parabola: A = 1.20 * L2 (R2 = 0.95, n = 273). The high correlation coefficient 

indicates that barchan dune geometries are generally consistent across a wide range of scales 

(Fig. 8.4). This supports previous work by Finkel (1959). Also, dune slopes and heights are a 

function of a generally consistent angle of repose, which defines the gradient of the lee face (Pye 

and Tsoar, 2008; Rodríguez‐López et al., 2014). Based on these findings, it can be assumed that 

barchan dune dimensions are consistent enough to estimate scale-independent geometric 

relationships between dune surface areas, lengths and heights, and volumes, allowing us to 

derive important dimensions from measurements of satellite images. Using these known 

relationships SA can be measured and the V can be estimated. For example, by modelling a 

relationship between a barchan dune’s surface area and its corresponding volume, A/Vs can be 

estimated from the satellite images compiled in this study.   
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Figure 8.4. Log/log plot showing relationships between dune lengths and surface area. Barchan dune 
shapes are roughly consistent even across vast differences in scale. The colors are the same as in 
figure 2. Only datasets 1-6 are graphed here to avoid clutter.   

To determine dune A/Vs, a 3D model of a barchan dune is built using satellite images of 

dunes, and a set of assumptions related to the sedimentology of the dune. For example, the 

forward-facing lee face of the dune is assumed to sit at a constant angle from the ground, which 

is 34°, which is the angle of the repose of sandy sediment. Due to the relatively consistent sorting 

and grain size of these dunes, these angles are assumed the same for all dunes (Pye and Tsoar, 

2008). By assuming this constant angle, the height of the dune can be approximated from its map 

view image, and thus, the three-dimensional shape of the dune can be resolved. Geometric 

relationships for L, A, V, and A/V for barchan dunes are calculated and shown in Table 8.1.   
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Table 8.1. Relationships between geometric parameters of barchan dunes. L = Barchan dune length. 
A = Barchan dune surface area. V = Barchan dune volume. A/V = Barchan dune surface-to-volume 
ratio. The relationships between L and A have been measured, but other relationships have been 
derived from a realistic three-dimensional model of a barchan dune.   

 

 

8.4.1 Dune migration rate/size trendlines  

8.4.1.1 Subaerial dunefields  

Barchan dunes show little oblique (sideways) motion compared to their forward 

displacement of barchan dunes, typically only 0 to 20% of the distance of the displacement, so 

migration is dominated by the prevailing wind direction (Lancaster, 1988). Oblique motion 

changes through time and increases in smaller dunes. Data also shows that velocities from 

different timesteps, within the same location, are roughly similar; on the timescales considered 

here, these are only 14% to 23% different between multi-year timesteps.  

The data further shows that smaller barchan dunes migrate faster than larger dunes within 

the same dunefield, which is the case for all measured locations (Fig. 8.3A). Trendlines of data 

surface area versus migration rate all describe a parabolic function with a high correlation 

coefficient (R2 = 0.75-0.95). Correlation coefficients appear to be highest in areas where the 

dunes have plenty of distance from each other, which prohibits disturbances of wind patterns that 

can affect adjacent dunes, and collisions, and other interaction between dunes. The exponents of 

  L   A   V   A/V   

L     A = 0.70 * L 2   V = 0.03 * L 3   A/V = 20.41 * L - 1   

  

A   L = 1.20 * A 1 / 2     V = 0.06 * A 3 / 2   A/V = 17.01 * A - / 2 1   

  

V   L = 3.10 * V / 3 1   

  

A = 6.61 * V 2 / 3     A/V = 6.61 * V  - / 3 1   

  

A/V   L = 20.41 * A/V - 1   A = 289.34 * A/V - 2   

  

V = 289.34 * A/V - 3   
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the parabolic trendlines that describe the relationships between migration rate and surface area 

have an average value across all datasets of -0.44, with a small standard deviation (σ) of 0.03 

(Fig. 8.5A). When comparing migration rate to length, the average exponent is -0.86, σ = 0.07 

(Fig. 8.5B). The relationship between A/V and u can be investigated by calculating A/V ratios 

for each dune using the modelled equations in Table 8.1. This shows that correlations between 

A/V and u are linear for every dunefield (Fig. 8.6). Since A/Vs are related to the amount of 

exposed surface area, this parameter can therefore be directly linked to migration velocities, 

therefore, surface-to-volume ratios are herein demonstrated to be, linearly proportional to 

migration velocities or: A/V ∝ u. The symbol (∝) means; ‘is proportional too’. The relationship 

between dune A/V and u has a high correlation coefficient (R2 = 0.83), showing with high 

statistical significance (P = 2.7*10-41) that A/V and u are linearly correlated.  

The universal linear correlation between A/V and u can explain the consistent exponents 

observed in the A to u and L to u trendlines. The unit for A/V is m-1, since A is in m2 and thus 

proportional to the length (m) squared, and volume is in m3 is proportional to the length cubed, 

therefore, A/V ∝ L2/L3 so, A/V ∝ L-1 (Note that dividing exponents results in subtracting their 

value). Since A/V ∝ u and L-1 ∝ A/V, it can be inferred that L-1 ∝ u, which closely describes the 

inferred exponents of the L versus u trendlines (Fig. 8.5B). Similarly, when comparing A with u, 

it is found that  A/V ∝ 1/√A so A-0.5 ∝ u. The measured trendline exponents are therefore similar 

yet are slightly lower than the expected exponents of natural geometric relationships between A 

and A/V; -0.42 compared to -0.50 and for L and A/V it is -0.83 compared to -1. The reason for 

this discrepancy is an oversampling of average-sized dunes within the dunefields. Since dunes 

within a dunefield are selected randomly for measurement, there is a disproportional number of 

average-sized dunes as compared to endmember large or small dunes. This leads to an 

oversampling of average dune sizes in the datasets, resulting in a slight ‘tightening’ of the 

parabola near the inflection point, and a small reduction in the trendline exponent. When 

considering roughly equally variable dunes in terms of size, the measured trendline exponent 

more closely resembles -0.50 for A and -1 for L. Aside from the exponent, parabolic trendlines 

are further defined by a base number (b) according to the equations u=bA*A-0.5 or u=bL*L-1. 
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Although exponents are universal, the base number (b) is unique for every dunefield and 

encompass environmental parameter that governs dune migration rates like windspeeds.  

 

Figure 8.5. A. Six plots showing subaerial barchan dune migration velocities versus surface areas, 
trendline formulas and correlation coefficients are in the gray box. Note that every dataset traces a 
parabolic function with a roughly similar trend and exponent. B. Same as for A but with barchan 
dune lengths plotted against migration velocities instead of surface areas. Only datasets 1-6 are 
graphed here to avoid clutter.  
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8.4.2 Scale-adjusted migration rates and swept surface areas  

Dunefield velocities can be normalized for size differences by calculating so-called scale-

adjusted migration rates (b). This can be done by dividing the migration rate of each dune with 

its respective A/V so that:   

b = u/(A/V)   (8.1) 

Scale-adjusted migration rates are relatively consistent and normally distributed within 

every dunefield (Figs 8.3, 8.5), but vary widely from dunefield to dunefield, and can thus predict 

the migration rates of all dunes in a dunefield. Rearranging the previous equation, it follows that:  

      u=b*A/V          (8.2) 

 

Figure 8.6. A: Measured barchan dune surface areas plotted against corresponding calculated dune 
surface to volume (A/V) ratios. Note there is a strong linear correlation, showing that the A/V ratio 
is the key control on dune velocities within a dunefield. Data are strongly bimodal and split between 
‘dry’ and ‘wet’ datasets, showing ‘dry’ systems have barchan dunes migrating about five times as 
fast as ‘wet’ systems. B: Normally distributed, scale-adjusted migration rates for six dune systems 
considered in this study. Velocities can be normalized by dividing dune A/V ratios with respective 
velocities, to find the ‘scale-adjusted migration rate (b) which has the unit m2/day. Note bimodal 
distribution whereby scale-adjusted migration rates are remarkably similar, but around five times 
higher for dry systems than for wet systems. Only datasets 1-6 are graphed here to avoid clutter.     
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The unit for b is (m/day)/(m2/m3) = m2/day. Intuitively, this value can be considered as 

the surface area covered by the moving dune per day, or ‘swept’ surface area per day (bs). Like 

the scale-adjusted migration rate, ‘swept surface areas’ are thus similar for dunes of any size 

within a dunefield (Andreotti et al., 2002); and indeed, both b and bs are equivalent when 

measured from satellite data (Fig. 8.7).  

 

Figure 8.7. Swept surface areas (black areas, black line in graph) are roughly constant across the 
dunefield and are thus irrespective of dune size. Similarly, scale-adjusted migration rates (red line in 
graph) are roughly constant across the dunefield. Both these values are linearly proportional to each 
other and the parabola base number (see next figure). Satellite photo is from 7/4/2019. Polygons are 
swept surfaces from 1/5/2017 to 7/4/2019. ‘Dune index’ simply refers to the order in which the 
dunes are measured, and is thus arbitrary with regards to the measurement values. 

   Scale-adjusted migration rates (b) and swept surface areas per day (bs) are linearly 

proportional to each other. These values are also linearly proportional to the trendline curve base 

numbers (bA and bL, Fig. 8.8). According to the data collected in this study, the relationships 

between these parameters are defined by the equations: b=13 * bu, b=0.5 * bs, and bu=28 * bs.  

Parabolic trendline curves are defined by two numbers: an exponent (which was shown to be 

roughly consistent across all datasets (-1 for L and -0.5 for A), and a base number, which defines 

the roundness of the parabolic trendline curve. Lower base number trendline curves are steeper 
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near the origin and higher base number parabolas reflect a rounder parabolic trendline curve (Fig. 

8.8). Graphically, the base number is linked to the height of the inflection point of the parabolic 

trendline curve (Fig. 8.8). Like scale-adjusted migration rates, base numbers for migration rate 

trends are thus roughly similar for every dune within a dunefield, but vary from dunefield to 

dunefield, depending on various environmental factors. This number does not directly reflect de 

migration rate of dunes in a dunefield but determines the migration rate of a dune of a certain 

size. For example, barchans in Peru are on average small and thus have a high average migration 

rate (0.089 m/day) but have a relatively low value for b (0.120 m2/day). Chad has a high b (0.547 

m2/day), but relatively slow-moving, large dunes (on average 0.039 m/day, Table 8.3). According 

to these data, trendline curve base numbers range from 0.02 on Mars, 0.09 for White Sands, to 9.3 

for Namib. This means that dunes in the Namib desert travel at u=9.3*A-0.5. When considering 

length, the base number is half the value (bA=0.5bL), thus for the Namib: u=4.6*L-1 or, u=4.6/L.  

In lower scale-adjusted migration rate systems like White Sands, the relationships are u=0.09*A-

0.5 and u = 0.070/L, meaning that the migration rate of the barchan dunes in White Sands is 0.070 

meters per day, divided by every meter length of the dune. A dune 25 m long therefore has a 

migration rate of roughly 0.04 m per day.  

In terms of depositional processes, base numbers (and therefore also scale-adjusted 

migration rates) encompass many factors like the average wind speed and direction, and the grain 

size, density, and moisture content of the sediment. Since impact entrainment has been a major 

factor in the mobilization of sediment (e.g. Pähtz, 2020), the sediment flux across a dunefield is 

also an important factor that influences the value for b within a dunefield. This single parameter, 

therefore, contains all environmental information necessary to infer the migration velocities for 

all dunes in a dunefield. A roughly comparable analysis by Liu et al., (2005), demonstrates to a 

parameter roughly equivalent to b is also proportional to the ‘work’ and kinetic energy 

performed by the fluid on the dune. This study agrees with this, and it can be demonstrated there 

is a proportionality between the kinetic energy (E) of the dunes and the scale-adjusted migration 

rate. According to the data obtained in this study this relationship is defined by the equation:  

 

         b =132* 3√E    (8.3) 
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This equation assumes a constant density for dune sediment of 1,600 kg/m3.  

Table 8.2. Various expression for b, the scale-adjusted migration rate. This number is linearly 
proportional to parabola base numbers (Fig. 8.6) and swept surface areas (Fig. 8.7). It is also 
proportional to the kinetic energy of the dunes in a dunefield. b is generally the same for all dunes 
within a dunefield but is widely variable across different dunefields. It encompasses many 
environmental factors like windspeed, direction sediment flux sediment density etc. The unit for b is 
m2/day. 

Name Symbol Unit Link Notes 

Scale-adjusted migration rate b m2/day b=b u/A/V 

A to u trendline parabola 

base nr. 

bA m2/day bA=13*b  

L to u trendline parabola 

base nr. 

bl m2/day bl=6.5*b 0.5*bA 

Swept surface area per day bs m2/day bs=28*b  

Kinetic energy E Kg/m3/d

ay 
b = 132 3√𝐸 Assumes 

constant 

sediment 

density 
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2 Figure 8.8. Graphic representation showing the significance of parabolic trendline curve base 
numbers in dune migration. Base numbers (b) are linearly proportional to scale-adjusted migration 
rates and swept surface areas per day. The unit for base number is m2/day. b defines the height of 
the inflection point of the u vs A trendline parabola and also reflects the system’s efficiency in 
moving sediment, a higher b means that more sediment is moved per unit of time. it is linearly 
proportional to the scale-adjusted migration rate and the swept surface area per day (Fig. 8.7). 

8.4.2.1 Wet and dry systems  

Kocurek and Havholm (1993) recognized two principal types of aeolian systems based on 

environmental and preservational characteristics. Specifically, ‘dry’ aeolian systems, in which 

the water table is sufficiently far below the dunes movement surface it has little to no effect on 

dune migration, transport, and deposition. And ‘wet’ systems, which have a water table at or near 

the depositional surface, so moisture plays a role in the style and pattern of sediment 

accumulation. Dunefields considered in this study are in ‘dry’ systems (Morocco, Chad, Namib, 
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Yemen, Egypt, and Lybia), and ‘wet’ systems (White Sands, Peru, Taklamakan, and the Gobi).  

Based on the data presented here, A/V and u plots are strongly bimodal and split between ‘wet’ 

and ‘dry’ systems, these data form two distinct populations with roughly similar values for b 

(Fig. 8.6).  The differences in b between these two populations likely reflect the effects of water-

bearing sediments near the base of the dunes in ‘wet’ systems, which is affecting sediment 

mobilization and affecting rates of migration. This observation indicates that b cannot be directly 

linked to wind energy, which differs from findings published in (Liu et al, 2005). Within the 

populations of ‘wet’ and ‘dry’ systems, A/V to u plots are remarkably similar (Fig. 8.6). For 

instance, the A/V to u trend of the White Sands dunefield is very similar to the A/V to u trend of 

the Taklamakan Desert.  These similarities in the system’s ability to move sediments occur 

despite there being large differences in local climate, sediment type and elevation, and wind 

patterns between these systems. To some extent, this finding may contrast with, findings in 

existing work that links a wide range of environmental factors to changes in dune migration rate 

(e.g. Lancaster, 1988; more). b can most accurately be described as: ‘the amount of fluid (or 

wind) energy that is converted into dune kinetic energy’ (E). Based on the bimodal distinction 

between wet and dry systems, this conversion of wind energy to dune movement appears to be 

largely controlled by the presence or absence of water, and to a lesser extent by other 

environmental factors for example windspeed or grain size. 

8.4.2.2 Submarine and Martian dunes  

Shallow water submarine barchan dunes found offshore of the Florida Keys, Florida 

U.S.A. are analyzed in the same way as the subaerial dunes (Fig. 8.3C). Based on the shallow 

water depth (5 – 8 m according to Landsat data), these dunes are likely propelled by tidal 

currents. Analyses show these submarine dunes move at speeds between 0.03 and 0.16 m per 

day. The A to u trendline for this dataset has a base number of b = 2.9 and an exponent of -0.5. 

Barchan dunes on the Isidis Planitia on Mars were also measured using data from Silvestro et al. 

(2020), (Fig. 8.3D). These Martian dunes have movement speeds of 0.001 and 0.003 m per Earth 

Day and are thus relatively slow-moving. The A to u trendline curve for this dataset has a base 
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number of b = 1.3 and an exponent of -0.6. The small difference between the measured exponent 

and the expected exponent of -0.5 is likely because these dunes here are relatively similar in size, 

making it difficult to constrain the exponent accurately from the available data.  Show a plot of 

these two datasets so the reader can see for themselves the similarity. 

Table 8.3. Average values of scale-adjusted migration rate, surface area, and migration rates for all 
datasets.  Lee and stoss values could not be measured accurately for the submarine barchans, so 
these values are omitted for this dataset. See text for the key to abbreviations. 

Location System type b lee/stoss L A u 

Unit  m2/day - m m2 m/day 

Isidis Planitia Mars 0.023 0.11 138 23,898 0.023 

White Sands Wet, hot, inland, gypsum 0.083 0.11 64 3,020 0.019 

Taklamakan Wet, cold, inland 0.094 0.09 63 6,171 0.024 

Peru Wet, temperate, coastal 0.120 0.14 25 992 0.089 

Gobi Wet, cold, inland 0.237 0.17 135 46,714 0.032 

Egypt Dry, hot, inland 0.249 0.16 110 24,357 0.065 

Florida Submarine, tidal 0.252 ? 69 3,351 0.077 

Yemen Dry, hot, coastal 0.286 0.18 81 20,890 0.057 

Morocco Dry, hot, coastal 0.527 0.20 63 6,812 0.116 

Libya Dry, hot, inland 0.415 0.19 118 29,514 0.065 

Chad Dry, hot, inland 0.547 0.20 211 61,157 0.039 

Namib Dry, hot, coastal 0.757 0.26 133 94,202 0.072 
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8.5 Discussion  

8.5.1 1/height and migration rate  

Previous work on the link between dune migration rates and dune geometric dimensions 

has recognized that migration rates are linearly proportional to the reciprocal (multiplicative 

inverse or ‘one-divided-by’) of the height of dune (e.g. Bagnold, 1941; Liu et al, 2005). In this 

study, it is argued that this relationship is true because 1/H has the same unit as surface-to-

volume; 1/H has the unit m-1 and A/V has the unit m-1. Indeed, the reciprocal of any one-

dimensional geometric parameter of the dune has this unit and is thus linearly proportional to the 

surface-to-volume ratio of the dune and therefore also to the migration rate of that dune. One can 

therefore similarly use 1/H as 1/L, 1/√𝐴, or even the reciprocal of the circumference of the dune, 

to approximate the dune’s migration rate according to the equation u=bX/X. Here, X is any one-

dimensional parameter related to that dune, and bX is the corresponding value of scale-adjusted 

migration rate across the measured dunefield.    

8.5.2 How dune shape reflects scale-adjusted migration rate  

Barchan dune shapes are in part defined by the wind velocity profile across that dune 

(e.g. Andreotti et al., 2002). Besides this, the variations of AV across the volume of the dune 

affect how rapidly the dune’s sediment is moving in different portions of the barchans. A/V 

ratios are therefore a continuous parameter, similar to, for example, temperature; it exists for an 

object as a whole, but different parts of the object can have different A/V ratios. Considering an 

initial mound of sediment from which a dune forms (e.g. a protodune sensu Qian et al., 2021). 

The A/V ratio is lowest near its center and increases towards its fringes. Similarly, it is lowest at 

the base of the mound and increases towards the top of the mound. Whether the mound is 

assumed to be conical, dome-shaped, or any other logical natural protodune shape, the increase 

in A/V ratio from the center towards the fringes will describe a parabola, with the lowest A/V in 

the center, which progressively increases towards the fringes. In the vertical direction, the change 

in the A/V ratio from the base to the top is also parabolic. Since A/V ratios are linearly 
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proportional to the migration rate of the sediment body, as the sediment moves, the sediment at 

the fringes will outpace the sediment in the center across a parabolically shaped trend, forming 

the characteristic ‘horned’ barchan dune shape (Fig. 8.9). Similarly, when considering a barchan 

dune height profile, the development of the A/V from bottom to top will describe a parabola, 

which, when sediment moves, will cause an increase in sediment motion at the top of the dune 

when compared to the base of the dune (Fig. 8.9). The increase in sediment motion progresses 

towards the dune’s fringes and the dune’s top until the sediment motion reaches a ‘critical 

velocity’. The critical velocity defines the speed at which the sediment can no longer be 

contained within the dune volume and is thus removed from the dune and becomes entrained in 

the fluid. The portions of the dune that have this critical velocity are at the tips of the horns, and 

the highest point of the dune, and across the boundary between the stoss side and lee face. Across 

this line, moving barchan dunes continuously loose sediment. This loss of sediment is especially 

great near the tips of the dune’s horns, which are the areas with the highest A/V and the most 

exposure to the wind. Migrating barchan dunes therefore consistently lose sediments from this 

region, which can sometimes be observed directly on satellite images (Fig. 8.3A). Generally, the 

consistent loss of sediment is replenished by other sediment entrained in the fluid and added to 

the dune volume on the dune’s backward-facing stoss side. The shape of the dune is therefore a 

reflection of the velocity profile across its volume, so barchan dunes reflect spatial variations in 

their A/V ratio and corresponding u (Fig. 8.9).  
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Figure 8.9. Variations in A/V across the volume of the dune cause the fringes to outpace the center, 

which leads to the characteristic horned barchan shape.  

8.5.3 Determining scale-adjusted migration rate from the shape of the dune 

Barchan dunes have their lowest A/V at their base, and A/V increases towards the top of 

the dune until the critical velocity for sediment migration is reached. This point of critical 

velocity defines the top of the dune; the location where sediment can no longer be contained in 

the dune and is transported away or moved downslope of the lee face due to gravity. In 

dunefields with a high scale-adjusted migration rate, the velocity profile of the dune is steep, 

therefore, critical velocities are reached over a shorter horizontal distance (Fig. 8.10). This 

horizontal distance (herein termed s) is the distance between the back edge of the dune and the 



246  

  

   

point where critical velocity is reached at the highest point of the dune, a distance equal to the 

length of the dune’s stoss side. Since the velocity profile of the dune defines the dune’s shape, 

higher scale-adjusted migration rates result in a proportionally shorter stoss side, as compared to 

the total length of the dune (Fig. 8.10). In contrast, the length of the lee face (herein termed l) is 

sheltered from the wind and is proportional to the height of the dune, and the angle of repose and 

is not affected by local sediment transport dynamics or current strengths (Finkel, 1959). 

Therefore, a dune’s unique ratio between its stoss side length (s) and lee face length (l), reflects 

its vertical velocity profile and therefore its scale-adjusted migration rate (b). As mentioned 

before, this value determines the fluid energy converted to dune movement and can infer the 

migration velocities of all dunes within the same dunefield. By measuring ratios of lee length and 

stoss length (l/s), fluid energy and the local value for b can be estimated (Fig. 8.11). According to 

the data collected in this study, this estimation is best described by the equation: 

b = 3 * l/s -0.2   (8.4) 
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Figure 8.10. Schematic representation of the link between scale-adjusted migration rate (b) and the 

ratio of the length of the lee face and the length of the stoss side.  
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Figure 8.11. Correlation between the parameter lee/stoss (l/s) and the scale-adjusted migration rate 

(b). A: Satellite photographic samples of a barchan dune from various datasets, arranged from low b 

datasets (left) to high b datasets (right). B: blue, all values for b sorted from low b to high b. black 

line shows corresponding l/s values. Discrete lines represent dataset averages. C: Background, 

density scatter plot for all values of lee/stoss versus b. Blue dots represent average values for 

datasets. 
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The size of the dune; as defined by its 1/length or 1/any other one-dimensional 

parameters, is linearly proportional to the A/V ratio and therefore also linearly proportional to the 

migration rate of that dune, given a certain value for b. By combing the previous inferred 

relationship between l/s and b, and the link between L, A/V, and u, a universal equation to 

estimate dune migration rates are formulated. The migration rate of any barchan dune given a 

value for b is defined by: (equation 8.5). 

  u = bL/L          (8.5) 

The total length of the dune is equal to the length of the stoss side and the lee face so: l+s 

= L, Therefore, (equation 8.6). 

   (8.6) 

This value has to be multiplied with an additional constant to balance the units, which has 

the unit m2/day. This constant can be parametrized to best fit the measured velocities. According 

to this technique, this constant has a value of approximately 13 ± 0.5 m2/day. Therefore, an 

equation that approximates the migration rate of all barchan dunes is (Fig. 8.12): (equation 8.7). 

  (8.7) 

Any one-dimensional parameter can be input in the denominator to correct for variable 

dune sizes, but since the ratio of l/s is itself a factor in the numerator, L in the denominator has 

higher accuracy in predicting u than only l or s.    

 

 



250  

  

   

 

 

 

 

Figure 8.12. Accuracy of the universal migration rate prediction equation: u =13 *  
ls −0.2l+s .  A. Scatter 

plot containing all datasets showing high accuracy in the prediction (legend is to the right of the 

graph). B. Histogram showing measured migration velocities (red) and predicted velocities (blue), 

the bin size is 0.028 m/day. C. Graph showing the accuracy of the predicted migration velocities 

(blue) versus measured velocities. All predicted velocities are calculated from the same equation, 

showing this equation can universally predict the migration velocities of all barchan dunes with 

reasonable accuracy. The Florida subaqueous dunes were omitted because l and s could not be 

measured accurately for this dataset.   
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Predicted velocities derived from satellite data are based on a single moment, while 

measured velocities are derived from relatively long periods (2-32 years; Fig. 1). This temporal 

difference can cause a mismatch in the migration rate prediction, especially for datasets with 

smaller dunes like Peru. Smaller dunes adapt to transient changes in the wind speed and 

environment more rapidly than larger dunes, making the velocities of smaller dunes much more 

difficult to predict from a single satellite image. Conversely, the most accurate predictions are for 

datasets with large dunes like Morocco or Namib (Fig. 8.12). Another factor that complicates 

migration rate predictions is related to the age of the dune since its formation, which impacts its 

morphological development from an initial moving mound of sediment or, ‘protodune’, which 

has no or a small lee face (Qian et al., 2021). After a certain migration distance, the lee face 

develops toward an equilibrium geometry, which is most appropriate for estimating the link 

between l/s and b. To circumvent this problem, average l/s values for a dunefield can be 

measured before being linked to scale-adjusted migration rates (Fig. 8.11). The least accurate 

prediction for migration rates appears to be derived for the Martian dunes. This lack of accuracy 

may be related to higher measuring inaccuracy caused by data scale and resolution limitations. 

Alternatively, the mismatch between measured and predicted velocities on Mars may be due to 

the different gravities between Mars and Earth, which can be reflected in a different lee face 

length and thus a different relationship between l/s and b as compared to Earth dunes.  

A dune’s size can remain very similar throughout a dunefield, where sand loss is roughly 

equal to the sand gain. In Southwestern Morocco, this equilibrium is generally maintained across 

a roughly 300 km long barchan dunefield. Whereas other dunefields like White Sands, have net 

accumulating dune sizes and morphologies or net diffusing dune sizes and morphologies, that 

depend on the distance from the sediment source (see chapter 9 of this work). Other types of 

sedimentary environments, like a submarine or fluvial system, also have bedforms with 

characteristic A/V ratios. Notably, deep marine sedimentary environments affected by bottom 

currents can bear much resemblance to aeolian morphologies and are likely affected by some of 

the same relationships described here (see chapter 5). Surface-to-volume ratios may thus be an 

important parameter to explain the formation and motion of many types of bedforms.   
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8.6 Conclusions  

1. Barchan dune velocities measured from the satellite images are linearly proportional to their 

surface-to-volume ratio (A/V).  

2. A/V and migration rate (u) have the same proportionality to (∝) dune size. These are for 

barchan dune length: L ∝ (A/V)-1 and for surface area: A ∝ (A/V)-0.50 Correspondingly, 

smaller barchan dunes with lower A/V have proportionally more surface area compared to 

their volume and migrate exponentially faster than larger barchan dunes according to the 

equations: L ∝ u-1 and A ∝ u-0.50.  

3. Velocities further depend on a wide range of environmental factors such as wind speed and 

grain size. All relevant environmental factors combined are encompassed by scale-adjusted 

migration rates (b) so that 𝑢 = 𝑏 ∗ 𝐴/𝑉. b has the unit m2/day. 

4. Scale-adjusted migration rates are remarkably similar within dunefields and sometimes even 

across different dunefields, but around five times higher for ‘dry’ systems than for ‘wet’ 

systems (sensu Kocurek et al., 1988). The amount of moisture in the dune’s sediment thus 

appears to be the most important environmental control on dune migration rates according to 

this study.   

5. Scale-adjusted migration rates (b) are linearly proportional to swept surface areas per day 

(bs), A to u trendline parabola base numbers (bA), and the cube root of the kinetic energy of 

the dune (E) according to the equations: bA=13b, bA=0.5b, bu=28bs and b = 132 * 3√E. 

6. A/Vs can be mapped across dune volumes to show that barchan dune geometries are also 

linked to A/V. The geometric parameter l/s (length of lee face (l) divided by the length of the 

stoss side (s)), is shown the be proportional to the scale-adjusted migration rate (b). This 

relationship can calculate the value for b across a dunefield from measurements of l/s 

according to the equation b= 3 * l/s -0.2.  

7. Based on these relationships, a universal formula to predict the migration velocities of all  

barchan dunes can be derived. The formula is defined by the equation: u =13 *  
ls −0.2l+s   It is 
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shown to be reasonably accurate in predicting migration velocities from the sizes and 

geometries of a barchan dune, regardless of where the dune is located.  
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CHAPTER 9 
 

WHY SMALL DUNES MOVE FASTER THAN BIG DUNES; 
DUNE MORPHOLOGY SEQUENCES  

AND TOPOGRAPHY 

 

9.1 Abstract 

Surface areas and migration rates of shifting sand dunes in White Sands National Park are 

mapped on satellite imagery. This shows that smaller dunes migrate exponentially faster than larger 

dunes, whereby each one of five dune morphologies has a distinct link between size and their 

corresponding migration rate. Dome protodunes are the fastest (2.20 – 5.92 cm per day), followed 

by barchan dunes (1.22 cm to 4.44 cm per day), while amalgamated morphologies: Transverse 

dunes, and amalgamated barchanoids, are roughly 70% slower (0.44 cm to 1.97 cm per day) despite 

having similar dune size to barchans. Parabolic dunes usually form furthest from the sediment 

source and are the slowest morphology (0.01 cm to 0.39 cm per day). These have an opposite 

surface area to migration rate trend compared to the other morphologies, whereby smaller parabolic 

dunes travel exponentially slower than larger parabolic dunes. Satellite mapping also shows that 

local topography on the dunefield can be linked to distributing dune morphologies. Morphologies 

transform in a predictable sequence, whereby barchan dunes traveling upslope increase in size and 

then amalgamate transverse ridges and amalgamated barchanoids. Opposing, downslope topography 

brings about a reversed morphological sequence in which amalgamated dunes disperse back into 

more exposed barchans. These morphological sequences are shown to develop from the relationship 

between wind energy converted to dune movement (b), dune migration rate (u), and surface-to-

volume ratio (A/V) which is described by the equation u=b*A/V. 
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9.2 Introduction 

In the first part of this two-part study of how dunes move and evolve (Chapter 8, this work), 

it is shown that dune surface-to-volume (A/V) has a strong, linear correlation with migration rate 

(u).  This relationship reflects A/V representing the dune’s relative amount of surface area (A) that is 

exposed, as compared to sand not exposed and cannot be moved through the wind.  A/V ratios can 

be directly linked to dune size, having an exponential relationship with A, and with dune length (L). 

Barchan dune A to u trendlines is a parabolic function with a negative exponent that approximates -

0.5. This exponent is universal across dunefields due to the consistent link between A and A/V.  

Another key parameter is the parameter: ‘scale-adjusted migration rate’ (b), which is unique and 

roughly similar across a dunefield. The parameter b is proportional to the amount of wind energy 

converted into dune movement according to the following equation, where E is the kinetic energy of 

the dune:  

b=132 * 3√E    (9.1) 

The equation that controls dune migration is therefore:  

u=b*A/V    (9.2) 

Where A/V is the surface-to-volume ratio, b is the scale-adjusted migration rate, related to 

the amount of wind energy in the system converted into dune motion (which is roughly the same 

across a dunefield) and u is dune migration rate. 

In this second part of the study, the relationship between A, A/V, and u are examined in 

various dune morphologies within a single case-study dunefield in White Sands National Park, New 

Mexico, United States of America (herein called White Sands). This study aims to examine: 1) How 

does dune morphology affect migration rate? 2) How do A/V and u affect the development of 

bedform morphologies in aeolian systems? 3) What controls spatial variations in dune morphologies 

across one dunefield? 

White Sands is a ‘wet’ aeolian system, meaning that the dunes are developing in relative 

proximity to the subterranean water table (Kocurek et al., 1988; Jerolmack et al., 2012). The dunes 
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here are comprised of sand-sized gypsum sediments, which are eroded from Permian evaporite 

outcrops and redeposited into periodically desiccated lakebeds on the western and southwestern 

edges of the dunefield (Kocurek et al., 2007). Prevailing winds first amalgamate this sediment into 

sand dunes, then force these dunes to migrate towards the east-northeast, across a roughly 600 km2 

rectangular dunefield. The gypsum dunes migrate for ~20 km until they come to a stop on the 

western foothills of the adjacent Sacramento Mountains. Throughout their migration, dunes 

transition through five distinct morphologies. The initial primary morphology; dome-shaped 

protodunes (Qian et al., 2021), rapidly develop into barchan dunes (BD), which then amalgamate 

into transverse barchanoid ridges (TBDs). These ridges then further amalgamate into barchanoid 

dunes (ABDs), sometimes called ‘box dunes’.  ABDs are the only one which has no interdune area, 

as the entire surface area is covered with shifting sediments. Finally, the sediments, stabilized by 

vegetation in the distal portions of the dunefield, will develop into parabolic dunes (PDs; Reithz et 

al., 2010; Pye, 2008). This final, fifth morphology migrates opposite to barchan dunes; with their 

‘horns’ oriented backward.  

 

Key to abbreviations: 

BDs Barchan Dunes  

TBRs Transverse Barchanoid Ridges  

ABDs Amalgamated Barchanoid Dunes  

PDs Parabolic Dunes  

v Migration rate  

A Surface area   

V Volume  

A/V Surface per volume (Surface/Volume ratio)  



258  

  

   

9.3 Methods 

Surface areas of dunes within the White Sands dunefield are measured, and the displacement 

of dunes is examined across various timesteps to calculate migration rates, using methodologies 

documented in chapter 8 (this work). Dune surface areas are then plotted against corresponding 

migration rates. All dune morphologies are considered, comparing migration rates of dune elements 

in both isolated (BC, PD) and amalgamated (TBRs and ABDs) states. Therefore, when measuring 

TBRs and ABDs, individual barchan elements within these morphologies are identified and their 

surface areas are measured. In addition, a high-resolution digital elevation model was used to 

identify local variations in elevation and slope (Rodríguez‐López et al., 2014), and the dispersal of 

various dune morphologies are examined relative to topographic variations.  

Three chronologically separate Landsat satellite images were used to calculate migration 

rates. These were taken on March 1st 2003, February 1st 2007 and May 10th 2013. Migration rates 

are therefore averaged values across 1,460 days (4 years) and 2,320 days (6 years and 4 months) 

timesteps.  

9.4 Results 

9.4.1 Migration rates of different morphologies 

Dome-shaped protodunes (herein referred to as dome dunes), a form of proto-barchan dune 

(Qian et al., 2021), have the smallest surface areas (on average 1,135 m2) and are unstable, often 

disappearing suddenly, making it difficult to make accurate measurements of their migration rates. 

Where their migration rates could be measured, dome dunes appear to be the fastest moving 

morphology, reaching migration rates of 22-59 cm per day. This rapid migration rate is likely due to 

their small size and large active (stoss side) surface area, which covers the entire top side of the dune 

(Qian et al., 2021). Due to the limited number of dome dunes that could be measured accurately, an 

A to u trendline could not be established with confidence. Fully-developed barchan dunes have a 

partially inactive surface area at their lee face, and are more stable than dome dunes, migrating 

between 1-44 cm per day. For barchan dunes, A to u trendlines describe a parabolic function, where 

surface areas are inversely proportional to corresponding migration rates. The parabolic function has 
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a negative exponent that approximates -0.5, owing to the relationship between A and A/V (see 

chapter 8).  

Further away from the dunefield sediment source, TBRs form due to the gradual side-by-side 

amalgamation of individual barchans. Transverse barchan dunes within these systems are slower 

migrating than isolated barchan dunes, traveling between 0.7-2.0 cm per day. Migrating TBRs 

usually further amalgamate into ABDs, whose dune elements travel more slowly still, at around 0.4-

1.4 cm per day. Morphological differences between the two amalgamated dune types (TBRs and 

AMDs) are sometimes subtle and usually gradual, so to make consistent measurements, data points 

for these morphologies are lumped together to form one A to u trendline. Similar to isolated barchan 

dunes, A to u plots of dunes from TBRs and ABDs dataset describe a parabolic function with an 

exponent of -0.34. The correlation coefficients for these morphologies are much lower than those 

from isolated barchan dunes, likely because local wind patterns and sediment movements are 

distorted by the proximity of dunes in amalgamated morphologies (Fig. 9.1). It is hypothesized that 

without these distortions, the trendline exponent would also be -0.50 since the physics of dune 

motion are unlikely to be different between morphologies.  

The A to u trendline for TBRs and ABDs (Fig. 9.1; blue trend line) sits almost entirely 

below the A to u trendline for barchan dunes (Fig. 9.1; red trend line), meaning that amalgamated 

morphologies are consistently slower than BDs. Amalgamated morphologies can be seen to disperse 

back into TBRs and then BDs (Fig. 9.2A). Afterward, a distal barchan dunefield gradually becomes 

fixated by vegetation which causes distal BDs to develop into PDs. This final dune morphology 

develops furthest from the sediment source and is the slowest moving dune morphology. 

Surprisingly, the relationship between surface area and migration rate of PDs is opposite to the other 

morphologies, having a positive exponent close to +0.50. Larger parabolic dunes are thus faster than 

their smaller counterparts. The reversed trend seen in parabolic dunes was also measured in other 

dunefields containing parabolic dunes;  the Great Sand Dunes, Colorado, United States of America 

(37°46'36.25’N; 105°32'57.56’W) and in Saudi Arabia (25°55'6.75’N; 49°59'12.42’E).   
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Figure 9.1. Migration rate vs. surface area plots for various dune morphologies in White Sands 
National Park, NM, USA. The fastest morphology is barchan dunes (BDs, red dots) followed by 
Transverse barchanoid ridges (TBRs, light blue dots), then amalgamated barchanoid dunes (ABDs, 
dark blue dots). More amalgamated morphologies TBRs and ABDs have lower surface area 
compared to volume (A/V) and therefore travel more slowly than barchan dunes. The slowest 
morphology are parabolic dunes (PDs, grey dots), these have an opposing relationship regarding 
their size and migration rate as compared to other morphologies; Larger PDs travel faster than 
smaller ones. B. same data as 9.1A but shown in log plot.  

9.5 Interpretations 

9.5.1 Parabolic dunes 

Parabolic dunes differ from the other morphologies because their movement is not controlled 

entirely by wind. Instead, this dune morphology has motion trends controlled by fixation of 

sediment, typically through the presence of vegetation (Wit III and Emit, 2015; Tsoar and 

Blumberg, 2002). PDs are therefore a slow-moving morphology, having migration rates 

significantly lower than those of the other morphologies at White Sands (Fig. 9.1). Because of PDs’ 

motion control due to fixation rather than movement, A/V ratios affect PDs differently than in the 

other dune types. High A/V (small) PDs have more relative surface for vegetation to fixate, leading 

these smaller dunes to slow down. This is opposed to low A/V (big) PDs, which have 

proportionately less fixation from vegetation, which is due to lower surface area and greater height, 

making it harder for plants to develop roots on these larger dunes. These dynamics lead to the 
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observed positive exponent in the PD A to u trendlines. Furthermore, these dynamics also lead 

higher A/V regions of PDs (such as the fringes) to become slower rather than faster, resulting in an 

opposed (reflected) morphology compared to barchan dunes, with horns in the back rather than in 

the front (Fig. 9.1D).  

9.5.2 The role of topography on dune morphologies 

As opposed to stable dunefields in which dune morphologies remain roughly similar 

throughout their migration; for example in Southern Morocco (see chapter 8), dune morphologies in 

White Sands change constantly. The dunes here migrate over the top of a low anticlinal ridge (~30 

m relief) that offers an opportunity to examine the influence of topography on the spatial 

distribution of dunefield morphologies (Fig. 9.2A). This topographic ridge trends NNW, roughly 

perpendicular to the dune migration direction, and is shown to spatially correlate to the dispersal of 

various dune morphologies (Fig. 9.2A). Upward migrating dunes, have a gradually amalgamating 

character, following a sequence from rapidly migrating, exposed dome and BDs, to taller, more 

amalgamated TBRs and ABDs. On the other side of the ridge, dunes migrate downwards, coinciding 

with an opposite, net dispersive sequence of dune morphologies, from ABDs to TBRs and then BDs. 

At the distal end of the dunefield, furthest from the sediment source, vegetation becomes more 

plentiful, stabilizing the dunefield and giving rise to PDs (Figs. 9.2B, C, and D). These observations 

follow the local topography being an important control of dune morphological development. This 

partially agrees and digresses from previous work by Jerolmack et al., (2012), who mentions 

topography as a control and then expands on this by considering many other environmental factors 

such as water table depth. 

Excluding dome-shaped protodunes, BDs are typically the first morphology to develop (Fig. 

9.2A). As these migrate uphill, more sediment is collected then removed, increasing dune size, 

decreasing the A/V ratio, and decreasing rates of migration. Simultaneously, newly developing 

protodunes and small, fast-moving BDs catch up with larger, slower-moving BDs. These slow, 

larges BDs can sometimes absorb the smaller dunes, but sometimes, the smaller dune may simply 

move up and over or through the larger dune (Schwämmle and Herrmann, 2003). When roughly 
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similarly sized dunes collide, both amalgamate into a larger BD. Further from the sediment source, 

large, slow BDs are amalgamated with laterally adjacent BDs to form laterally elongate TBR 

morphologies. This transformation in morphology comes with an abrupt, roughly 70% decrease in 

migration rate (Fig. 9.1). This shift in migration rate is interpreted to coincide with a sudden change 

in A/V ratio; since TBRs have both lateral edges no longer exposed to the wind, they have less 

surface area compared to their volume compared to BDs.  This sudden lowering of their A/V results 

in a proportionately lower migration rate. Near the apex of the ridge, TBRs continue to collect 

sediment, resulting in more growth and decreasing migration rates, until the transverse barchanoid 

ridges themselves collide front and back to form ABDs. This morphology has even lower A/V than 

TBRs and this is again accompanied by a lower migration rate for ABDs (Fig. 9.1).  

The predictable sequences of dune morphologies at White Sands are interpreted to be related 

to the influence of topography on the migration rate (u) of the dunes. Since environmental factors 

influencing dune kinetic energy (encompassed by the parameter B: remain roughly similar across 

the White Sands dunefield (see 9.5.3), the dunes accommodate their changes in migration rate by 

adjusting their A/V. Examining the equation u = b* A/V, it can be seen that,  if b remains equal, and 

u is lowered, A/V has to decrease, which is done through dune enlargement and eventually 

amalgamation of BDs into TBRs and ABDs. Similar to gently rising topography, sudden 

obstructions in front of dunes can also locally reduce u, forcing down A/V and bringing about a 

comparable amalgamative (increasing in dune density) dune sequence. Examples of this can be 

observed on satellite data in the Taklamakan Desert, China: (38°44'20.0’N, 80°22'30.0’E) and sand 

dunes in southern Morocco (27°12'27.60’N, 13°17'58.20’W). For the amalgamative or dispersive 

(decreasing in dune density) dune sequences to develop, a systemic change in sediment supply or 

wind direction which could affect b, can be responsible but is not necessary. This process of dune 

transformation is an alternative to previous work which states that various dune morphologies are 

mostly controlled by local wind patterns, and regimes of sediment supply (e.g. Lancaster, 1988). 
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Figure 9.2. A variety of images illustrate the link between the topography and dune morphology at 
White Sands National Park. A: Satellite images of the White Sands dunefield. Dune migration 
direction is toward the east-northeast. Grey lines are 5 m contour lines, the black line shows a trend 
of the ridge in the middle of the dunefield. B: Mapping of the dispersal of dune morphologies notes 
that dune morphologies trend the topographic ridge in the middle of the dunefield. C: Cross-section 
of the topographic ridge. Dune morphology zones are shown in colors with red = isolated 
barchanoid dunes, light blue = transverse dune system ridges, dark blue = amalgamated barchanoid 
dune systems, and gray = parabolic dunes.  Note that dune morphologies respond to ridge gradient, 
upslope migrating dunes follow amalgamating morphological sequence while on the opposite side 
of the ridge downslope migrating dunes follow opposite, dispersive dune sequence. D) Satellite 
images showing four major dune types, both individual dune elements and amalgamated dune 
sequences. Parabolic dunes are typically located furthest from the dunefield sediment sources. 
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9.5.3 Does depositional energy (b) remain the same across the White Sands dunefield? 

The White Sands dunefield contains barchan dunes on either side of the topographic ridge. 

This enables us to infer variations in scale-adjusted migration rates (b) across the dunefield. 

Proximal barchan dunes are closest to the areas of dune formation and have an average scale-

adjusted migration rate of (0.058 m2/day), while distal barchan dunes have scale-adjusted migration 

rates of 0.051 m2/day, 12% lower than their proximal counterparts. The reason for this is likely wind 

shielding by the topographic ridge. There may be a higher water table underneath the distal barchan 

dunefield, reducing scale-adjusted migration rates (Jerolmack et al., 2012). Whichever the case, this 

decrease in b can be translated into a 28% decrease of wind energy converted to dune kinetic 

energy, between the proximal and distal zones of the dunefield. Although substantial, this change in 

b is not enough to explain the rapid 75% decline in dune migration rate that coincides with the 

transition from BDs to TBRs and AMDs. To explain this, the previously inferred decrease in A/V 

that coincides with dune morphology transitions must be invoked.  

9.6 Future work 

Although the data in this paper are useful as it is, a more thorough discussion on the link 

between morphology sequences and topography should be developed before building subsequent 

interpretations onto the results presented here. An expansion of this work into different dunefields 

and a wider discussion on variations of scale-adjusted migration rates across dunefields are key to 

solving outstanding problems with the interpretations and discussion presented here. Despite this, 

the White Sands dunefield is a unique laboratory for studying the physics of varying dune 

morphologies. This study’s analysis, therefore, gives unique and clarifying insights into dune 

morphology sequences and sediment transport dynamic across dunefields, marking this study as a 

useful contribution towards better understanding dune morphology transitions, the White sands 

dunefield, and multi-morphology dunefields in general.   
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9.7 Conclusions 

1. Migration rate to surface area trends of barchan dunes in White Sands National Park follows 

a parabolic function, which is linked to dune surface-to-volume ratios. Other dune 

morphologies like transverse barchanoid ridges or amalgamated barchanoids dunes also 

follow a similar parabolic function, but consistently migrate 70% slower than barchan dunes 

of equal size.   

2. Dunes can amalgamate into larger dunes and sometimes into different morphologies, 

typically following a morphological sequence in which the surface-to-volume ratio gradually 

decreases, initially through increasing size and later due to amalgamation and a change in 

dune morphology. An opposing, dispersive sequence can also occur, where amalgamated 

morphologies transition back into barchan dunes.  

3. Morphology sequences can be controlled by external factors affecting the dune migration 

rate. The equation u=b*A/V; where A/V is the surface-to-volume ratio, b is a measure of 

system energy (which is typically roughly the same across a dunefield) and u is dune 

migration rate, governs this transformation.  If an external factor like rising topography or an 

obstruction lowers u, A/V has to decrease to balance the equation. Dunes do this by 

amalgamating into increasingly amalgamated morphologies, lowering their A/V. When an 

external factor increases migration rates, like falling topography, dunes are forced to disperse 

into more exposed morphologies.   

4. Like other dune morphologies, parabolic dune migration rates depend also on their size, but 

their migration trends are inverse to those of other dunes, meaning that larger parabolic 

dunes migrate faster than smaller ones. This is due to fixation by vegetation, which 

preferentially reduces migration rates for higher A/V (smaller) parabolic dunes. Parabolic 
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dunes are the slowest morphology and are often the morphology developed furthest from the 

sediment source. 

5. At White Sands, amalgamative dune sequences occur when dunes travel upslope, while 

dunes that travel downslope have the opposite, dispersive sequence.  
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CHAPTER 10 
SUMMARY 

10.1 Summary 

This work aims to describe and explain the sedimentology of bottom current processes and 

their bedforms. in three primary sections of interest.  These include Section 1: ‘sandy’ contourite 

outcrops of the Rifian Corridor of northern Morocco, Section 2: mapping geostrophic bottom 

current deposits and associated sedimentary processes on the ocean floor and Section 3: The motion 

and dynamics of dunes.  Observation within the context of these three primary areas of interest are 

summarized below. 

Section 1: ‘sandy’ contourite outcrops of the Rifian Corridor of northern Morocco: Several 

outcrop exposures that were deposited in the Miocene Rifian Corridor in Northern Morocco are 

examined. These deposits have been interpreted as deep marine bottom current deposits, which form 

the basis of a large body of work on bottom current deposits/contourites in outcrop. However, the 

original interpretation is shown to be incorrect, as it is based on an unjustified extrapolation of 

foraminiferal assemblages from fine grained facies to coarse grained facies. The independent 

analysis presented herein, includes foraminiferal interpretations from all facies, which shows that 

the sandstones have a shallow marine foraminiferal assemblage. This reinterpretation is then 

corroborated by additional macropaleontological, sedimentological, stratigraphic evidence. The new 

interpretations for the sandstone facies are then formulated, to show that they are actually lowstand 

tide-dominated delta’s that are responding to Miocene high frequency (100 kyr, 70-80 m amplitude) 

sea level changes. These major sea level sea level fluctuations were likely glacioeustatic, showing 

that the late Miocene paleoclimate had a glacial/interglacial regime that was similar to the 

Pleistocene and the Holocene. The fine grained facies that interbed the sandstones are interpreted as 

deeper prodelta and shelf deposits that formed during sea level highstands. The large scale and 

complete exposures of tide-dominated deltas allowed to make detailed depositional descriptions of 

the complex development of channel, tidal dune and sand sheet architectures that are exposed here. 

This shows that intertidal sand sheets dominated the proximal parts of the delta, while the distal 

portions are comprised of subtidal dune and channel complexes. The paleotidal range is inferred 
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from distal channel architectures, showing that it was macrotidal >4 m, which was likely due to tidal 

amplification within the Rifian Corridor’s sea strait paleogeography.   

Section 2: mapping contourites and abyssal dunefields on the ocean floor: Thermohaline-

driven ocean bottom currents are the dominant process that sculpts the ocean floor. By compiling 

datasets of high-resolution bathymetry, generalized interpretations are developed regarding the 

landscapes and bedforms that form by these processes in deep, abyssal oceanic regions. This shows 

that various types of dune morphologies that are typically associated with aeolian depositional 

systems, are also present on the ocean floor. This includes, barchan, transverse, linear, and 

pyramidal dunes. By analyzing bottom current directions and intensities, it is determined that these 

apparent geomorphological similarities reflect similarities in the formation of these bedforms, 

including, both types of environments have a roughly homogenous dominant current direction and 

strength of these currents are roughly uniform across the surfaces of these systems. The flow depth 

of these systems is very large. Sediment is derived from other depositional systems, and finally, both 

abyssal and aeolian depositional systems are associated with a selection of a specific range of 

grainsizes.  

High-resolution bathymetric compilations are used in combination with global models of 

oceanic sediment supply and bottom current intensity. This combined analysis allows for the 

prediction of the dispersal of bottom current deposition, erosion, and stasis (neither deposition nor 

erosion) on the ocean floor. Comparing the results of this analysis with mapped systems, it is 

demonstrated that the methodology is accurate in predicting the spatial distribution of bottom 

current deposition and erosion. The analysis shows that deposition typically occurs in: Continental 

slopes, barotropic vortices, nearby submarine mounds, platforms, and nearby obstructions on the 

seafloor. Erosion occurs in: Sea straits and continental slopes affected by amplified internal tides 

and strong boundary currents, and stasis occurs in: Low sediment supply continental shelves, zones 

of deep water upwelling, zones of deepwater formation, mid-oceanic ridges and enclosed bays, 

basins, and seas.  

An important question about deep ocean sedimentation relates to the relative amounts of 

detrital sediment input from shallow marine regions and continents, compared to amounts of 

authigenic sedimentation that is derived from the water column. To address this question, 
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compilations of biostratigraphically age dated deep marine sediment core are analyzed. This allows 

for the mapping of local variations in sediment supply, which shows that the average sediment 

supply in open marine regions is about 12 times higher than sediment supply on submarine 

platforms, where continentally derived detrital sediment cannot accumulate. By quantifying these 

variations, it is calculated that roughly 8.4% of ocean sedimentation is authigenic suspension fallout 

while the rest is allogenic detrital sediment input. 

Section 3: the motion and dynamics of dunes and dunefields: Insights from aeolian bedform 

development and motion are used to infer the depositional characteristics of dune bearing deposits. 

This comparative analysis can mitigate the relative lack of data availability in deep ocean regions. 

By using time series analyses of migration dunes across ten locations, it is shown that there is 

always a strong, predictable link between a dune’s size and its migration rate. Using a three-

dimensional model of a barchan dune that was constructed from remote sensing information, 

geometric relationships between dune length, surface area and volume are determined. This allowed 

for the calculation of surface-to-volume ratios of barchan dunes, which are then shown to be 

universally linearly proportional to barchan dune migration rates within a dunefield. In addition to 

surface-to-volume ratios, dune migration rates are also controlled by so-called scale-adjusted 

migration rates, which are generally constant across a dunefield but vary widely from dunefield to 

dunefield. This parameter thus reflects environmental conditions across that dunefield and is related 

to the amount of dune kinetic energy. Surface-to-volume ratios are also shown to control dune 

geometries and values for scale-adjusted migration rates give rise to slight variations in barchan 

dune geometries. Specifically, the ratio between the length of the lee face and the stoss side of a 

barchan dune is correlated to the dune’s scale-adjusted migration rate. By exploiting this 

relationship and combining it with the link between surface-to-volume ratio and dune migration rate, 

a universal equation to predict the migration rate of any barchan dune in any location can be 

formulated. This equation is: u =13 *  

𝑙𝑠 −0.2𝑙+𝑠   where u is the migration rate, l is the length of the lee 

face and s is the length of the stoss side.   

Surface-to-volume ratios are also shown to be unique for each type of dune morphology, 

whereby amalgamated morphologies like transverse dunes have lower surface-to-volume ratios than 
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exposed morphologies like barchan dunes. This means that exposed dune morphologies travel faster 

than amalgamated morphologies, even when the environmental conditions are identical. 

Developments of the dune morphologies in White Sands National Monument in NM, USA are 

analyzed, showing that they have a clear link to local topography.  This link is interpreted to be 

related to the gravitational effects on moving dunes, which slow down dunes moving upslope and 

speed up dunes moving downslope, thereby forcing the moving dunes to change their morphology 

according to a predictable sequence. This sequence is amalgamative (increasing in dune density) in 

an upslope direction and dispersive (decreasing in dune density) in a downslope direction.  

10.2 Future work 

Section 1: ‘sandy’ contourite outcrops of the Rifian Corridor of northern Morocco: Future 

analyses on the Ben Allou and El Adergha sites could focus on provenance analysis, to discover and 

quantify sediment sources and ages. This would improve the paleogeographic setting 

reconstructions and depositional history for these sediments. Furthermore, stable oxygen isotope 

analysis of the various facies at Ben Allou could be linked to sea level fluctuations to better quantify 

and reconstruct late Miocene eustatic fluctuations. Analysis of authigenic sediment magnitudes on 

the sedimentary fill of the Rifian Corridor could provide insights into the role of sediment 

production and rapid filling of Rifian Corridor depocenters, to the onset of the Messinian salinity 

crisis (MSC). The sediments at Driouate are of exceptional interest to these events, as they record 

the geological events immediately before the closure of the Rifian Corridor, in the form of rapidly 

alternating terrestrial and marine facies. Higher resolution biostratigraphy, oxygen isotope and 

provenance analysis would better constrain ages and depositional environments for the Driouate 

outcrop, which are likely to generate impactful results on the disappearance of the Rifian Corridor 

and the onset of the MSC.   

The search for ancient contourites and abyssal dunefields in outcrop exposures remains an important 

objective for sedimentologists researching bottom currents. Since a deep marine setting is a crucial 

criterium for such deposits, an analysis of the sedimentary component of an ophiolite could be an 

excellent starting point for discovering ancient contourites or abyssal bedforms in outcrop (Sarg, 

2020; personal communication).  
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Section 2: mapping contourites and abyssal dunefields on the ocean floor: A strong 

comparative analysis of modern, active contourites and abyssal bedforms in terms of 

geomorphologies and lithologies could be extended to sandier contourites. This would better 

illustrate the formational factors for coarse and fine grained bottom current deposits.   

Modelling the erosion and deposition of abyssal currents can be extended by including various 

lithologies that are present on the ocean floor.   

Quantifying authigenic and detrital sediments on the ocean floor is important on a global scale, and 

the analysis presented in chapter 6 can be extended by adding more ODP and IODP data that are 

publicly available. The same analysis can also be performed on smaller scales like an individual 

ocean or marine basis or lakes. Furthermore, a discussion containing an analysis on various ocean 

sediment mineralogies can be useful for a myriad of oceanographic and sedimentological studies. 

Section 3: the motion and dynamics of dunes and dunefields: The concept of using dune 

surface-to-volume ratios to predict migration rates of bedforms and scale adjusted migration rates of 

dunefields can be expanded on in various ways. 1) A larger emphasis on different dune 

morphologies and accurate 3D models of transverse, linear and barchanoid dunes to calculate 

surface-to-volume ratios of various morphologies. 2) Collection of more data from a wider range of 

settings including Martian and abyssal dunes. 3) Integration of surface-to-volume ratio dune physics 

with grain scale sediment transport dynamics. 4) Better explaining the physics between dune 

morphology sequences by studying more multi-morphology dunefields. 5) Better quantification of 

the variation of scale-adjusted migration rates across dunefields is essential for verifying and further 

developing interpretations of dune morphology sequences and topography.   
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