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Abstract

The Rub' Al-Khali aeolian sand sea of south eastern Saudi Arabia — also known as
the Empty Quarter — covers an area of 660,000 km? and is one of the largest sandy
deserts in the world. The region is covered by the latest generation of public-release
satellite imagery, which reveal spatially diverse dune patterns characterized by a
varied range of dune types, the morphology, scale and orientation of which change
systematically from central to marginal dune-field areas where non-aeolian sub-
environments become dominant within the overall desert setting. Analysis of
geomorphic relationships between dune and interdune sub-environments within 4
regions of the Rub' Al-Khali reveals predictable spatial changes in dune and
interdune morphology, scale and orientation from the centre to the outer margins of
dune fields. A quantitative approach is used to characterize the complexity present
where large, morphologically complex and compound bedforms gradually give way
to smaller and simpler bedform types at dune-field margins. Parameters describing
bedform height, spacing, parent morphological type, bedform orientation, lee-slope
expression, and wavelength and amplitude of along-crest sinuosity are recorded in a
relational database, along with parameters describing interdune size (long- and
short-axis dimensions), orientation, and style of connectivity. The spatial rate of
change of morphology of aeolian sub-environments is described through a series of
empirical relationships. Spatial changes in dune and interdune morphology have
enabled the development of a model with which to propose an improved
understanding of the sediment system state of the modern Rub' Al-Khali desert
sedimentary system, whereby the generation of an aeolian sediment supply, its
availability for aeolian transport and the sand transporting capacity of the wind are

each reduced in dune-field margin areas.
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Introduction

Significant advances in our understanding of the spatial arrangement of aeolian dune
patterns have been made possible through the increasing availability of high-
resolution satellite imagery in recent years (e.g. Blumberg, 2006; Hugenholtz and
Barchyn, 2010). Aeolian dune-field patterns are a product of self-organizing systems
(Kocurek and Ewing, 2005; Wilkins and Ford, 2007; Ewing and Kocurek, 2010a) in
which the development of simple or complex distributions of genetically related
groups of aeolian bedforms and their adjoining interdunes is characterized by
systematic and predictable changes in dune type, size, morphology, orientation and
spacing from dune-field centre to dune-field margin settings (Werner and Kocurek,
1997, Kocurek and Ewing, 2005; Ewing et al. 2006; Bullard et al. 2011).

Several previous studies have documented spatial variation in bedform type and
associated spatial changes in aeolian lithofacies distributions in desert dune fields
(e.g. Breed & Grow, 1979; Sweet et al., 1988; Kocurek and Lancaster, 1999; Atallah
and Saqqa, 2004; Baas, 2007; Bullard et al. 2011). However, relatively few studies
have attempted to quantitatively document the form of spatial variability of dune and
interdune morphology from the centres of aeolian dune-field systems to their margins
(Kocurek and Ewing, 2005; Wilkins and Ford, 2007; Ewing and Kocurek, 2010a, b;
Kocurek et al. 2010; Hugenholtz and Barchyn, 2010).

This study utilizes the latest generation of public-release satellite imagery to quantify
the form of geomorphic relationships between dune and interdune sub-environments
in both the central and marginal parts of four modern dunes fields of the Rub’ Al-
Khali (Empty Quarter) of Saudi Arabia. The overall aim of this work is to document
how and explain why dune- and draa-scale aeolian bedforms and their adjoining
interdunes systematically change form from central to marginal dune-field areas in
terms of their morphology, geometry (scale), orientation and style of bedform linkage
(i.,e. the extent to which interconnected and amalgamated aeolian bedform
complexes are developed). Specific objectives of this research are as follows: (i) to
assess the geomorphic complexity and variety of dune types present in the Rub’ Al-
Khali desert; (ii) to demonstrate and quantify styles of spatial variation in dune and

interdune type and geometry for a series of major dune fields; (iii) to consider how a
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series of external factors that collectively define the sediment state of the system act

to dictate spatial changes in dune and interdune morphology and geometry.

This research is important because understanding the morphology and architectural
distribution of the deposits of aeolian dune and interdune sub-environments serves
to constrain the development of models with which to explain the principal controls
on desert dune distributions. Further, the establishment of spatial trends in dune
morphology and geometry aids the reconstruction of ancient aeolian
palaeoenvironments and guides the prediction of sedimentary architecture in
subsurface stratal successions. Understanding the morphological complexity present
in a range of modern aeolian desert systems is a primary control on preserved
stratigraphic complexity and is the first step in developing a series of generic models
with which improve our understanding of the mechanisms by which complex
sedimentary architectures arise in ancient preserved aeolian successions. Thus,
there exists a need to document the morphology of modern desert systems to
understand how spatial morphological changes in dune type and size might impact

preserved stratigraphic architecture (Mountney, 2012).
Background

Modern aeolian dune-field systems are composed of complex arrangements of
geomorphic elements, including dunes, draa and interdunes, which occur on a range
of scales and are characterized by a variety of morphologies and geometries
(Warren and Knott, 1983; Kocurek and Havholm, 1993; Lancaster, 1994; Rubin and
Carter 2006; Ewing and Kocurek, 2010a). In many dune-field systems, the form of
geomorphic elements and their relationship with adjacent elements varies
systematically and predictably as a function of position within the overall aeolian
system, especially in downwind directions and from the centre to outer margins of
dune fields (Breed et al. 1979; Lancaster, 1983, 1994). Indeed, groups of genetically
related aeolian dunes and intervening interdunes represent some best examples of

patterned landscapes in nature (Kocurek and Ewing, 2005).

Few aeolian desert sand dunes exist in isolation. Most cluster, with many examples
forming large dune fields in which systematic patterns of groups of genetically

related dunes can be recognized, in some cases repeating with spatial regularity or
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with one or more defining attribute of the dune-form changing progressively in a
given direction from, say, the centre of a dune field to its margin. Groups of dunes
collectively form larger geomorphic elements typically referred to as sand seas, dune
fields (Livingstone and Warren, 1996) or ergs (Wilson, 1973). Although Cooke et al.
(1993) define the lower size limit for a sand sea at 30 000 km?, this being an inflexion
point on the distribution curve of sand-sea size given by Wilson (1973), in modern

usage (post-1995), no lower size limit is formally applied by way of definition.

Dune fields are not necessarily continuously covered with active aeolian sand dunes
and most additionally include other morphological bodies of aeolian-derived or
aeolian-related sediment deposits, including interdunes, sand sheets (which lack
distinctly recognizable larger bedforms), areas of soil cover, lacustrine systems (e.g.
playa lakes), and fluvial systems (typically ephemeral), some developed between
active aeolian dunes (Lancaster, 1989). Thus, dunes in sand seas, including those in
the Rub’ Al-Khali, are commonly separated from each other by geomorphic elements
whose well-defined shapes are, in part, dictated by the shapes of adjoining dune

bedforms of different types (e.g. McKee and Bigarella, 1979).

The construction of aeolian dune-field systems and the spatial variation in the form of
their internal components (e.g. dunes and interdunes) from central to marginal areas
is governed by numerous controlling parameters that dictate sediment state (Berg,
1986; Kocurek, 1998, 1999; Kocurek and Lancaster, 1999). At a regional scale, the
sediment state of aeolian dune fields is defined by separate components of sediment
supply, sediment availability and transport capacity of the wind (Kocurek and
Lancaster, 1999), and together these factors govern where and when aeolian system

construction via the growth of dunes occurs.
Study area

The Rub’ Al-Khali of south-eastern Saudi Arabia — also known as the Empty Quarter
— is one of the largest continuous sand deserts in the world and comprises a series
of dune fields, some spatially discrete and some merging into neighbouring fields,
within which self-organised patterns of aeolian bedforms and adjoining interdunes
are developed (Bishop, 2010). The name for the Arabian desert — Rub’ Al- Khali or
the Empty Quarter — was introduced by the Swiss geographer Burckhardt (1829) in
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his book “Travels in Arabia” and used later by Doughty (1888). Early research by
Thesiger (1949), Beydoun (1966), Holm (1960, 1968), Glennie (1970) and Breed et
al. (1979) each documented the presence of different bedform types and noted
general spatial variations in dune types between different parts of the overall desert

system.

In total, the Rub’ Al-Khali covers approximately 660,000 km?, rising to 776,000 km?
of continuous active sand cover if adjoining sand seas (e.g. Jafura, Dahna and
Nefud in Saudi Arabia) are additionally included (Breed et al. 1979, Edgell, 1989,
2006). Indeed, the wider desert region, which additionally incorporates the Wahiba
Sand Sea of the Sultanate of Oman (Laity, 2009), covers an area of 795,000 km?.
Within the main the Rub’ Al-Khali, active aeolian dunes and interdunes cover an area
of 522,340 km? (Edgell, 2006), extending from United Arab Emirates and Oman in
the east, to south-western Saudi Arabia and northern Yemen (Figure 1; Wilson,
1973, Glennie, 2005, Edgell, 2006). The largely unconsolidated sand dune deposits
of the Rub’ Al-Khali are characterized by large bedforms (dunes and draa), individual
examples of which range from 50 to 300 m in height (Brown et al. 1963; Abd El
Rahman, 1986; Edgell, 2006), and the majority of which are each separated by
broad interdune flats, some up to 5 km in width in dune-field margin settings (Figure
2). The majority of the Quaternary sediments of the Rub’ Al- Khali are composed
chiefly of aeolian-reworked Pliocene alluvial sediments (McClure, 1978), though a
secondary sand component is likely to have been additionally sourced from local

modern alluvial (wadi) sediments (Holm, 1960; Brown, 1960).

The Rub’ Al-Khali basin is a combined physiographical and tectonic feature
(Bagnold, 1951; Powers et al., 1966; McClure, 1976, 1978; Edgell, 1989, and Clark,
1989) that forms a structural depression characterized as an embayment with a
structural axis trending from northeast-to-southwest, bordered to the northwest and
west by the Arabian Shield, and to the south and southeast by the Hadramawt-
Dhofar Arch or Plateau (Figure 1b). The northern end of Rub’ Al-Khali basin opens
into the Arabian Gulf through the United Arab Emirates (Edgell, 2006). The desert is
additionally constrained by the arc of the Oman Mountains to the northeast and by

the Qatar Arch to the northwest (Figure 1b). The area occupied by active sand seas
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extends from the United Arab Emirates and Oman in the east, to south-western

Saudi Arabia and the area directly north of Yemen.
Quaternary evolution of the Rub’ Al-Khali

The Rub’ Al-Khali formed in response to cyclic episodes of aridity driven by climatic
fluctuations throughout much of the Quaternary period (Edgell, 1989, 2006; Glennie,
1998; Goudie, et al. 2000). The application of optical dating methods to sand
samples from both linear and crescentic dunes has demonstrated that the majority of
the dunes of the Rub' Al-Khali formed during cold, arid intervals associated with high
latitude Quaternary glacial cycles and concurrent sea-level lowering (Glennie, 1998;
Glennie and Singhvi, 2002; Preusser et al., 2002; Lancaster and Tchakerian, 2003;
Edgell, 2006; Bishop, 2010). Most dune fields of the Rub’ Al-Khali were more
extensive than their present-day distribution during earlier parts of the Quaternary
(Pye and Tsoar, 2009), though were less extensive than at present during the middle
Holocene (Sarnthein, 1978). Indeed, the evolution of the Rub’ Al-Khali is known to
have been influenced by climatic changes from arid, to semi-arid, to sub-humid
throughout much of the Quaternary, with changes in mean annual precipitation and
wind direction (Anton, 1984), and changes in sea level (Lancaster, 1998;) each

exerting a control on landscape evolution.

Dunes of the Rub’ Al-Khali (and indeed other deserts of the Arabian Peninsula)
underwent several phases of spatial and temporal evolution in response to
Quaternary climate and environmental change (Alsharhan et al., 1998, 2003; Anton,
1984, 1985; Hotzl et al., 1978). Firstly, an increase in aridity, especially during the
late Pleistocene, encouraged the construction of dune fields whereby the availability
of sediment for aeolian transport and regional variation in wind directions governed
dune morphology such that complex dunes and draa developed. Secondly,
increased climatic humidity during the early Holocene enabled lakes to develop and
vegetation cover to partly stabilize the substrate, thereby restricting the availability of
sediment for aeolian transport, limiting further dune construction, encouraging partial
deflation in areas where the sand carrying capacity of the wind was undersaturated
with respect to its potential, and encouraging the growth of non-aeolian regions.
Some of the larger compound bedforms present in the Rub’ Al- Khali (e.g. those in

the Liwa area of the United Arab Emirates) are known to have been constructed in
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response to the effects of repeated Quaternary climatic changes whereby multiple
generations of superimposed dunes are delineated by calcrete horizons that record
repeated episodes of bedform construction, partial deflation and stabilization
indicative of alternations between relatively arid and relatively more humid climatic
conditions (El-Sayed, 1999, 2000).

Throughout much of the Quaternary, spatial and temporal changes in dune
morphology and geometry, and their spatial relationships are known to have been
controlled significantly by changes in position, direction and intensity of Shamal and
Indian Ocean Monsoon wind regimes (Preusser, 2009). The Shamal wind is a hot
and dry wind with substantial sand-transporting capacity (Barth, 2001; Edgell, 2006)
that forms as part of a large-scale flow of air toward a low-pressure centre that
develops over Pakistan each year (Edgell, 2006). Although active in both summer
and winter, it is most intense in June and July when it blows almost continuously at
velocities that commonly reach and exceed 50 km h™'. These winds are the principal
agent for aeolian transport of sand and dune formation in much of the Arabian

Peninsula (Membery, 1983).
Data and Methods

This study has entailed work in four distinct geographic areas of the Al Rub’ Al-Khali,
herein called Areas 1, 2, 3 and 4 (Figure 2a), which collectively cover an area of
73,200 km?. These areas were selected for study according to the following specific
criteria: (i) chosen locations document spatial changes in the morphology of dunes
and interdunes from the central part of a dune field to its outer margin; (ii) public-
release satellite imagery used for examination of the dune forms is available for
these areas at a resolution that is sufficiently high to enable detailed quantitative
measurements to be made regarding various morphological attributes of dunes and

interdunes.

Morphological and geometrical attributes relating to 555 dunes and 1415 interdunes
from the 4 selected study areas were collected through examination of satellite
imagery provided by Google Earth Pro software and datasets, a business- and
scientific-oriented mapping service (Figure 3). Satellite imagery from the studied

areas has a spatial resolution of resolution 15 m per pixel, derived from 15 to 30 m-
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resolution multispectral Landsat data that have been pan-sharpened with
panchromatic Landsat image processing software. Individual high-resolution images
are each 4800 x 2442 pixels and images recording adjacent areas have been
seamlessly tiled to render larger visualizations of each study area. Elevation data are
derived from Shuttle Radar Topography Mission (SRTM) data, which has an
absolute vertical accuracy of 16 m and a relative vertical accuracy of 10 m (Falorni et
al., 2005).

Collected dune and interdune data have been recorded in a relational database and
this has been used to discern trends between measured parameters. Spatial
variation in both dune and interdune size and shape in directions both close to
parallel and close to perpendicular to the overall direction of net sand transport has
been recorded, with the resultant net direction of sediment transport having been
identified from the analysis of dune bedform type and slipface orientation and
through reference to Resultant Drift Direction calculations made by Fryberger &
Dean (1979).

Attributes recorded for dunes are as follows and as depicted in Figure 4: bedform
height is based on relief change from the regional level of the desert surface
indicated by the elevation of interdune flats in the outer dune-field margin area to the
crests of the bedforms; the along-crest length of a dune segment is a measure of
bedform continuity whereby dune segments are terminated by major re-entrants or
scours; bedform spacing is the crest-to-crest (or toe-to-toe) distance between
adjacent bedforms in an orientation perpendicular to the trend of elongate bedform
crestlines; dune wavelength records the extent of a bedform in an orientation
perpendicular to the trend of the bedform crestline and this may vary from a
maximum dune wavelength to a minimum dune wavelength within one dune
segment as a function of bedform sinuosity; the wavelength and the amplitude of
along-crest sinuosity observed in plan form together define crestline sinuosity
(Rubin, 1987); bedform long-axis orientation describes the trend of dune crestlines;
the distance from the dune-field centre is a relative measure of distance from the
centre of the studied dune fields to their outer margins. Attributes recorded for
interdunes are as follows and as depicted in Figure 4: interdune length is a measure

of the distance that a single interdune corridor extends in an orientation parallel to
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the trend of the crestlines of the dunes that bound the interdune; interdune width is a
measure of the width of an interdune flat developed between two dunes in an
orientation perpendicular to interdune length; interdune Ilong-axis orientation
describes the trend of an interdune; the distance from the dune-field centre is a
relative measure of distance from the centre of the studied dune fields to their outer

margins.

The terminology applied in this study is derived from that introduced by Rubin (1987)
and that used in a slightly modified form more latterly by a variety of authors
including Mountney and Thompson (2002), Rubin and Carter (2006) and Mountney
(2006, 2012). It is important to note that some authors view the term “bedform
wavelength” to be synonymous with “bedform spacing” (cf. Breed and Grow, 1979)
but for the purposes of this study, and also as used by the aforementioned authors,
the two terms differ in that bedform wavelength defines the distance from the
leeward toe to the rearward (stoss) toe of the bedform in an orientation parallel to the
direction of downwind migration. By contrast, bedform spacing defines the crest-to-
crest (or toe-to-toe) distance from one bedform to an adjacent bedform, again in an
orientation parallel to the direction of downwind migration. Thus, bedform spacing
additionally incorporates the size of any adjoining interdune flat present between two

bedforms (Figure 4).

Further to the wind directional data documented by Fryberger & Dean (1979),
additional data relating to wind direction were obtained for the period 1982 to 2013
from 5 stations located in the central and eastern parts of the Rub’ Al-Khali and these

indicate a prevailing Resultant Drift Direction to the southwest (Figure 5).
Dune morphology in the Rub’ Al-Khali

Satellite imagery for the Rub’ Al-Khali reveals a varied range of dune types, the
morphology of which changes systematically from central dune-field areas to
marginal areas where ephemeral fluvial systems become dominant (Figure 2b). The
spatial variability of the dunes and interdunes present in this desert region is
significant and was the principal reason for the choice of this region for this study.
Key attributes describing the nature of the dunes and interdunes present in the

studied areas are are summarised in Tables 1 and 2.
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Although aeolian dune forms in the Rub’ Al-Khali are many and varied, three
principal forms are defined at a fundamental level: transverse, linear and star forms,
depending on whether the orientation of dune crest-lines is close to perpendicular or
close to parallel to the dominant wind direction, or whether the forms exhibit a multi-
facetted, pyramid-like morphology, respectively (Figure 6; Hunter et al., 1983; Kumar
and Mahmoud, 2011). These fundamental bedform types are broadly distributed into
three regions, as identified by Breed et al. (1979) through their analysis of Landsat
imagery and Skylab photographs, and as summarized by Glennie (2005): crescentic
transverse dunes dominate in the northeast part of the study region, linear dunes
dominate throughout the western half, and star dunes dominate along the eastern
and southern margins (Figure 2b; cf. Glennie, 1970). Additionally, zones occupied by
non-classified complex dune forms and sand sheets and streaks are also recognized
(Breed et al.,, 1979). Edgell (1989) used Landsat 7 near-infrared imagery, large-
format camera images and field observations to divide the three primary bedform
classes into 17 specific bedform types, though for this study the basic three-fold

classification is used for the sake of simplicity.

Compound crescentic transverse dunes — some termed ‘giant crescentic massifs’
and ‘compound crescentic dunes’ (Breed and Grow, 1979; Breed et al., 1979) — in
the northern and eastern Rub’ Al-Khali, including in the Uruq al Mutaridah sub-basin
(Figure 2b, c; Glennie, 2005), have a mean horn-to-horn width of 2.8 km, a mean
length of 2.1 km (cf. Breed et al., 1979) and exhibit a vertical relief of up to 160 m
above the surrounding desert floor that is characterised by interdune flats and up to
230 m above sea-level datum (Figure 7). A ‘hooked’ variety of compound crescentic
dune is described from the north-central and northeastern Rub’ Al-Khali (Breed and
Grow, 1979; Holm, 1960). Compound linear dunes in the western and south-western
Rub’ Al-Khali are aligned from northwest to southeast, parallel to Shamal winds
(Glennie, 2005), and have different types of smaller dunes including star and
barchan forms superimposed on them (Breed and Grow, 1979). These linear forms
have a mean dune spacing of 3.9 km, are in places in excess of 130 m high above
the surrounding desert floor that is characterised by interdune flats and up to 200 m
above sea-level datum; they form linked chains of bedforms, some of which extend
uninterrupted for distances up to 50 km (Figures 6¢ and 8, transect I-I’; Bunker,1953;

Holm, 1960; Breed et al., 1979). Neighbouring linear bedforms are separated by
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interdune flats (see below) that themselves each have a mean width of up to 1.4 km.
Bedforms at the eastern and south-eastern margin of Rub’ Al-Khali are mainly star
dunes with mean widths of 2.1 km and heights up to 120 m above the surrounding
desert floor that is characterised by interdune flats (Figures 6d and 8, transect J-J');
these types merge with barachanoid dunes forming complex bedforms with slipfaces

generally oriented toward the southeast (McKee and Breed, 1976).

The maijority of dunes in the studied sand seas are separated from each other by
extensive interdune-flat areas whose shapes are at least partly dictated by the
morphology of adjoining dunes of different types (cf. McKee, 1979). Interdunes in the
Rub’ Al-Khali vary in shape and in size (Figure 6), with the size and continuity
typically increasing toward the margins of the dune fields (Figure 7), where the
supply of sand and its availability for aeolian bedform construction is less, especially
in areas where the water table lies close to the accumulation surface, such that the
draw-up of moisture form the shallow subsurface via capillary action leaves the
surface damp, thereby encouraging adhesion of sand (cf. Kocurek and Fielder, 1982;
Olsen, et al. 1989). Open interdune corridors vary in length from 0.5 km in the central
parts of dune fields to in excess of 50 km at dune-field margins; widths vary from 0.2
to 6 km.

Morphological and geometrical relationships between dunes

Dune bedform wavelength is a simple measure of bedform size herein defined as the
extent of a dune bedform in an orientation perpendicular to its crestline. In this study
both maximum and minimum dune wavelength are recorded for individual dune
segments (Figure 4) as a measure of size. The difference between maximum and
minimum wavelength for a single dune segment is also a measure of along-crest
crest variability, with similar values representing relatively straight-crested bedforms
and values with greater differences reflecting increasing bedform crestline sinuosity
(cf. Rubin, 1987; Rubin and Carter, 2006). A strong positive correlation exists
between maximum and minimum dune wavelength (Figure 9a). Dunes from all areas
exhibit a decrease in mean dune wavelength with increasing distance away from the
dune-field centre and towards the outer margin (Figure 9b). Combined results from

all 4 study areas demonstrate that over a distance of 300 km average dune
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wavelength decreases from 1.5 km at the dune-field centre to ~0.1 km at the dune-

field margin.

Dune spacing is the distance between successive dunes in a train (measured, for
example, between successive bedform crests), and includes both the wavelength of
a dune bedform plus the width of the adjoining interdune (Figure 4). In contrast to
dune wavelength, dune spacing exhibits little or no change with increasing distance
from a dune-field centre toward its margin (Figures 7 and 9c), though recorded
values of dune spacing demonstrate considerable spread and vary mainly between 2
and 4 km. Given the lack of discernible change in mean dune spacing from the
central parts of the dune fields to their margins, yet the systematic decrease in mean
dune wavelength (i.e. bedform size), progressively smaller bedforms in dune-field

margin settings are compensated for by progressively wider interdunes.

Wavelength and amplitude of along-crest plan-form sinuosities are together a simple
measure of bedform crestline sinuosity (Rubin, 1987). For each of the 4 study areas,
over a distance of 300 km, mean amplitude of along-crest sinuosity decreases from
2.5 km at the centre of dune field to less than 0.5 km at the outer margin where the
dunes become smaller (Figure 9d). Mean wavelength of along-crest sinuosity
decreases from 5 km at the dune-field centre to ~0.2 km at the dune-field margin
(Figure 9e). A positive relationship between dune along-crest amplitude and
wavelength demonstrates little change of the form of along-crest sinuosity across the
dune field (Figure 9f).

Bedform height (defined as the difference in relief between the crest of a bedform
and the general level of the desert surface where interdune flats are present) varies
as a function of both bedform type and location within the dune field in terms of
proximity to the outer dune-field margin (cf. Lancaster, 1988). Data collected from
this study reveal bedforms with heights that range from <5 m at the dune-field outer
margin to >155 m in the dune-field centre. The relationship between bedform height
and spacing is complex (Figure 10a) and reveals no predictable trend because dune
spacing is largely independent of bedform size. By contrast, a positive correlation
exists between bedform height and wavelength (Figure 10b), though the spread in
these data likely reflect contrasts between dunes of fundamentally different

morphological types. Although bedform height generally decreases from the dune-
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field centre to its outer margin (Figure 10c), the trend is not straight-forward because

bedforms tend to undergo changes in morphology along such transects.

Morphological and geometrical re lationships between interdunes

The relationship between interdune long-axis length and width exhibits a positive
correlation (Figure 11a), with the rate of increase of length relative to that of width
being largely independent of the study area. Interdunes have a tendency to become
longer and wider with increasing distance from a fixed point in the dune-field centre
towards the eastern dune-field margin (Figure 11b, c), though considerable variability
exists. For the data from Area 3, as interdune lengths become very large (> 40 km)
their widths stabilize at 1.5 to 3.5 km in the dune-field margin areas (Figure 7,
Section C-C’; Figure 11c). In these marginal areas, interdunes become the dominant
landform type and they effectively partition the dune field with the dune bedforms
being subordinate and in some cases spatially isolated landforms. Considering the
entire dataset, interdune long-axis orientation systematically varies (mimicking the
trend of bedform crestlines); interdune long-axes rotate systematically counter-
clockwise from ~130-310 degrees in the central dune-field areas to 070-250 degrees
at the dune-field margin, 300 km away (Figure 11d). Two dominant orientation trends
are evident: interdunes in Areas 1, 2 and 3 are mostly oriented between 0 and 200
degrees, with a cluster of interdunes trending between 050 and 130 degrees; in Area
4 interdunes have long-axis orientations preferentially trending between 200 and 300
degrees (Figure 11d). The spatially isolated interdune depressions present between
bedforms in the central dune-field region are elevated up to 25 m above the regional
level (Figures 7 and 10d) and this demonstrates that bedforms in these central
regions are climbing over one another to generate an accumulation. The elevation of
interdunes in Area 4 is ~20 m higher than that in Areas 1-3 (Figures 7 and 10d)
because bedforms and interdunes in this most southerly study area are constructed

on a topographically elevated basement.
Discussion

Use of satellite imagery for the analysis of changes in morphology, geometry,

orientation and related attributes of dunes and interdunes present along a series of
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transects from central to marginal positions within 4 areas of the Rub’ Al-Khali
represents a quantitative approach to the characterization of the changing spatial
distribution of aeolian geomorphic elements and sub-environments in desert settings.
The observed spatial variation in patterns of dune bedform and interdune
arrangement arise as a consequence of several controls that operate to determine
aeolian sediment system state in the studied dune fields. Although results from the
analysis of this dataset do not necessarily enable quantitative determination of the
nature of these controls, they do allow for the statement of a series of generalised

discussion points.

Relationships between dune wavelength, interdune length and width, and position in
the dune field highlight how interdune morphology interacts with the spatial
distribution of dunes. The increase in interdune size and connectivity in dune-field
margin areas and the corresponding decrease in dune size results from an overall
reduction in either (i) the rate of generation of a sand supply for aeolian bedform
construction in dune-field margin settings, (ii) the availability of that supply for aeolian
bedform construction, or (iii) a downwind reduction in the sediment transport capacity
of the wind (Kocurek and Lancaster, 1999). In dune-field margin settings, where
areas of interdune flats are dominant, supply-limited and availability-limited aeolian
systems are common and are controlled by factors such as the presence of a damp
substrate due to an elevated, near-surface water table (e.g. Hotta et al., 1984) and/or
the action of surface-stabilizing agents such as vegetation and precipitated crusts
(e.g. Glennie, 2005; Edgell, 2006; Kumar and Mahmoud, 2011). Downstream
reduction in the transport capacity of the wind at dune-field margin may also limit
potential for dune construction (e.g. Ash and Wasson, 1983; Anderson and Haff,
1991). The presence of a near-surface water table in the outer margins of the
studied dune fields such that its capillary fringe acts as a wicking effect to maintain a
damp surface effectively renders these parts of the study area wet aeolian systems
(sensu Kocurek and Havholm, 1993) such that, although a source of sand-grade
sediment that is potentially suitable for aeolian transport and dune construction may
be present within interdune flats, this supply is not available for transport. Thus,
water-table level plays a fundamental role in limiting dune construction and
protecting interdune flats from deflation. Indeed, a progressive rise in the relative

level of the water table in the outer dunefield margin areas may potentially enable
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accumulation of packages of interdune strata between the accumulations of

migrating dunes (cf. Mountney and Russell, 2006, 2009).

The positive correlation between interdune length and width, and distance from a
fixed point in the dune-field centre, which summarizes the form of generalised
changes in dune and interdune morphology across the dune field, arises as a result
of a change in the sediment state components. The relations reveal significant
geomorphological changes in the interdune areas and adjoining dunes across the
dune field, and these represent a systematic spatial reduction in sediment supply
and availability for aeolian transport, most likely because sediment is stored in
upwind, central parts of the dune field rendering the wind undersaturated with
respect to its potential sand transporting capacity in downwind dune-field margin

areas, and therefore potentially capable of sediment deflation.

Dunes in the Rub’ Al-Khali desert exist in great variety of morphologic types that
change systematically across the dune field. Variation in dune form is the primary
control on the morphology of adjacent interdunes, especially in dune-field centre
regions where the shape and extent of each interdune form is governed and defined

by the geometry and spacing of surrounding dune forms.

Spatial variation in the arrangement of dune patterns in the Rub’ Al-Khali takes the
form of gradational transitions from complex to simple bedform types, and a
decrease in dune size and an associated increase in interdune size from the centre
to the outer-margin areas of dune fields. Such changes reflect the interaction
between sediment supply and transport capacity. The availability of sand for dune
construction has long been recognised as a primary control on dune morphology
(e.g. Wilson, 1972), whereby simple barchan dunes tend to evolve in systems where
sand supply is limited and therefore are the main bedform type in marginal areas of
many dune fields including the eastern part of the Rub’ Al-Khali studied here. By
contrast, the central and northern part of the studied dune field is dominated by

interlinked barchanoid dune types, whose presence records a greater sand supply.

Interdune orientation varies systematically as a function of geographic location,
which in turn reflects the distribution and form of surrounding dunes, development of

which is governed by prevailing wind type, directionality and intensity (Resultant Drift
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Potential and Resultant Drift Direction) and seasonality (Fryberger and Dean, 1979).
Study Area 1, which is located in the northeast of the Rub’ Al-Khali, is dominated by
large linked barchanoid dune ridges; Study Area 4, which is located in the southeast
of the Rub’ Al-Khali, is characterized by a systematic change from connected to
isolated star dunes and associated changes in interdune morphology whereby the
observed dune-form variability arises partly because of low length-to-width ratios of
the dune wavelength. The direction and the rate of aeolian sand transport are
strongly governed by the wind regime, velocity and direction (cf. Pye and Tsoar,
2009). Data depicting dune cross-sectional morphology (Figure 7) demonstrate
increasing variability in the range of bedform height and spacing in several marginal
dune-field areas (e.g. transects C-C’ and D-D’), which likely results from a sediment

state that is not in equilibrium for these parts of the studied system.

The Rub’ Al-Khali region is influenced by winds with a high drift potential (the energy
of surface winds in term of their capability to induce sand transport), chiefly because
of the action of trade winds in mid-latitude depressions (Fryberger and Ahlbrandt,
1979). Directional variability of effective winds — south-southwest in winter and
northwest in spring and summer (the so-called Shamal wind) — influences both the
sand transporting potential of the wind (and therefore the bedform migration rate)
and the Resultant Drift Direction (itself a control on dune migration direction) in the
Rub’ Al-Khali. This explains the high system activity and the pronounced variety of
bedform patterns, sizes and orientations. Unidirectional winds are responsible for the
construction of large crescentic (barchan) dunes, which attain heights in excess 130
m in some areas in northern part of the dune field. Seasonally varying Shamal winds
form linear dune ridges; more complex multi-directional winds form the star dune

complexes that dominate in the southern part of the dune field.

The extracted elevation data describing surface topography, which were acquired as
a series of transects recording changes in dune spacing, height and morphology
from different locations and in different orientations across the study areas (Figures 7
and 8), show clear examples of dune and interdune variability in the Rub’ Al-Khali
sand sea. The central part of the dune field contains the largest and most connected
dune forms, many of which exceed 130 m in height (up to 160 m high), and this

reflects bedform construction enabled by a large sand supply. Transects in Figure 7
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each show spatially isolated interdune depressions within the central dune-field
regions that are elevated up to 25 m above the regional level and this demonstrates
that bedforms in these central regions are climbing over one another to generate an
accumulation whereby the general interdune level is elevated above the regional
level of the desert floor observed in more marginal dune-field areas (Figure 10d;

sensu Kocurek, 1999).

In transects oriented in an upwind-to-downwind direction located in more central
parts of the dune field (e.g. transects E-E’ and F-F’, Figures 2a and 8) no discernible
downwind change in mean bedform height, wavelength or spacing is evident. By
contrast, in transects oriented in an upwind-to-downwind direction but located in the
zone of transition between the central and marginal parts of the dune field (e.g.
transects G-G’ and H-H’, Figures 2a and 8), a general reduction in dune height and
wavelength (Figures 9b and 10c), and an associated increase in interdune width
(Figure 11c) in a downwind direction are evident and such changes are indicative of
a spatial reduction in the availability of sand for bedform construction in downwind

dune-field margin regions.
Conclusions

The latest generation of high-resolution, public-release satellite imagery and SRTM
digital elevation data has provided the basis for a quantitative analysis of patterns of
arrangement of large-scale aeolian bedforms and adjoining interdunes in a series of
large sand seas present as desert dune fields in the Rub’ Al-Khali of south-eastern
Saudi Arabia. Image analysis documents a varied range of dune types, the
morphology of which changes systematically from central dune-field areas to
marginal areas where aeolian interdunes, sand sheets, and ephemeral fluvial
systems dominate. Analysis of geomorphic relationships between dune and
interdune sub-environments within 4 modern dune fields documents how dune and
interdune morphology, geometry and orientation varies over space from dune-field-
centre to dune-field-margin settings. Results demonstrate a characteristic reduction
in aeolian dune size and degree of connectivity and a corresponding increase in
interdune size and degree of connectivity towards outer dune-field margins. The
collection of data relating to primary landform morphology has enabled an improved

understanding of the sediment system state of the modern Rub’ Al-Khali desert
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sedimentary system. Observed trends arise as a function of spatial changes in the
sediment state of the system whereby sediment supply, the availability of that supply
for transport and the sediment transporting capacity of the wind each combine to
dictate the geomorphology of dune and interdune forms, which vary from thick
accumulations of sands in the form of coalesced compound and complex barchanoid
bedforms in dune-field centre settings, to spatially discrete star dunes and small,
spatially isolated barchan dunes separated by extensive water-table-controlled
interdune flats in dune-field margin settings. Observations from this modern dune-
field system have enabled the spatial rate of change of morphology of aeolian sub-
environments to be characterized and described through a series of empirical

relationships.

Results of this study have implications for developing an improved understanding of
the likely controls on the detailed sedimentary architecture of preserved aeolian
successions by enabling the proposition and development of a range of dynamic
facies models for aeolian systems. This has wider applied implications and
significance: for example, the morphological changes in the distribution of aeolian
bedforms and interdunes across dune-field systems provides important information
with which to improve our understanding of the likely arrangement of architectural
elements in ancient aeolian preserved successions, several of which form important
reservoirs for hydrocarbons. This work is therefore an important step in the
development of improved models for the characterisation of stratigraphic complexity

and heterogeneity in aeolian reservoirs.
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Table and Figure Captions

Table 1: Summary of data relating to geometry of 555 dunes in the studied part of
the Rub’ Al-Khali sand sea.

Table 2: Summary of data relating to geometry of 1415 interdunes in the studied
part of the Rub’ Al-Khali sand sea.

Figure 1: (a) Map of the Arabian Peninsula showing the location of the Rub’ Al-Khali
sand sea, dune-fields within which are the focus of this study.. Image from
Google Earth Pro. (b) Map of Arabian Peninsula outlining
geomorphological referred to in the text. Modified after Edgell (2006).

Location of area of detailed study shown in figure 2a is indicated.

Figure 2: (a) Map of part of south-eastern Saudi Arabia showing the location of the
areas named 1, 2, 3, and 4 for this study. Location of regions shown in
figures 2b and 2c are indicated. Letters A-D refer to the location of the

images shown in figure 5. Lines A-A’ to J-J' are transects across different
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Figure 3:

Dune and interdune patterns in the Rub’ Al-Khali

parts of the study areas and are shown in figures 6 and 7. (b) Satellite
images from the study area depicting the typical geomorphology of the
dune fields, and the variation in dune morphology and distribution from the
central part of the dune fields toward their margins. Note the reduction in
dune size in a direction toward the dune-field margins, and the
concomitant increase in the extent and connectivity of interdunes and

playa areas. Images from Google Earth Pro.

Maps of the study areas depicting the locations from which quantitative
data regarding dune and interdune morphology and geometry were
collected. (a) Location of transects from which data relating to interdune
morphology were collected. (b) Location of transects from which data
relating to dune morphology were collected; transects relate to areas 1-4
and also to a north-south line (NS). See supplementary data entries 1 and

2 for detailed information regarding sites of data collection.

Figure 4: Example of dunes and interdunes of the Rub’ Al-Khali, including definitions

of the terminology used in this study to quantitatively describe their
morphology and geometry. (a) Satellite imagery showing plan-form
morphology. (b) Cross-sections derived from DEM data. (c) Schematic
illustration of how bedform spacing has been determined for different
morphological bedform types. Measurements made using Google Earth
Pro software; data are recorded in a relational database, which has been
queried to determine common trends and determine styles of spatial

change in geometry and morphology across the study region.

Figure 5: A summary of dominant wind directions for the central and eastern part of

the Rub’ Al-Khali, based on data from 1982 to 2013 collected from 5
stations. Values in table are in percent. See Figure 1a for location of

stations. Source: WeatherOnline.

Figure 6: Satellite images from different locations across the Rub’ Al-Khali desert
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depicting typical variations in dune and interdune morphology. Note the
contrast in dune form and size between each image. All images depicted

at the same scale. See figure 2a for locations. (a) Image from the northern
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part of Study Area 1, north-eastern Rub’ Al-Khali, showing rows of
laterally linked mega-barchan dunes with intervening interdunes (salt
flats). (b) Image from the northern part of Study Area 2, north Rub’ Al-
Khali, showing a region dominated by complex giant barchan dunes with
superimposed crescentic dune forms and parallel interdune corridors. (c)
Image from the southern part of Study Area 3, southeast Rub’ Al-Khali,
showing an example of compound linear dune ridges, each separated by
wide and parallel interdune corridors. (d) Image from the central part of
Study Area 4, southeast Rub’ Al-Khali, depicting an area characterized by
pyramidal dunes (star bedforms) with distinctive star-like plan-form

shapes and surrounded by extensive interdune areas.

Figure 7: Cross sections from study areas 1-4 with elevation data reflecting variation

Figure 8:

Figure 9:
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in dune and interdune morphology and spacing from the centre of the
dune field to its margin. The location of the cross sections is shown in
Figure 2a. Digital Elevation data from Google Earth Pro are accurate to +/-
10 m.

Cross sections from different positions in the study areas 1-4 with
elevation data reflecting variation in dune and interdune morphology and
spacing. The location of the cross sections is shown in Figure 2a.
Sections E-E’, F-F’, G-G’ and H-H’ are aligned close to parallel to the
regional resultant drift direction (toward the southeast); Section I-I' is
aligned close to perpendicular to the regional resultant drift direction
across a series of linear bedforms. Section J-J’ reveals spatial changes in
the morphology and geometry of star bedforms in the southern part of the
study area. Digital Elevation data from Google Earth Pro are accurate to
10 m. Note that the dune wavelengths and interdune widths depicted in
the cross sections are apparent since the orientation of the bedforms is

oblique to the regional resultant drift direction in most cases.

Examples of data demonstrating relationships present in aspects of dune
bedform morphology in the Rub’ Al-Khali dune field, showing the
relationship between different parameters measured in the study area.

Dune heights record the relief change between bedform crests and the



Figure 10:

Figure 11

Dune and interdune patterns in the Rub’ Al-Khali

generalised level of the desert floor as defined by the level of interdune
flats in marginal areas of the dune fields. Best-fit lines shown on graph are
for all data; separate best-fit equations are additionally shown for

individual data sets from each study area. See text for further explanation.

Examples of data demonstrating relationships present in aspects of dune
bedform height and interdune elevation in the Rub’ Al-Khali dune field,
showing the relationship between different parameters measured in the
study area. Best-fit lines shown on graph are for all data; separate best-fit
equations are additionally shown for individual data sets from each study
area. Dune heights have been calculated based on relief above the
regional level of the desert floor in the dune-field margin areas; note that
this level is higher in Area 4 where the desert system is constructed on a
slightly elevated basement, as shown in graph d. See text for further

explanation.

: Examples of data demonstrating relationships present in aspects of

interdunes of the Rub’ Al-Khali dune field. The scatter plots demonstrate
several relationships between measured interdune parameters. Best-fit
lines shown on graph are for all data; separate best-fit equations are
additionally shown for individual data sets from each study area. See text

for further explanation.

Supplementary data 1: Map depicting locations from where measurements of

interdune geometry and morphology were made.

Supplementary data 2: Map depicting locations from where measurements of dune

geometry and morphology were made.

Supplementary data 3. Relationship between cross sections E-E’, F-F’, G-G’, H-H’

and I-I' (shown in figure 7) to planform dune and interdune morphology as revealed

by Google Earth Pro imaging.
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Table 01

Table 1 - Dune data summary

Dl tatistical analysis Minimum Maximum Mean Standard Deviation | Coefficient of Variance
measured parameters

Amplitude of along-crest sinuosity (km) 0.03 2.39 0.69 0.52 75.23
Wavelength of along-crest sinuosity (km) 0.11 4.99 2.02 1.17 57.89
Minimum wavelength (km) 0.01 2.04 0.52 0.40 78.18
Maximum wavelength (km) 0.05 3.34 1.22 0.72 58.89
Spacing (km) 0.63 8.41 3.05 1.21 39.78

Height (m) 67 218 144.42 31.49 21.80




Table 02

Table 2: Interdune data summary

Interdune Statistical analysis Minimum Maximum | Mean (km) | Standard Deviation | Coefficient of Variance
measured parameters

Length (km) 0.20 53.15 6.97 8.19 117.54

Width (km) 0.06 6.22 1.49 0.88 58.95
Orientation (degrees) 5 221 106.39 35.63 33.49
Elevation (m) 60 107 76.17 9.96 13.08
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Figure 05

Wind direction data, Saudi Arabia (1982-2013)
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Figure 08
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Figure 09

Maximum dune wavelength versus minimum dune
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Figure 10

a Dune spacing versus dune height above desert floor
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Figure 11

a

Interdune length versus interdune width

b

Distance from fixed point at dune-field centre
versus interdune length
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