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Abstract
The advancement of predictive aeolian facies models is important for hydrocarbon exploration, particularly in mature basins, where subtle
stratigraphic traps require the use of sophisticated simulations. The presence and lithological character of interdune elements can produce
sedimentological heterogeneities that can potentially partition reservoirs. Previous studies have documented spatial variation in dune bedform
type and associated spatial changes in aeolian lithofacies distributions. However, relatively few studies have attempted to quantitatively record
the form and spatial variability of dune and interdune facies.
Here we present a regional-scale study of the aeolian Jurassic Navajo Sandstone of southwestern USA. Detailed sedimentary logs,
palaeocurrent measurements, architectural panels combined with 3D photogrammetry have been integrated to quantitatively describe
lithofacies distributions and sedimentary architectures from large-scale outcrops in southern Utah, western Colorado and northern Arizona. The
outcrops were selected in order to quantify the relationships between dune and interdune assemblages in both the central and marginal parts of
the erg.
Interdune sedimentary processes within the Navajo were determined by variations in the water table relative to the depositional surface, and we
identify and quantify a range of wet, damp and dry interdune elements at various scales and throughout the formation. We consider how a
series of external factors that collectively define the sediment state of the system may act to dictate spatial changes in dune and interdune
morphology, geometry and importantly, their preservation. From analyses of the interactions, we predict spatial and temporal variations in
aeolian facies across the entire erg and we construct a suite of high-resolution, 3D, quantitative depositional models that account for the
complex interactions between wet and dry aeolian environments.
Based on the analyses of the Navajo Sandstone from dune-field-centre to dune-field-margin, a suite of empirical relationships has been
identified. These relationships demonstrate clear patterns in dune-interdune sedimentology, both spatially and through time, that can be related
to sediment characteristics observable in core and well-log data. Consequently, we use our models to predict likely architectural complexity

within the reservoir and produce more realistic reservoir models than could be constructed from limited subsurface data alone.
References Cited
Al-Masrahy, M.A., and N.P. Mountney, 2013, Remote sensing of spatial variability in aeolian dune and interdune morphology in the Rub'AlKhali, Saudi Arabia: Aeolian Research, v. 11, p. 155-170.
Besley, B., H.G. Romain, and N.P. Mountney, 2018, Reconstruction of linear dunes from ancient aeolian successions using subsurface data:
Permian Auk Formation, Central North Sea, UK: Marine and Petroleum Geology, v. 91, p. 1-18.
Blakey, R.C., 1994, Paleogeographic and tectonic controls on some Lower and Middle Jurassic erg deposits, Colorado Plateau: 1994, Rocky
Mountain Section (SEPM).
Blakey, R.C., 2008, Pennsylvanian–Jurassic sedimentary basins of the Colorado Plateau and southern Rocky Mountains: Sedimentary Basins
of the World, v. 5, p. 245-296.
High-Resolution Topography Data and Tools. Available at: http://www.opentopography.org
Kocurek, G., and R.H. Dott, 1981, Distinctions and uses of stratification types in the interpretation of eolian sand: Journal of Sedimentary
Petrology, v. 51, p. 579-595
Lancaster, N., 1988a, Controls of eolian dune size and spacing: Geology, v. 16, p. 972-975.
Lancaster, N., 1988b, The development of large aeolian bedforms: Sedimentary Geology, v. 55, p. 69-89.
Lancaster, N., 2005, Geomorphology of desert dunes: Routledge.
Loope, D.B., M.B. Steiner, C.M. Rowe, and N. Lancaster, 2004, Tropical westerlies over Pangaean sand seas: Sedimentology, v. 51/2, p. 315322.
Rodriguez-Lopez, J.P., L.B. Clemmensen, N. Lancaster, N.P. Mountney, and G.D. Veiga, 2014, Archean to Recent aeolian sand systems and
their sedimentary record: Current understanding and future prospects: Sedimentology, v. 61/6, p. 1487-1534.
Romain, H.G., and N.P. Mountney, 2014, Reconstruction of three-dimensional eolian dune architecture from one-dimensional core data
through adoption of analog data from outcrop: AAPG Bulletin, v. 98/1, p. 1-22.

BASIN DYNAMICS RESEARCH GROUP

Introduction and Data Collection
1

1

David Cousins, Stuart Clarke, Phil Richards

BDRG

Basin Dynamics Research Group, Keele University, Geography, Geology and the Environment, Keele, UK, ST5

Introduction & Geological Setting
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Kayenta Transition Zone (Mixed Fluvial-Aeolian)

Sevenmile Canyon is characterised by transverse, south-easterly migrating dunes and draa.
Early peripheral interdunes were ﬂuvially ﬂooded, but later interdunes were damp or
vegetated. A relative water-table rise lead to the deposition of lacustrine carbonates and
eventually to the formation of a super surface over most of the study area. Hite preserves
large scale compound trough cross beds. Periodically, the water table breached the surface
leaving behind isolated wet deposits in the interdune troughs. At Zion, the Navajo is
characterised by thick metre-scale simple sets and more complex cosets, representing
deposits of large dunes and draas with dry, deﬂationary interdune areas.

A’

Dune

Desk based processing using data visualisation and interpretation software facilitates accurate
measurements of the physical attributes on outcrops not accessible by traditional methods. Virtual outcrops
assist in the identiﬁcation and quantiﬁcation of a range of dune-interdune elements at various scales
providing useful data with which to produce 3D quantiﬁed facies models.

Below:6 Data from modern dunes11 (green) show
the general relationship between grain-ﬂow
thickness and dune height. Reconstructed dune
heights for sets of the Navajo Sandstone6 (red)
were calculated from bedform wavelength
readings taken in the ﬁeld and derived using
known relationships.2,3 The interactions here
demonstrate an indirect relationship between
grain-ﬂow thicknesses preserved in ancient
successions and original bedform height.
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Left & above7,8: The Navajo Sandstone constitutes the largest aeolian erg complex preserved on the Colorado
Plateau of the western United States. The erg was deposited in an asymmetrical north-south trending retro-arc
foreland basin developed on the western margin of the North American Craton8. Prior to the deposition of the
Navajo Sandstone, a ﬂuvial system - the Kayenta Formation - drained westwards across the basin. In early
Jurassic times, aeolian sand-seas began to develop as a result of a shift to a more arid climate. During this time,
the basin lay in a region centred on a palaeolatitude of ~10° N with prevailing north-westerly surface winds
recorded in dune-deposited sandstones. These winds are interpreted as cross-equatorial westerlies, bringing
periodic monsoonal rains subtly evident by wetter conditions, dominant in the lower half of the Navajo
accumulation9.
Circled numbers represent studied localities and form a regional transect across the paleo-erg.
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Modern literature identifies a need to develop an effective approach to the modelling and
characterization of the distribution of aeolian lithofacies within larger-scale architectural
1
elements. New tactics adopt a quantitative approach to aeolian successions, whereby the
generation of successions and their bounding supersurfaces can be accounted for in terms of
formative processes. Empirical relationships have been found to exist in modern
2,3,4,5
6
environments,
however, relatively few studies have tested and expanded on these
relationships using ancient outcrop analogues.
This project presents the initial findings in a regional-scale study of the aeolian Jurassic Navajo
Sandstone of south-western USA. The Navajo is ideal as it provides well preserved, largescale exposures of aeolian facies and architectural elements in 3D. This allows observation of
the spatial and temporal variability of dune and interdune facies in order to test and compare
the associations found across modern-day sand-seas. These relationships are important as
they can be used as a tool to predict architectural complexity within aeolian reservoirs.
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A point cloud visulisation10 of simple crescentic dunes and interdunes at the
White Sands NM, USA. Data were analysed to determine trends and styles of
spatial change in the geometry and morphology across the study region.
This study extracted data from the Namib Sand Sea, Namibia; the Rub’ Al
Khali, Saudi Arabia; and the White Sands National Monument, USA in areas
that represent central, medial and marginal erg settings respectively.

KEY

Dip-Azimuth
paleocurrent
angle of climb
*dune wavelength

Polyline
grainﬂow length
mark reactivation surfaces

True Vertical/Horizontal measurement
set thickness
grain-ﬂow thickness
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Dune Wavelength (m)
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Average preserved grain-ﬂow thickness (x10-3m)

Above: Dune height vs. dune wavelength for a variety of
diﬀerent modern dune types.2,3 For modern bedform types
dune height exhibits a positive correlation with bedform
wavelength and spacing.2,3,4,5 Such relationships are useful in
reconstructing likely bedform wavelengths from attributes
available in core data. Bedform type (simple, compound, or
complex) can potentially be deduced from a thick succession of
core by ascribing diﬀerent genetic signiﬁcance to bounding
surfaces of various types (e.g., interdune migration surfaces,
superimposition surfaces and reactivation surfaces).6
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Complex Linear Dunes: Namib Sand Sea
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Superimposed dunes controls
the host bedform behaviour.

Slipfaceless linear draa is covered
with superimposed compound
dunes, and extensive wind rippled
interdraa areas.

N

Interdune sedimentary processes within the Navajo were determined by variations in the water table relative to the depositional
surface and a range of wet, damp and dry interdune elements at various scales are identiﬁed throughout the formation. This work
considers how a series of external factors that collectively deﬁne the sediment state of the system may act to dictate spatial changes
in dune and interdune morphology, geometry and importantly, their preservation. With that, a generalised 3D depositional model
accounting for the complex interactions between wet and dry aeolian environments across the erg is developed.
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The complex linear dunes record a
bimodal distribution of single units of
gain ﬂow strata. They comprise both
small-scale superimposed troughcross and simple crescentic sets, as
well as extremely large trough cross
sets, interpreted as the remnants of
large-scale superimposed dunes on a
slipfaceless draa.
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Changing conditions, both
spatially and temporally, lead to
the evolution of a variety of dune
types identiﬁed in the Navajo
Sandstone. This work has
recognised prominent bounding
surfaces at various sites across
the Navajo, however, as each
area only covers a semi-regional
section of the Navajo basin ﬁll,
interpretations here are
speculative and require more
regional-scale observations.
Large aeolian trough-cross sets
and cosets, represent deposits
of simple to compound
barchanoid-ridge dunes with
damp to wet enclosed interdune
areas .
Water table breach: deposition
of lacustrine carbonates forming
a laterally extensive super
surface.
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Erg Margin dune and interdune
deposits. Vertical evolution from
ﬂuvially-ﬂooded interdunes at
the base to damp, adhesion
laminated or vegetated
interdunes. Reﬂects switch from
surface- to groundwater-derived
interdune moisture.
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An exponent greater than 1 indicates dune height increases more
rapidly than wavelength and thus vertical growth of the dune. A high
sediment supply and wind regime promotes deposition on dunes.

Bimodal paleocurrent
and bounding surface dip
azimuth consistent with
architecture expected
Preservation of superimposed
from the sinuous
dunes may vary and .is dependant on
linear dune.
angle of climb and sediment supply.

Other types of
superimposed
dunes on the
lower ﬂanks of the
slipfaceless draa.
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A small exponent (<0.5) indicates interdune length increases more
rapidly than interdune width leading to large extensive interdunes.
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deformation
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C

Deﬂationary super surface and
the formation of an extensive
sand sheet with ﬂuvial encursion.

Deposition in a variety of settings include aeolian, ﬂuvial and
playa lake environments. Post-depositional modiﬁcation of
sediments by pedogenesis or soft-sediment deformation is
also common.
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A representative 3D depositional model accounting for the temporal and spatial evolution of Navajo Erg:
Section I - Wetter conditions dominate during the early phases of Navajo development. A vertical
evolution from straight crested dunes with ﬂuvially-ﬂooded interdune corridors, to sinuous-crested,
damp, adhesion laminated or vegetated interdunes, and an extensive lacustrine carbonate deposit.
Section II - Extensive sand sheet development following a low water table, increasing exposure and
aeolian sand availability. The erg is re-established as small scale sets dominate. The small sets have a
low preservation potential as they are succeeded by large sets with isolated wet/damp interdune
deposits. The upper Navajo is dominated by thick metre-scale compound and more complex sets,
representing the deposits of large dunes and draa with dry, deﬂationary interdune areas.
A,B,C represent common dune types in the central, medial and marginal erg respectively.
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Ephemeral ﬂuvial systems occupy
well-connected interdune corridors
in the marginal erg setting.
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An exponent of 1 indicates dune height increases at the same rate
as wavelength and that a given amount of sand can be formed into
many large widely spaced dunes.
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Captured in the direction of dune migration, the interdune length
increases more rapidly than width (exponent = 0.5) as the dune train
becomes more linear and complex in nature.
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The simple crescentic dunes record a
bimodal distribution of single units of
grain ﬂow strata. The grain ﬂows
range from small, superﬁcial ﬂows to
larger ﬂows aﬀecting greater portions
of the slipface. This is interpreted as a
higher frequency of thinner lobe-andhourglass-type ﬂows and a lower
frequency of a larger slab ﬂows.
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Conclusion and Future Work
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Dsave = 2034m

Facies

20

1 10

1000

reservoir
p m g

20 - 30 m

0

0.01

Reservoir
Character

Large linear bedforms may preserve a variety of dune-interdune
architectures as their development usually has multiple phases. A
simpliﬁed approach is adopted here and presents the preservation of
small-to-intermediate-scale superimposed sets and large extensive
trough-cross sets. This leads to large, good-quality reservoirs,
bounded by poor-quality interdune deposits.
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Collection of data relating to erg morphologies in modern
environments provides the basis for an approach to
qualitatively and quantitatively study the patterns and
arrangements of aeolian bedforms and adjoining
interdunes across an erg . The research shows that the
variations that exist in the central, medial and marginal
erg can provide important empirical relationships.
This work will continue with a strong focus on data
collection from the Navajo Sandstone in marginal, medial
and central erg settings. The correlations found here,
along with known associations in the literature allow us to
test and compare similar relationships in the ancient
setting. Results from this research will be used to
generate a range of quantitative three-dimensional facies
models used to illustrate the sedimentological complexity
across an erg and ultimately provide a tool with which to
help predict reservoir complexity.
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Aeolian systems in the Navajo Sandstone exhibit a range
of architectures each characterised by recognisable
facies assemblages. The dominance and interplay of
these diﬀerent architectures can be attributed to the
development of the erg, both spatially and temporally.

VIRTUAL OUTCROP /
DIRECT OBSERVATIONS
The medial erg preserves a variety of facies including grainﬂow
dominanted cross-bedding, cyclic cross beds and small-scale
superimposed sets with a low preservation potential. Generally this
leads to a good reservoir quality. Long standing wet interdunes may
form baﬄes or barriers - depending on their extent and the maturity
of algal mat growth. Secondary processes such as dolomitisation of
the interdunes may also lead to reservoir compartmentalisation.
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QUANTITATIVE 3D MODEL
Facies associations
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PREDICTIVE FACIES MODEL

Parameters measured from
the subsurface

Small aeolian dune

Wet interdune

Ephemeral ﬂuvial channel

Dry interdune
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The erg margin generally represents the beginnings of aeolian dune
construction. The once extensive interdune ﬂats are reduced to
narrow linked-to-isolated interdune depressions. Interactions with
surrounding environments are common in marginal settings and
thus the small-scale aeolian sets with thick dry interdune deposits
are often punctuated by ﬂuvial systems, leading to a highly variable
reservoirs.

The developed workﬂow will be used to create quantitative 3D models. The aim of these models will be to identify
any empirical relationships which can be used to predict bedform morphology and larger scale spatial and temporal
variations in the aeolian system. Previous literature6, 12 has shown that dune architecture and bedform type (simple,
compound, or complex) can be reconstructed using subsurface data. This is typically done by ascribing various
genetic signiﬁcance to bounding surface (e.g. interdune migration, superimposition, reactivation surfaces). These
parameters can be used in order to predict the larger scale architecture, and thus reservoir conditions.

