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Within aeolian systems, complex dune morphologies can develop due to the interplay of a variety of allogenic
and autogenic controls. As a result, the preserved sedimentary record of aeolian dune deposits is highly varied,
exhibiting an array of sedimentary architectures and facies heterogeneities. However, reconstructions of such
aeolian sedimentary architectures are usually based on limited information from one-dimensional borehole data
or two-dimensional outcropping successions; as such, it is challenging to predict three-dimensional architectures
and the distribution of small-scale facies heterogeneities of aeolian sedimentary successions. To address this, a
novel rule-based forward stratigraphic model, the Dune Architecture and Sediment Heterogeneity model
(DASH), has been developed to reproduce three-dimensional sedimentary bodies, bounding surfaces and asso-
ciated facies distributions formed by a wide range of dune morphologies and morphodynamic behaviours. The
model generates architectural frameworks produced by dune and interdune migration and aggradation, based on
a long-established modelling approach; it then applies a series of rules that reflect geological understanding or
observations from geological analogues to populate the three-dimensional space with facies domains. The model
has been applied to simulate the stratal architectures and facies organization of (i) three idealized examples of
successions produced by different dune morphologies, and (ii) a real-world case example from the Triassic Helsby
Sandstone Formation, Cheshire Basin, UK. The results demonstrate how the model can be used to predict likely
facies distributions in three dimensions, which themselves can be used to constrain models of petrophysical
properties constructed with geostatistical techniques. The model can therefore be applied to assist re-
constructions of subsurface architectures and petrophysical heterogeneity.

1. Introduction example due to the autogenic migration and climb of a train of dunes

with intervening interdune flats, else in relation to spatial or temporal

Aeolian sedimentary systems and their preserved successions
develop complex sedimentary architectures due to their sensitivity to a
wide range of environmental variables, including sediment supply, wind
regime, water-table level, and vegetation cover (Fryberger, 1979; Lan-
caster, 1997; Wasson and Hyde, 1983; Yan and Baas, 2015). At a gross
scale, packages of aeolian strata are sometimes regarded as lithologi-
cally homogeneous because their deposits are dominantly characterized
by relatively well-sorted sand (Bagnold, 1941). Yet at the scale of bed-
sets, aeolian dune and interdune deposits typically contain significant
facies heterogeneities (e.g., McKee, 1966; Romain, 2014), and these may
determine variability in porosity and permeability, and thus affect fluid
flow and solute transport in preserved successions (Mullins et al., 2022).
In particular, the juxtaposition of dune and interdune deposits — for
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fluctuations in water-table level — can lead to significant variability in
the composition and grain size of accumulated sediments. This gives rise
to heterogeneity in lithology, and porosity and permeability heteroge-
neity and anisotropy (Al-Masrahy, 2020; Kocurek, 1981; Mountney and
Thompson, 2002).

Aeolian systems can develop a varied range of sedimentary archi-
tectures and facies arrangements, resulting from the interplay of both
allogenic and autogenic controls (Mountney, 2006; Rubin and Carter,
2006). As a result, internal sedimentary architectures and facies distri-
butions in accumulated sedimentary successions of dune and interdune
systems can be very complex and difficult to predict (Rodriguez-Lopez
et al., 2014). Most reconstructions of aeolian sedimentary architectures
are based on information available from either one-dimensional
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datasets, such as from cores and well logs (e.g., Lindquist, 1988; Luthi
and Banavar, 1988; North and Boering, 1999; Romain and Mountney,
2014), or from two-dimensional outcropping successions (e.g., Glennie
and Provan, 1990; Kocurek et al., 1991; Gross et al., 2023). Other re-
constructions of aeolian sedimentary architectures are based on nu-
merical modelling approaches. Rubin (1987) and Rubin and Carter
(2006) developed a modelling tool for the simulation of the
three-dimensional stratigraphic architectures of cross-strata and related
bounding surfaces by means of a deterministic geometric approach.
However, this model cannot be readily employed to reconstruct the
possible internal facies distributions of aeolian successions. Mountney
(2012) developed a two-dimensional model to simulate the accumula-
tion of aeolian deposits in relation to spatio-temporal variations in the
size and spacing of dunes, their migration rate, and the aggradation rate,
but only a limited number of basic types of behaviour are examined, and
internal facies variations within individual dunes and interdunes are not
considered.

The complexity of dune dynamics gives rise to a highly varied range
of dune and interdune morphologies (e.g., barchan dunes, transverse
dunes, longitudinal dunes, compound and complex dunes — sensu McKee
and Bigarella, 1979), and dry, damp and wet interdunes (e.g., Kocurek
et al., 1991; Kocurek and Havholm, 1993; Garcia-Hidalgo et al., 2002).
An array of depositional processes operate on different parts of dunes
and interdunes, and these lead to the accumulation of complex ar-
rangements of lithofacies units (Mountney, 2006). Therefore, it remains
challenging to predict the three-dimensional sedimentary architecture
and small-scale facies distributions within aeolian successions.

This article presents a novel rule-based forward stratigraphic model:
the Dune Architecture and Sediment Heterogeneity model (DASH). This
new model is based in part on the earlier geometric model by Rubin
(1987) and Rubin and Carter (2006), but additionally enables the
three-dimensional distribution of domains with different types of sedi-
mentary facies to be predicted. The aim is to demonstrate how the new
model can be applied as a tool for the prediction of internal sedimentary
architectures in three dimensions in a way that allows prediction of
likely facies distributions and resulting petrophysical heterogeneity.
Specific objectives are as follows: (i) to compare sedimentary architec-
ture and facies distribution of common dune types that are widespread
in aeolian sand seas (ergs) globally, using simplified and idealized ex-
amples (transverse dunes and longitudinal dunes), and compound
superimposed dunes; (ii) to demonstrate how the migration of different
dune types results in markedly different petrophysical heterogeneities in
resultant deposits; and (iii) to illustrate how the model can be used to
assist in gaining improved understanding of facies distributions and
petrophysical properties of aeolian successions produced by different
aeolian dune geomorphologies and geological histories.

2. Modelling algorithm

The DASH model is a geometric, rule-based forward stratigraphic
model that builds upon the approach used by Rubin (1987) and Rubin
and Carter (2006) to produce different hierarchies of internal architec-
tures and bounding surfaces of aeolian deposits. However, the DASH
model is novel in that it significantly enhances this earlier work by
applying a rule-based approach to predict and model three-dimensional
(3D) distributions of facies units within architectural elements for many
different types of aeolian system. The DASH model incorporates rules of
facies organization based on observations from many natural systems.
These rules can be specified based on data from geological analogues, for
example using sedimentological data extracted from the Database of
Aeolian Sedimentary Architecture (DASA; Cosgrove et al., 2021). The
DASH model is vector-based and written in Matlab. It can run simula-
tions as a batch process using input files of pre-defined parameters.

The DASH model simulates stratigraphic architectures (stratal
packages and associated bounding surfaces) produced by migrating
aeolian bedforms and their accumulated successions using the
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Fig. 1. Definition of some of the inputs to the modelling algorithm. Two sets of
bedforms are used to create transverse dunes with out-of-phase crestlines.
Curved crestlines are also simulated with a sine function defined by its wave-
length and amplitude. No scale intended.

deterministic geometric approach developed by Rubin (1987) and Rubin
and Carter (2006). The open-source Matlab code Bedforms 4.0 of Rubin
and Carter (2006) can be downloaded from the website of the U.S.
Geological Survey (Rubin and Carter, 2005). In the DASH model - as in
the Bedforms 4.0 model of Rubin and Carter (2006) — bedform mor-
phologies are modelled using modified sine curves (Fig. 1). Displace-
ment of these sine curves over a series of time steps and in 3D mimics the
migration behaviour of many naturally occurring dune types. The di-
rection of bedform displacement can be specified in the modelling
domain. The rate of displacement (in non-dimensional or predefined
horizontal unit per iteration) is also controlled by a sine curve defined by
its mean value, amplitude, period, and phase. The rate of displacement is
constant through time when the amplitude is set to 0. The asymmetry of
dunes (stoss slope vs. lee slope) can be adjusted by changing the relative
phase of two sinusoidal components with different wavelengths, i.e., the
bedform wavelength and one-half of bedform wavelength, respectively.
The dune height is controlled by the amplitude of the sine curves. Var-
iations in dune height relative to bedform wavelength generate bed-
forms of different steepness. Both the asymmetry and steepness of the
bedforms can also vary with time according to sinusoidal functions. The
plan-form morphology of dunes can be specified by means of one or two
sinusoidal curves. Each curve can vary in wavelength, amplitude, phase,
and migration speed perpendicular to the dune migration direction.
Crescent-shaped bedforms can be generated by setting the wavelength of
the first curve as twice that of the second one. These parameters
determine one set of bedforms. They can be combined with two addi-
tional sets of bedforms in different ways (e.g., simple addition, propor-
tional change, and local highest) to simulate compound and complex
dunes (sensu. McKee, 1979) with superimposed bedforms. As such,
geometrically complicated stratal sets and their bounding surfaces may
be generated — see Rubin (1987) for a fuller explanation of the original
model.

The novelty of DASH lies in its ability to model the internal distri-
butions of domains with distinct facies characteristics within larger-
scale dune and interdune architectural elements. Facies domains are
modelled in 3D using a series of rule sets that consider the geometry,
distribution and topology of fundamental lithological types within the
model. Principal amongst these rules are (i) the inclination of the surface
slope, and (ii) the position along the depositional profile of a dune or
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Fig. 2. (A) Dune morphology, internal stratal geometries and example facies domains seen in cross-section. No scale intended. Grainfall deposits dominate at the
brink of the dune slipface. Grainflow deposits accumulate on dune lee slopes (slipfaces) at the angle of repose (30-34° for non-compacted, dry sand). Intercalated
grainfall and grainflow strata can develop between the dune brink and upper foreset. Wind-ripple deposits accumulate on low-angle-inclined dune plinths and
interdune areas. Between the foreset and toeset, packages of intercalated wind ripple and grainflow strata form. The direction of dune migration is from left to right in
the section. (B) Damp-interdune wavy-laminated facies overlain by wind-ripple strata and grainflow at dune toe regions. Triassic Helsby Sandstone Formation, UK.
(C) and (D) Intercalated grainflow (darker) and wind-ripple (paler) facies in dune plinth regions. Permian Cedar Mesa Sandstone, Utah, USA.

interdune. In combination, these variables are closely associated with
different facies types observed in nature. These rules are employed to
map in three dimensions the preserved expression of different deposi-
tional domains characterized by contrasting facies make-ups. These
rules are established in a way that reflects our understanding of the
distributions of sediments and smaller-scale bedforms on modern dunes,
and the corresponding distributions of lithofacies in ancient aeolian
successions; these rules are defined by the user, and can be changed to
match quantifications of outcrop successions (Cosgrove et al., 2021).
The application of these rules enables a detailed reconstruction of the
distribution of domains characterized by differences in the likelihood of
occurrence of certain lithofacies types. For example, the lithologies of
dune successions are related to variations in the dominance of different
processes across physiographic domains of dune and interdune envi-
ronments (Al-Masrahy and Mountney, 2013; Mountney, 2006; Reading,
2009, Fig. 2). Grainfall deposits comprise sand entrained by the wind in
suspension and typically deposited beyond the brink of the dune slipface
due to flow separation (Kocurek and Dott, 1981). However, homoge-
neous packages of grainfall facies (very-fine sand) are not commonly
preserved in ancient dune successions since they are mostly reworked as
dune migration proceeds. As sand in saltation from the windward slope
accumulates near the dune brink, avalanching occurs as grainflows
down a lee-slope slipface inclined at the angle of repose (Hunter, 1977).
Tongues of well-sorted and loosely packed grainflow deposits, many of
fine-medium sand, commonly extend down to the lower part (plinth) of
the lee slope (Inman et al., 1966; Yaalon and Laronne, 1971). Wind
ripples develop by sand creep and saltation, and their strata comprise
interlaminated silt, very fine to fine sand (Kocurek et al., 1999).
Wind-ripple facies typically occur on the stoss slopes of barchan or
transverse dunes, else on dune plinths inclined at less than 15°, and
within or near flat-lying interdune areas. The size and shape of interdune
regions are controlled by dune morphology, size, spacing and temporal
variations thereof (Al-Masrahy and Mountney, 2013). Interdune de-
posits can develop under dry, damp or wet conditions (Kocurek and
Dott, 1981). Dry interdune deposits may be dominated by wind-ripple
facies, whereas water-table influenced damp or wet interdune deposits
may be dominated by adhesion strata, precipitates or subaqueous de-
posits (Kocurek and Dott, 1981; Mountney and Russell, 2006).

Based on these predictable characteristics, facies domains that reflect
physiographic depositional niches are determined on any two-

dimensional (2D) vertical or horizontal sections of a 3D volume for
which preserved stratal geometries have been modelled; this is accom-
plished within the DASH model using the following: (i) the true dip of
strata (8), which is calculated as:

tan a
tan 6 =—
sin

®

where «a is the apparent dip and f is the angle between strike and
apparent dip direction, both of which can be acquired from the modelled
horizontal slices and cross sections of the strata; and (ii) the local con-
vexity of the stratal surface (i.e., concave-upward vs. convex-upward
shape) to differentiate upper and lower parts of dune foresets with
similar dip angles. The extent of the facies domains for each simulation
can be defined as a user-determined input based on threshold values of
the physiographic variables. The default settings include six domains,
which are adequate to represent the facies complexity most often
observed in nature. From the lower to the higher parts of the formative
aeolian topography, these default facies domains are as follows: (i)
interdune-flat deposits, 5 = 0°; (ii) lower dune plinth deposits, which
may typically comprise of reworked wind-rippled sandstone, 0° < § <
8°; (iii) upper dune plinth deposits, which may be characterized typi-
cally by intercalated wind-ripple and grainflow strata, 8° < § < 16°; (iv)
lower foreset strata, which may be dominated by interbedded grainflow-
grainfall deposits 16° < § < 25° (v) middle foreset strata, typically
dominated by grainflow facies on the slipface, § > 25°; and (vi) deposits
of the dune crest-brink to upper foreset region, characterized by slightly
convex-upward accretion surfaces and 0° < § < 25°, which may be
dominated by grainfall strata beyond the brink point and by wind-ripple
strata on the dune stoss side, if and where preserved. The geometry of
interdune deposits and the angle of climb are determined by the tem-
poral variations in dune height, migration speed, and deposition rate,
which can be defined by either a function or a list. Being able to set the
value for these parameters from a series of entries in lists of temporal
variations provides flexibility to match modelled outcomes to real-world
cases. Moreover, spatial resolutions can be customized to be smaller
than unity. Sets of closely spaced 2D sections act as numerical de-
scriptions of internal sedimentary architectures. These modelled
pseudo-3D sedimentary architectures can be exported as fully 3D Car-
tesian geocellular grids, as ASCII or GSLib (Deutsch and Journel, 1992)
files, in which the facies domains are coded as categorical variables.
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[ lower dune foreset

- interdune

A —

Fig. 3. Examples of modelled cross sections by DASH. Default facies-domain types are used. No scale intended. Black arrows show dominant wind directions. The
cases from A to E are dominantly controlled by unidirectional wind, whereas the case F is controlled by two dominant wind directions that are perpendicular to each
other, i.e., one wind direction to the right and another wind direction out of the page. (A) A cross section of the stratigraphy produced by transverse dunes without
interdune flat. (B) A cross section of the stratigraphy produced by transverse dunes with interdune flat. Dunes maintain the same size while migrating towards the
dominant wind direction. (C) A cross section of the stratigraphy produced by transverse dunes with interdune flat. Dunes decrease in height while migrating. A-C are
generated with out-of-phase sinuous crestlines. (D) A cross section of the stratigraphy produced by linear dunes close to the sinuous crestlines. (E) A cross section of
the stratigraphy produced by linear dunes further away from the sinuous crestlines. D and E are generated by perfectly longitudinal bedforms with along-crest
migrating sinuosity. (F) A cross section of the stratigraphy produced by more complicated bedforms with along-crest migrating superimposed bedforms.

Examples of modelled cross sections are shown in Fig. 3, in which the
default facies-domain types are used.

Inputs to the DASH model can be obtained from DASA, a relational
database that stores data on the facies organization and sedimentary
architecture of many known natural examples of aeolian systems and
their preserved successions (Cosgrove et al., 2021). Currently, stan-
dardized data from 87 literature case studies of ancient aeolian systems
and their preserved successions are contained in DASA. A case study is
associated with one or more sets of data, termed ‘subsets’ (cf.Colombera
et al., 2012); these are classified collections of data from which quan-
titative metrics can be extracted. Quantitative outputs can be retrieved
from DASA on geological entities (e.g., facies units) at multiple scales,
including outputs on their type, geometry, spatial relations, hierarchical
relations, temporal significance, and textural and petrophysical prop-
erties. Associated metadata (e.g., basin setting, aeolian physiographic
setting, geological age) are also stored (Cosgrove et al., 2021). DASA
records the containment of smaller-scale elements within higher-order
elements; for example, a subset (e.g., published graphic sedimentary
log) can contain various architectural elements (e.g., an aeolian dune or
interdune), which in turn can contain various lithofacies units within it
(e.g., packages of grainflow or wind-ripple strata). These, in turn, may
be associated with specific geological or petrophysical properties (e.g.,
values of porosity and permeability). DASA can be queried to provide
quantitative metrics describing the spatial and hierarchical arrangement
of lithofacies, and their geometric properties (e.g., thickness, length and
width) from real-world examples, which can then be used to devise rules
in the DASH model to constrain facies domains.

3. Applications to geocellular modelling

The grids produced by the DASH model are coded according to a
categorical variable that specifies the facies domains reflecting the
physiographic portions of the aeolian system being modelled (e.g.,

interdune, dune toeset, dune foreset). In each model output, the distri-
bution of these categorical variables is deterministic. However, these
grids can be subsequently used for obtaining stochastic models of facies
or petrophysical heterogeneity, in different ways.

For example, if a geocellular grid containing facies of specified
proportions is desired, this can be obtained using the domains as regions
that can subsequently be populated with different ‘facies’ classes (which
may be convenient groups of lithofacies) using pixel-based geostatistical
modelling algorithms, such as Sequential Indicator Simulations
(Deutsch and Journel, 1992). These modelling regions could each be
characterized by different probabilities of occurrence of the different
facies types, which would be expressed as auxiliary variables in the
geocellular modelling step (cf. Colombera et al., 2018). If instead the
facies domains approximate the facies categories that may need to be
modelled (e.g., slipface, dune plinth), their proportions may be readily
adjusted using tools that are commonly employed for this purpose in
geocellular modelling practice (Journel and Xu, 1994; Remy et al.,
2009). The outputs of the DASH model cannot be conditioned to directly
honour local observations, such as borehole data; however, the resulting
grids can be employed as training images for constraining subsurface
models based on multipoint statistics (Strebelle, 2002), for which well
conditioning is possible.

Alternatively, in a context where the reconstruction of likely porosity
and/or permeability fields is required, it may be possible to skip the
intermediate facies-modelling step by using the facies domains to
directly model the distribution of petrophysical properties inside them.
This can be done based on knowledge of both the likelihood of finding
certain facies types in a given domain and of the expected distribution of
the property of interest (porosity, permeability, etc.) of each facies type,
which is typically based on observations from real-world examples.
Specifically, DASA outputs on petrophysical properties of lithofacies (e.
g., grainflow or wind-ripple strata) from geological analogues can be
employed to this end. The distribution of petrophysical properties in the
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Fig. 4. Three-dimensional geomorphology and sedimentary architecture and lithofacies distributions typical of transverse bedforms with sinuous, out-of-phase crestlines. Parameters are the same as the Case 34a in
Rubin and Carter (2006). Default facies domains are used. No scale intended.
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Fig. 5. Outputs of static geocellular modelling informed by DASH, for a succession related to transverse dunes with sinuous out-of-phase crestlines. (A) Geocellular
model of DASH facies domains, with their proportions charted in (B). Facies-domain proportions reflect in part the full preservation of modelled bedforms on the top

surface: the proportion of crest-brink to upper foreset domain volumes is ca. 29% in

the part of grid underlying the top surface, as opposed to ca. 36% in the entire

grid. (C) Realization of a Sequential Gaussian Simulation of porosity values modelled in the facies domains shown in (A); distributions of porosity values vary across
the facies domains as shown in (D). (E) Realization of a Sequential Gaussian Simulation of permeability values modelled in the facies domains shown in (A); dis-
tributions of porosity values vary across the facies domains as shown in (F). Note that in the majority of ancient successions, the original dune topography and the

facies associated with it are not preserved.

different facies domains can be modelled, for example, using Sequential
Gaussian Simulations, applied jointly, or following a cookie-cut
approach whereby properties are modelled independently for each
facies domain and are then merged into a single grid (Remy et al., 2009).

Static property models generated in this way can be applied again as
training images, or as reference models in subsurface studies that
envisage flow-based upscaling (Nordahl et al., 2014). Examples of static
models built with a cookie-cut modelling approach are shown below.
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Fig. 6. Three-dimensional geomorphology and sedimentary architecture and lithofacies distributions of idealized longitudinal bedforms without net lateral migration. Parameters are the same as the Case 55 in Rubin
and Carter (2006). Default facies domains are used. No scale intended.
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their proportions charted in (B). Facies-domain proportions reflect in part the full preservation of modelled bedforms on the top surface: the proportion of crest-brink
to upper foreset domain volumes is ca. 7% in the part of grid underlying the top surface, as opposed to ca. 10% in the entire grid, whereas the proportion of lower-
toeset strata is ca. 35% below the surface topography instead of ca. 28% as in the whole grid. (C) Realization of a Sequential Gaussian Simulation of porosity values
modelled in the facies domains shown in (A); distributions of porosity values vary across the facies domains as shown in (D). (E) Realization of a Sequential Gaussian
Simulation of permeability values modelled in the facies domains shown in (A); distributions of porosity values vary across the facies domains as shown in (F). Note
that in the majority of ancient successions, the original dune topography and the facies associated with it are not preserved.
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Fig. 8. Three-dimensional geomorphology and sedimentary architecture and lithofacies distributions of superimposed bedforms that undertake along-crest migration relative to the trend of the main (parent) bedforms.

Parameters are the same as the Case 461 in Rubin and Carter (2006). Default facies types are used. No scale intended.
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Fig. 9. Outputs of static geocellular modelling aided by DASH, for a succession related to superimposed dunes. (A) Geocellular model of DASH facies domains, with
their proportions charted in (B). Facies-domain proportions reflect in part the full preservation of modelled bedforms on the top surface: the proportion of crest-brink
to upper foreset domain volumes is ca. 5% in the part of grid underlying the top surface, as opposed to ca. 9% in the entire grid. (C) Realization of a Sequential
Gaussian Simulation of porosity values modelled in the facies domains shown in (A); distributions of porosity values vary across the facies domains as shown in (D).
(E) Realization of a Sequential Gaussian Simulation of permeability values modelled in the facies domains shown in (A); distributions of porosity values vary across
the facies domains as shown in (F). Note that in the majority of ancient successions, the original dune topography and the facies associated with it are not preserved.

4. Example model outputs

Examples of the stratigraphic architectures arising from the migra-
tion of aeolian dunes of different morphology and with varying
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complexity are presented to demonstrate how the DASH model can
generate facies distributions and heterogeneity that match closely with
examples observed in nature. The facies domains incorporated in the
model outputs are also used to produce static geocellular models
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depicting spatial variations in porosity and permeability fields. Because
the preservation of the formative surface topography has an impact on
proportions of facies domains, the output grids generated from DASH
are usually truncated in their upper parts to mimic subsequent erosion so
as to obtain facies-domain proportions that consider sediment preser-
vation realistically. The way in which the facies domains may reflect the
spatial distribution of facies with contrasting petrophysical properties
has been considered by applying the model output as a geocellular grid
with regions in which petrophysical properties can be modelled sto-
chastically. Values of porosity and permeability are modelled in the
different domains using the Sequential Gaussian Simulation (SGS) al-
gorithm in SGeMS (Remy et al., 2009). SGS is constrained using the
following approaches: (i) distributions in petrophysical properties that
reflect both the relative proportion of different facies types (grainflow,
grainfall and wind-ripple strata) in the facies domains and values of
porosity and permeability that are typical for these facies types, estab-
lished on the basis of a synthesis of literature data (Besly et al., 2018;
Ringrose and Bentley, 2016; Tillman and Coalson, 1989); and (ii) a
variogram model with range values smaller than the grid cell size. The
choice of small variogram ranges has been made to illustrate how this
approach to static-model building generates spatial distributions in
porosity and permeability that primarily reflect the geometry of the
facies domains. The different examples are compared in terms of the
proportions and geometries of the facies domains, and of the distribu-
tions and spatial variability in the petrophysical properties. The gener-
ated models can be used to examine stratigraphic complexity of aeolian
deposits in 3D and to assist in subsurface characterization.

4.1. Idealized example: transverse dunes

This idealized example aims to model the architecture produced by
the migration of three-dimensional, invariable transverse dunes climb-
ing at a low (subcritical) angle. The internal architecture is illustrated in
terms of (i) bounding surfaces of different orders and (ii) facies domains
that are coded according to the default classes described above. The
model uses the same parameter settings as for case 34a by Rubin and
Carter (2006). The generated sedimentary architecture and facies dis-
tributions are shown in Fig. 4. Transverse dunes migrate under the in-
fluence of a net unimodal wind direction. The dune crestlines are out of
phase and extended perpendicular to the dune migration direction.
Dune migration and aggradation generate trough cross-bedding in
which trough widths are controlled by the wavelength of along-crest
sinuosity. Dune crest-brink to upper foreset regions are thickest at the
trough centre and thin out towards the edges (Fig. 4A&B). Concave dune
foresets are preserved at the trough sides where slopes are relatively
steep. Dune toesets are preserved at the very bottom of the trough or at
the edge of enclosed lozenge-shaped packages seen in the horizontal
sections (Fig. 4G&K). In this theoretical modelled example, facies pro-
portions are determined in part by an exceptionally high rate of aggra-
dation relative to bedform celerity, as indicated by an angle of climb
equal to 5°. The frequency distributions in values of porosity and
permeability across the geocellular grid are notably bimodal, which
reflects the dominance of upper and middle foreset domains under the
imposed conditions of rapid aggradation (Fig. 5).

4.2. Idealized example: longitudinal dunes

This idealized example aims to model the architecture produced by
the morphodynamic evolution of longitudinal (linear) dunes. Model
outputs, presented in Fig. 6, are obtained using the default classes of
facies domains (see above) and the parameter settings of case 55 by
Rubin and Carter (2006). The sinuous crests of the longitudinal dunes
extend along the direction of dune migration. Longitudinal dunes tend to
develop under two dominant converging wind directions oriented
obliquely to the crests. As a result, the preserved facies domains are
elongated along the trend of the crestlines. Dune crest-brink to upper
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foreset regions are extended along the ridges, whereas dune-toeset facies
domains occupy interdune corridors. This example mimics special con-
ditions in which dunes accrete vertically without net lateral migration
(Bagnold, 1941). Tsoar (1982) documented dunes whose evolution
produced a similar sedimentary architecture in the Sinai Desert. Steele
(1983) also interpreted a similar style of longitudinal dunes preserved in
the Permian Yellow Sands of Northeast England. In reality, longitudinal
dunes are commonly characterized by some component of lateral
mobility, and their accumulated deposits tend to be characterized by
cross strata with a relatively unimodal dip directions resembling those
produced by transverse dunes (Besly et al., 2018; Bristow et al., 2000;
Rubin and Hunter, 1985). However, in this theoretical case example, no
such component of lateral creep is incorporated. Relative to the example
for transverse dunes presented above, the results of geostatistical
modelling highlight markedly different spatial distributions in porosity
and permeability in the geocellular grid. The modelled petrophysical
properties and their variation across the grid reflect the different pro-
portions and geometries of the preserved facies domains (Fig. 7). Fre-
quency distributions of petrophysical properties are multimodal, and
reflect primarily the enhanced preservation of dune-toeset domains
associated with conditions of relatively laterally stable linear dunes.

4.3. Idealized example: superimposed dunes

This idealized example aims to model the architecture produced by
the migration of superimposed bedforms with along-crest dune migra-
tion, modelled using the same parameter settings of case 461 by Rubin
and Carter (2006). The resulting internal architecture is shown in Fig. 8,
which highlights the presence of topographic depressions resembling
scour pits formed by the intersection of troughs of the two sets of bed-
forms. The superimposed bedforms migrate transverse to the motion of
the main (parent) bedform. This leads to the scour pits to migrate
obliquely to the crestlines of the main bedforms, as can be recognized in
the horizontal sections (Fig. 8K). Dune forests are dominant on slopes,
and dune toesets are preserved as a thin layer restricted along the bot-
tom of troughs. Relative to the examples shown above, the spatial dis-
tributions in porosity and permeability in the geocellular grid are more
complex, highlighting the control exerted by complex morphodynamic
behaviours in controlling the preservation of different physiographic
domains with contrasting facies make-ups (Fig. 9).

4.4. A real-world example: the Triassic Helsby Sandstone Formation,
Cheshire Basin, UK

The Triassic Helsby Sandstone Formation is a well-exposed mixed
aeolian-fluvial succession. Mountney and Thompson (2002) couple
extensive and detailed architectural element data with foreset and
bounding surface dip and azimuth data, and use the numerical model by
Rubin and Carter (2006) to quantitatively reconstruct the
three-dimensional geometry of the aeolian and interdune deposits.
Mountney and Thompson (2002) demonstrate how variably damp or
wet interdune deposits can be preserved in a variety of geometries
depending on the rates of dune migration, sediment supply, and shifts in
water table, else in relation to fluvial flooding (cf. Carr-Crabaugh and
Kocurek, 1998; Crabaugh and Kocurek, 1993). However, numerical
modelling results by Mountney and Thompson (2002) only demonstrate
stratal geometries in the form of architectural elements and their
bounding surfaces of different orders, without explicitly presenting the
associated facies distributions.

Here, the input parameters to DASH are the same as those employed
by Mountney and Thompson (2002). DASH is applied to recreate the
expected 3D distribution of facies that matches with observations from
the Frogsmouth unit of the Triassic Helsby Sandstone Formation; the use
of these same inputs in DASH enables the generation of models that
incorporate both stratal architectures and facies distributions in three
dimensions (Fig. 10). The modelling output shows the curved (sinuous)
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Fig. 11. Outputs of static geocellular modelling aided by DASH, for a succession that embodies the stratal architecture of the Helsby Sandstone Formation. (A)
Geocellular model of DASH facies domains, with their proportions charted in (B). Facies-domain proportions reflect in part the full preservation of modelled bedforms
on the top surface: the proportion of crest-brink to upper foreset and interdune domains are ca. 5% and 26% in the part of grid underlying the top surface, as opposed
to ca. 10% and 20%, respectively, in the entire grid. (C) Realization of a Sequential Gaussian Simulation of porosity values modelled in the facies domains shown in
(A); distributions of porosity values vary across the facies domains as shown in (D). (E) Realization of a Sequential Gaussian Simulation of permeability values
modelled in the facies domains shown in (A); distributions of porosity values vary across the facies domains as shown in (F). Note that in the preserved Triassic
Helsby Sandstone Formation, the original dune topography and the facies associated with it are not preserved. Here we reconstruct the original dune morphology and
its associated facies distribution for the purpose of interpreting the palaeoenvironment of deposition.

crests of the original primary bedforms and out-of-phase superimposed
bedforms migrating obliquely over the parent forms. Consequently,
interdune areas form depressions that are commonly spatially isolated in
planform (Fig. 10A). However, preserved damp- or wet-interdune de-
posits can, in places, extend continuously, as revealed in cross sections
(Fig. 10C&K). The angle of climb for the bedforms is approximately 1.5°,
which is within the range of angles of climb measured directly from
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stratal relationships by Mountney and Thompson (2002). Preserved
deposits are dominated by concave-up middle dune forests. Dune
crest-brink and upper foreset deposits are partially preserved and to-
wards one side of troughs due to the oblique component of original
bedform migration (Fig. 10D). Dune toesets are solely restricted to the
very bottom of dune cross strata (Fig. 10K&M).

Compared to the idealized examples described above, in this case,
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the outputs of geostatistical petrophysical modelling (Fig. 11) are
characterized by: (i) larger variability in both porosity and permeability
values, largely due to the preservation of interdune domains; (i)
increased complexity in the spatial distributions of domains with con-
trasting petrophysical properties; the effect imparted by the presence of
interdune deposits on the tortuosity of higher reservoir quality units is
notable.

5. Summary and conclusions

In the subsurface, aeolian sedimentary successions form important
hydrocarbon reservoirs, potable aquifers, geothermal reservoirs, sites
for hydrogen storage, and repositories for carbon capture, utilization
and storage (CCUS), as is the case for the Triassic aeolian deposits in the
Cheshire Basin of England (Hirst et al., 2015), for example. It is therefore
necessary to develop tools that can be employed to generate quantitative
descriptions of subsurface aeolian architectures that are geologically
realistic. The DASH model addresses this need. DASH serves different
purposes, and can be used for different geological applications: (i) to
help visualize, in 3D, both the stratal architecture and the lithological
heterogeneity of sedimentary architectures that are thought to be pre-
sent in the subsurface based on limited borehole or geophysical data; (ii)
to generate training images that capture patterns of geological hetero-
geneity and that can be used as input to Multiple-Point Statistics (MPS)
modelling tools (e.g., SNESIM, DS, FILTERSIM; Mariethoz et al., 2010;
Strebelle, 2002; Wu et al., 2008) in geocellular modelling (cf. Montero
et al., 2021); a large number (in the order of 10%) of unconditional MPS
facies models that are based on training images obtained from DASH
may in turn be applied as training dataset with which to constrain
geocellular modelling methods based on machine learning, such as ap-
proaches that use generative adversarial networks (cf. Chan and
Elsheikh, 2019; Zhang et al., 2019); (iii) to assist flow-based upscaling of
petrophysical properties in conjunction with other tools providing de-
scriptions of lamina and lamina-set heterogeneity; this way, static
property models embodying realistic distributions of petrophysical
properties can be created (Nordahl et al., 2014); (iv) to explore how
different autogenic and allogenic factors control the nature of the pre-
served aeolian sedimentary record and their impacts on the static con-
nectivity of facies domains resulting in pathways of fluid flow and solute
transport (cf. Hovadik and Larue, 2007; Colombera and Mountney,
2021); and (v) to guide interpretations of the rock record, by (i)
providing facies models to be used as references for comparison with
facies architectures seen in outcrop, and by (ii) elucidating the effects of
dune morphodynamics and erg evolution on facies preservation. A key
limitation of the DASH model lies in its simplified modelling approach,
which is based on inferred attributes of formative geomorphic features
and geological understanding of facies organization of aeolian succes-
sions; it therefore disregards flow dynamics, sediment-transport pro-
cesses and dune-field morphodynamics (cf. Parteli, 2022). Nonetheless,
the DASH model serves as a powerful tool that allows exploration of 3D
sedimentary architecture and preserved facies distribution in aeolian
successions in a computationally effective way, and without requiring
knowledge of variables defining physical processes.

6. Code availability section

Name of the code/library: DASH.

Contact: n.yan@leeds.ac.uk.

Program language: MATLAB.

The source code and case examples are available for downloading
from Yan N. (2023) DASH_ v1.0 source code. University of Leeds.
[Dataset] https://doi.org/10.5518/1448.
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