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Abstract
Complex dunes, such as linear, star, reversing and parabolic, are common in modern depositional environments (Breed et al., 1979; Fryberger
and Goudie, 1981). For example, there are more linear dunes (31%) in the world’s deserts than barchanoid dunes (24%). Despite this natural
occurrence, most eolian petroleum reservoirs are interpreted using models based on barchanoid dunes, whether they are simple or compound in
nature. While it is true that there are many such reservoirs, we suggest that there are also many eolian dune reservoirs that are built from linear,
reversing or star dunes, and that many of them may remain unrecognized in subsurface work. If true, this presents opportunities in both
production and exploration.
The performance of linear, and reversing dune reservoirs, for example, might be sub-par if they are wrongly interpreted using a model based on
migrating barchanoid dune forms. An assumption of barchanoid bedforms with a unidirectional permeability structure can lead to a reservoir
model that is far too optimistic, because other dune forms, such as linear and reversing, have multi-directional permeability structures, and
higher proportions of ripple strata. These are commonly much less permeable than the avalanche strata that typify barchanoid dunes. The result
in practical terms is that non-barchanoid reservoirs can have low recovery factors due to early water breakthrough and/or bypassed production.
It is possible, however, to adjust well spacing and other aspects of primary and secondary recovery to optimize such complex reservoirs.
On the other hand, it is also possible that some fields remain undiscovered because DST or other evaluation techniques have misunderstood the
eolian reservoir. For example, due to cross bedding permeability contrasts, a test may wrongly evaluate the size or extent of a field. In linear
dune reservoirs, it might be possible to miss a field entirely by testing tight ripple strata on the flank of a large dune while missing the
avalanche strata of the good reservoir. There would seem to be an upside in exploration for those who understand eolian reservoir complexity
in formation evaluation.

In our poster we present examples of the internal structure (cross bedding and lamination) of linear dunes in Saudi Arabia and Australia,
reversing dunes at Great Sand Dunes, Colorado and Killpecker Dunes, Wyoming, and coastal parabolic/reversing barrier dunes at Hawk’s Nest,
Australia. We also describe ancient linear dunes in Lyons Formation of the Colorado Front Range (USA), and at Auk oil field in the Northern
North Sea Basin of the United Kingdom.
We hope the examples presented in our poster encourage others working ancient eolian dune reservoirs to consider the many possible dune
types that exist in nature, and possibly in their eolian reservoir. For example, a pattern of relatively low dips, accompanied by a high proportion
of ripple strata may reveal the presence of linear dunes. Further, expanding interpretation beyond the restrictive window of perpetually
climbing bedform trains will drive more representative architectural description of reservoirs. We suspect that careful interpretation of dune
type in eolian reservoirs will result in improved recovery strategies or exploration outcomes in eolian reservoirs in the Rockies of the USA and
worldwide.
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Abstract
Complex dunes such as linear, star, reversing and parabolic are common in modern depositional environments (Breed et al,
1979, Fryberger and Goudie, 1981). For example, there are more linear dunes (31%) in the world’s deserts than barchanoid
dunes (24%). Despite this natural occurrence, most eolian petroleum reservoirs are interpreted using models based on
barchanoid dunes, whether they are simple or compound in nature. While it is true that there are many such reservoirs, we
suggest that there are also many eolian dune reservoirs that are built from linear, reversing or star dunes, and that many of them
may remain unrecognized in subsurface work. If true, this presents opportunities in both production and exploration.
The performance of linear, and reversing dune reservoirs, for example, might be subpar if they are wrongly interpreted using a
model based on migrating barchanoid dune forms. An assumption of barchanoid bedforms with a unidirectional permeability
structure can lead to a reservoir model that is far too optimistic, because other dune forms such as linear and reversing have
multi-directional permeability structures, and higher proportions of ripple strata. These are commonly much less permeable
than the avalanche strata that typify barchanoid dunes. The result in practical terms is that non-barchanoid reservoirs can have
low recovery factors due to early water breakthrough and/or bypassed production. It is possible, however, to adjust well spacing
and other aspects of primary and secondary recovery to optimize such complex reservoirs.
On the other hand, it is also possible that some fields remain undiscovered because DST or other evaluation techniques have
misunderstood the eolian reservoir. For example, due to cross bedding permeability contrasts a test may wrongly evaluate the
size or extent of a field. In linear dune reservoirs, it might be possible to miss a field entirely by testing tight ripple strata on the
flank of a large dune while missing the avalanche strata of the good reservoir. There would seem to be an upside in exploration
for those who understand eolian reservoir complexity in formation evaluation.
In our poster we present examples of the internal structure (cross bedding and lamination) of linear dunes in Saudi Arabia and
Australia; reversing dunes at Great Sand Dunes, Colorado and Killpecker Dunes, Wyoming; and coastal parabolic/reversing
barrier dunes at Hawk’s Nest, Australia. We also describe ancient linear dunes in Lyons Formation of the Colorado Front Range
(USA), and at Auk oil field in the Northern North Sea Basin of the United Kingdom.
We hope the examples presented in our poster encourage others working ancient eolian dune reservoirs to consider the many
possible dune types that exist in nature, and possibly in their eolian reservoir. For example, a pattern of relatively low dips,
accompanied by a high proportion of ripple strata may reveal the presence of linear dunes. Further, expanding interpretation
beyond the restrictive window of perpetually climbing bedform trains will drive more representative architectural description of
reservoirs. We suspect that careful interpretation of dune type in eolian reservoirs will result in improved recovery strategies or
exploration outcomes in eolian reservoirs in the Rockies of the USA and worldwide.
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A small linear dune has grown in the interdune between two linear megadunes of the Northern Wahiba Sand Sea, Oman, about 10 km south of Wadi
Batha. View is to the north. Photo was taken during a sandstorm, with wind blowing to the right, or east. Fresh slipface on the dune in the foreground confirms
the activity of the (winter) seasonal slipface on the small linear dune in the foreground. As described below, both large and small linear dunes have complex
internal structure, and different proportions of primary eolian strata than the more commonly recognized barchanoid dunes. Thus, they behave differently as
petroleum reservoirs.
The prevailing model
for eolian reservoirs

The often overlooked complex dune types
that also form eolian reservoirs
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A star dune with three visible arms, just north of Cadiz Playa, California. Dunes such as
this one develop in complex, multidirectional wind regimes. Low net transport of sand leads
to accumulation, and likely preservation in sedimentary basins. The stratification within is
also complex with three major axes of avalanche strata bimodal dip direction in this example,
plus an abundance of eolian avalanche strata near the base of the dune.
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Barchanoid dunes, typically formed
in unimodal wind regimes, are the
most commonly interpreted dune
type in ancient rocks and petroleum
reservoirs.

Blowout, parabolic, dome, reversing, linear and star dunes are all
common in modern sand seas. They should also be appear in the
ancient record; however, they are seldom interpreted to be present –
especially in petroleum reservoir studies.

Of the various dunes shown above, the barchanoid types (shown on the left) are the most commonly interpreted type,
perhaps over-interpreted given the many other dune types (and depositional process frameworks) known to exist. One is
particularly surprised at the non-recognition of linear and star dunes in ancient oil fields, given their common occurrence in
wind regimes characteristic of eolian sand accumulation (Fryberger and Ahlbrandt, 1979). Linear dunes were once thought to
be windrow features, not associated with sand sea accumulation. Recent studies have shown that this is not the case
(Fryberger and Hern, 2014; Radies, 2004). Crossbedding directions in linear dunes may be more unimodal than suggested by
studies of small, reversing type linear dunes due to lateral migration of the bedform over time. This may result in misinterpretation of linear dunes - as barchans. This is especially true if primary strata are not carefully described in core.
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A “simple” outcrop of eolian cross beds and cross laminations in a barchan dune, along the southeast
coast of the Wahiba Sand Sea, Oman. Far from being “simple” this outcrop contains alternating packages
of ripple and avalanche strata, as well as larger scale packages defined by erosional bounding surfaces. Data
summarized below indicate that in some oil fields, production from such complex sets of cross strata is less
than the ideal “sponge” reservoir model, and in fact such rocks may have reduced recovery factors and
asymmetric flows in 5 spot and other grid patterns.
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POROPERM DISTRIBUTIONS OF PRIMARY EOLIAN STRATA
AND BOUNDING SURFACES

Bulk properties of eolian reservoirs

Schematic views of primary strata:
modern and ancient linear and reversing dunes

1000

The most common eolian terrain seen from space images in Breed et al. (1979) as summarized by Fryberger and Goudie, (1981) was
sand sheets and “streaks = small dunes), about 38% of all imagery. These may be represented in the rock record by thin eolian deposits with
numerous closely-stacked unconformities. The next most common category were linear dunes at 30.5%, followed by Crescentic
(barchanoid) dunes at 24%. Star dunes came in a distant third at 5%. It is of interest to note that linear (including reversing and oblique
dunes) and star dunes are found in the most complex wind regimes; that is, those encourage the accumulation of sand. Some regions are
characterized by the dominance of a single dune type – for example the Kalahari desert in South Africa.

AVALANCHE
PERMEABILITY

Eolian reservoirs have small scale poroperm properties that are created
by the physical nature of primary strata, and by coset geometry within
various dune types.
1. There is a strong contrast in reservoir properties among eolian primary
strata, as shown by the illustrations on this page. Permeability can be
orders of magnitude different between ripple and avalanche strata as
whole entities.
2. Even more striking are that very low permeabilities commonly exist
along bounding surfaces between primary strata (see red square on
chart at right).
3. The proportion of primary strata types is a fundamental driver of
reservoir behavior in eolian reservoirs, as shown by the models on this
page, and evidence from producing oil fields (such as Auk)
documented elsewhere in this report.
4. The proportions of primary strata types in a reservoir is driven
primarily by dune type. Barchan and barchanoid ridge dunes have
more avalanche strata than linear, star and reversing dunes – and thus
make better reservoirs, all things being equal.
5. Diagenesis can alter fundamental patterns of poroperm through
cementation or decementation (secondary porosity).
6. Dune type can be recognized using dipmeters and by carefully
observing primary strata type in outcrop or core (see illustrations on
this page).
7. Despite the fact that linear and star dunes are very common in modern
deserts, they are seldom recognized in ancient rocks. This may reflect
some sort of preservational bias. This may also reflect geoscience
bias; that is, a reluctance to recognize and deal with the reservoir
problems inherent in recognizing challenging dune forms.
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Above: an interesting wrinkle on the commonly presented poroperm
facies plot for eolian avalanche and ripple strata. The red square at the
lower left indicates the poroperm domain commonly noted for bounding
surfaces between individual primary strata. Although only a small volume
of the bulk of the rock, these surfaces potentially have a major impact on
production from eolian reservoirs.
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Dip angle, primary strata type and erosional bounding surfaces in linear and reversing dunes - modern and ancient
sediments. Note the high proportion of ripple strata observed in all outcrops of linear dunes and megadunes– which is
matched by subsurface core data. For comparison, the typical pattern of barchanoid dunes, with steepening upward trends, is
illustrated on the right (yellow shaded box).

Dune Types:
Schematic distribution of ripple and avalanche Strata

Barchanoid

Coastal Barrier
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Reservoir heterogeneity caused by eolian primary strata
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Laminar –scale variability of permeability, measured
with a minipermeameter. After Weber, 1987
Dome

A rough hierarchy of the abundance of avalanche (yellow) and ripple
(orange) primary strata in various dune types. At the top are dunes with
more avalanche strata (better reservoir). At the base are dunes with more ripple
strata (poorer reservoir). Diagrams show schematically the distribution within
the dunes of the primary strata, based on trenching studies in modern
sediments.

A stack of barchanoid dune crossbedding overlying an
eolian sand sheet along the southeast coast of the
Wahiba Sand Sea, Oman. View to the west. These
sediments have intrinsic permeability barriers in the dune
due to primary strata and packages of the same marked by
lower rank bounding surfaces. Additionally, a major
permeability barrier exists in the sand sheet that underlies
these mainly carbonate dunes. These outcrops were studied
by Hern, (2000), who described the complex interactions of
stratigraphy with petroleum production using injectorproducer models (left).

Much of the critical flow effects of eolian cross bedding and cross strata are due to strong differences in porosity and permeability
between individual laminations, as illustrated in the two figures above. The isolation of permeable laminae by tight laminae may drastically
reduce sweep efficiency in rocks that, on standard logs and core plugs, appear quite permeable. These microfabrics also, potentially, create
anisotropic sweep tendencies in the rocks. A. On the left, brown laminae are oil saturated. White laminations have probably been reduced by the
presence of oil, but are very low permeability. Red laminations have no oil. B. On the right we reproduce an excellent illustration from Weber
(1987) showing the variability of permeability at small scales due to primary stratification.

2D flow simulations of a real outcrop (lithified Wahiba Sands along the SE coast of
Oman). Top image shows trapping of oil at interfaces between crossbeds & bounding
surfaces in capillary-dominated situation. Bottom shows more piston-like displacement in
reduced capillary situation – mimicking a low contrast in permeability. Note that water
breakthrough in the top simulation is faster due to the imbibition of water along the low
permeability laminae. Recovery is 0.6 of the lower simulation (Pickup et al., 1999)

3D model of outcrop-based complex dune architecture (Wahiba Sands along SE coast of Oman)
with associated flow simulation. Top shows two phases of sand sea growth separated by a sand sheet.
The largest dunes are covered by a veneer of small superimposed dunes. Bottom image is a simulation
of oil production in a water flood from right to left showing the complex distribution of remaining oil,
with trapping & by-pass at interfaces and in the core of bedforms. Evaluation of remaining oil requires
that the spatial distribution of permeability is honored by building representative architectural models.
Model by Hern; simulation courtesy of Bert-Rik de Zwart.

Modern and ancient analogues for complex eolian petroleum reservoirs
Steven G. Fryberger, Caroline Y. Hern, and Nick Jones

Linear dunes of the Southwest
Rub Al Khali, Saudi Arabia
These small linear dunes in the southeast of Saudi Arabia preserve mostly ripple strata, despite
the fact that they have prominent slipfaces that flip direction in response to seasonal shifts in
wind direction. However, the permanent growth of this bedform is in the gently sloping plinth,
or shoulders of the dune. Our work at this locality suggests that about 70% of the standing
(modern) dune is comprised of eolian ripple strata, 30% of avalanche strata. However, the
preserved record is likely to consist mostly of plinth deposits, that is, eolian wind and granule
ripple strata. In this place, those deposits appear to be bimodal in dip direction (see cartoon
and trench images). These small linear dunes did not record much lateral migration or climb.

Index map (red balloon) shows the location of Najran, Saudi
Arabia on the Arabian Peninsula.

The wind rose for Najran shows how many hours
per year the wind blows from the indicated
direction. Example SW: Wind is blowing from
Southwest (SW) to Northeast (NE).

This diagram for Najran, Saudi Arabia, shows how many days within one month can be
expected to reach certain wind speeds. Based on 30 years or more of hourly data. Windiest
season at Najran is in summer, possibly in response to monsoonal flows similar to those in
Oman. Wind data courtesy of Meteoblue.

Northeast

Linear dunes near Najran, Saudi Arabia similar to, and
very near, those we trenched. This may in fact be our study
site, although when this work was done our navigation
methods did not include GPS! Image courtesy of Google
Earth.

Schematic diagram showing our interpreted geometry and distribution of eolian primary strata of the linear dune we studied in the
southeastern Rub Al Khali near Najran, Saudi Arabia (photographs below). This cartoon is based on our field observations including
trenches, photographs and sketches (see below). Wind ripple strata are shown in orange, dominantly avalanche strata shown in yellow. The
dune is comprised mostly of wind ripple strata, in some places with steep dips.

30 deg

An overview of the site near Najran, Saudi Arabia, where we trenched the linear dune
next to Tom Clisham. The slipfaces facing northeast are active, with wind blowing almost at
right angles to the dune crest (trend) on this winter day.

Trench RUB 20 consists of wind ripple strata of the dune apron (plinth)
dipping at 22 degrees to the northeast. Irregularity of strata is due to bioturbation
by grass roots and small insects (termites?). Pin-stripe laminations between ripple
strata are mostly dark in this image. Bars on scale are 1 cm wide.
18 deg

22deg

Trench RUB 18 exposes mostly ripple strata of the plinth. Lightcolored avalanche strata have dips slightly under the angle of repose
(32-34 deg) for dry sand. They represent the deceleration of sand
sliding down the slipface from up slope. Note steep dips of ripple
strata in both this trench and RUB 20. This phenomenon means that
core is the key to interpreting primary strata type in boreholes.

Our methods were commonly tedious in this very arid environment. Here
Abdulaker Al Sari and Tom Clisham of the University of Petroleum and Minerals
(Dhahran) are wetting the site of trench RUB 15 at the top of the dune.

Trench RUB 15-1 has crosscutting sets of avalanche,
grainfall and ripple strata partitioned by erosional bounding
surfaces. This geometry is formed by winds that alternate
direction from one side of the dune to the other between storms,
and seasonally. This part of the dune has low preservation
potential.

Trench RUB 16 appears to have bands of grainfall strata
dropped from suspension near the top of the dune by winds
blowing from left to right. A few of these beds may be
avalanche strata, although dips seem a bit low.

Trench RUB 19 is a typical interdune sequence in this area for both large
and small dunes. Bioturbation has obliterated some layering. Coarse layers are
preserved lags, and portions of granule ripples similar to those visible at the
surface in the background of this image. Below an erosional bounding surface
are steeper dips from an older dune of unknown type (ripple strata).
10 feet 3.1 meters

RUB 15
RUB 16

Northwest

Southeast
plinth
RUB 19

RUB 17

RUB 18

RUB 20
Sand Sheet

100 feet/31 meters

A

B

Above, and right: Trenches in interdunes of linear megadunes near Najran, Saudi Arabia. These trenches show an
abundance of nearly flat-lying ripple strata, commonly bioturbated by roots, rhizomes or insects (termites). They are similar to
interdunes of the smaller linear dunes shown on this page. A, B close up of trenches RUB 5 and RUB 9. There was little evidence
of early cementation by evaporites such as encountered by Fryberger et al. (1983) on the Arabian Gulf near Dhahran. C, overview
of trench RUB 4 and the interdune. Dark layer at top of trench is where we dampened the sand by pouring water on the ground.
Strata in lower part of trench are dipping about 8 degrees, suggesting that these may have been part of the plinth of a dune that has
moved on.

Cross section of the small linear dune in the southwest Rub Al Khali, Saudi Arabia that we trenched. Trench sites are marked to show position on
dune. This linear dune has a symmetric shape, with steep surfaces below the angle-of-repose for dry sand, except on the temporary slipface. Its shape is
similar to that of the reversing dune at Great Sand Dunes elsewhere in this report; illustrating the similarities of linear and reversing dunes in terms of
structure and process frameworks. Maximum slipface height at time of the study was 7.5 feet/2.3 meters

C

Trench RUB 17 consists of strata formed by wind ripples
migrating along the axis of the dune. Note decrease in dip
downward. Stratigraphic dip is steep enough that these
laminations might be confused with avalanche strata in dipmeter
work if no core or image logs were available..

Modern and ancient analogues for complex eolian petroleum reservoirs
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Geomorphology of linear megadunes, compound
and complex forms from Oman
Key points about linear megadunes based on the work of Hern et al. (2017):
1. All dunes, including in particular linear and star megadunes are commonly
compound or complex. They can have secondary bedforms of any type,
including linear, barchanoid or star dunes. Some secondary bedforms can be
large, and thus may constitute a significant reservoir facies if preserved in rock.
2. Linear megadunes have proportions and stratification similar to small linear
dunes, possibly similar proportions of avalanche and ripple primary eolian strata.
3. Build-and-fill geometries are common. Interdunes of linear megadunes
commonly with smaller barchanoid or linear forms by migration from beyond
the dune, or simple rollover of the linear megadune crest into the hollow of the
interdune. Star dunes are common on the tops of linear (or reversing) dunes that
have grown vertically into stronger winds than those at the desert surface.
4. Linear megadunes have long growth histories and complex stratigraphy due to
the resistance of large bedforms to change, once established, despite sometimes
extensive reworking.
5. Linear megadunes can form very complex reservoirs due to tendency for buildand-fill, resulting in a mix of plinth (ripple) strata, poorly sorted and (for
example) barchanoid dunes filling the accommodation space created by growth
of the larger bedform.
6. Even very large dunes can be truncated by ephemeral drainages.
7. Secondary bedforms may change trend as they climb up linear megadunes due to
slope effects, and wind direction and strength changes caused by the topography
of the dune.

Oman and Saudi Arabia: Stratification in a linear megadune.

1
2

The northward extension of linear megadunes of the Wahiba Sands, Oman is truncated by ephemeral flows from Wadi Batha. This image
shows about 32 km of the dune front. Note the presence of both linear and barchanoid secondary bedforms in the megadunes, or filling the
interdunes. In a few places, the secondary bedforms appear to represent reworking of the linear megadune into barchans (arrow 1).
Secondary linear dunes change direction as they climb the plinth of the linear megadunes (arrow 2). Image courtesy of Google Earth.

A

A

B
Views of the internal stratification of a linear megadune in the Wahiba Sands. The
complex history of this dune is evident. There has been considerable reworking of the
large, and ancient bedform. After Hern, et al. (2017). DEM & GPR courtesy of Dominic
Tatum (Heriot-Watt & Robin Westerman (Independent Consultant)).

B

Base Case: 500 – 100 mD contrast, Light Oil, Water Wet,
vertical wells

View of Al Raha desert camp from the south, Wahiba Sands Oman (about 25 km south of Wadi Batha). This image reveals the complexities
inherent in trying to study megadunes in the modern, setting aside for the moment recognizing such bedforms in ancient rocks. The two
linear megadunes in this image host much smaller secondary bedforms of both linear and barchanoid type. To add to the complexity, the
small linear dunes commonly metamorphose into strings of small, connected barchans during periods of strong crosswinds, as shown in this
image. Image courtesy of Google Earth.

Scientists from Heriot-Watt University gathering GPR data on the linear megadune in Oman. A mixture of very modern
and very ancient modes of working!

A

B

Two examples of build-and-fill from the Arabian Peninsula. (A) Barchanoid dune fills part of the interdune between to linear megadunes near Najran,
Saudi Arabia. (B) Linear megadunes are slowly being reworked to form smaller barchanoid dunes that fill the accommodation space created by the older
megadunes. Arrow shows one of these interdunes that has trapped suspended load fines from Wadi Batha (just to the north on the image). Arrow is actually
pointing at the slipface of the barchanoid dune. The Wadi Batha area is described in detail in Fryberger, Hern and Glennie, (2016).

C
High definition digital elevation model of the linear megadune studied by Hern, et al. (20107 in the Wahiba Sands. See image above for
satellite view of this dune. View is to the north. Image courtesy of Terrabotics.

(A) The 3D Survey Radargram from field area shown to left. This
radargram formed the basis for a deterministic reservoir simulation
shown in (B). The simulation illustrates how permeability contrast at
various bounding surfaces controls sweep. Sensitivity testing summarized
in (C) allows ranking of the impact of varying parameters (Nursaidova,
2009; Hern et al., 2009).

The flanks of linear megadunes (plinths) commonly are comprised of wind ripple and granule ripple strata. Although ripple strata can be good reservoir
rock, it tends to be poorer than avalanche strata due to poor sorting (smaller pore throats) and abundance of nearly impermeable pin-stripe laminations between
adjacent ripple laminations (Fryberger and Schenk, 1988). Images above are from the Najran area, Saudi Arabia.
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Linear dunes of the Strzelecki Desert near Moomba, Australia
1. A stabilization zone/surface has developed in the region around Moomba (Strzelecki Desert), consisting of soils
and other carbonate-cemented zones in interdunes, with bioturbation and reworking of dune crests and
interdunes.
2. Most of the dune volume of these linear dunes consists of packages of eolian wind ripple and granule ripple
strata.
3. Packages of eolian ripple strata are commonly separated by erosional bounding surfaces.
4. Southeasterly winds of today are out of alignment with the north-south trend of the dunes, which has tended to
build an asymmetry (steeper side) on the west side of most dunes.
5. Sets of ripple strata within the dunes commonly dip to the northwest, suggesting long term dune shift in that
direction, which fits east-southeast direction of the local wind regime if that regime is thought to be modifying
the dunes after earlier formation by a different (glacial?) wind regime.
6. Avalanche strata are commonly found on the active crests of the linear dunes, some of which have slipfaces that
flip with seasons; however, there is little net migration from year to year.
7. The linear dunes are rather widely spaced compared to their width. It is not known precisely how much “sand
sea” accumulation has occurred in the system over time.

Index map showing location of Moomba in the South Australian
Desert, (red area on satellite image). Image and map courtesy of
Google Earth.

Linear dunes near the Moomba oil field camp, Strzelecki Desert, Australia. Moomba camp is
near the top of the image. Image courtesy of Google Earth. View is toward the north.

Wind speed data for Moomba Airport, Australia.
Maximum winds (sand moving season) are from
September through February, which in Australia is winter.
Graph courtesy of Meteoblue.com

Wind rose for Moomba, 9am readings. Although in
deserts wind readings taken in the morning must be used
with caution due to inversions that affect wind speed; the
pattern shown on this wind rose is similar to that for
other stations in the region. It suggests a possible net
migration of dunes toward the northwest. Wind data
courtesy of Commonwealth of Australia Bureau of
Meteorology.

The crest of a linear dune near Moomba. The vegetation complicates interpretation in some localities, but the effect on the strata is easy to recognize.
Insect burrows are also common in these dunes. Dampness and light early cementation of the dunes make for very good exposures at bulldozed sites.
Interdunes can be grassy, dry or evaporitic depending upon elevation. View to the south. Dominant winds from the southeast have molded the dunes to be
slightly asymmetric to the right (west).

Ripple strata

Temperature and rainfall data for Moomba Airport,
Australia from meteoblue.com. Most rainfall is in the
summer months, which also correspond to the sand
moving season in this area.

Avalanche strata

Trend of ripple strata
Erosional bounding surface
1 meter

A

A field sketch of Strzelecki Linear Dune cut: Locality Moomba 8

1 meter

Linear dune trench at locality Moomba 7 consists almost
entirely of eolian ripple strata separated into bundles by
erosional bounding surfaces (please see cartoon on this page).

A bulldozed trench across the crest of a linear dune that has weathered to
show good views of eolian stratification. Flat sets of ripple strata comprise
the bulk of the outcrop. Insect burrows and root traces are common but have
not become intense enough to obliterate the primary eolian stratification.
View to the west.

B

A sketch of the linear dune cut at locality Moomba 7 (see images
below) shows stacked sets of ripple strata. Images of the outcrop are
shown. The sketch is from field notes.

C

D
E
F

A closer view of eolian wind- and granule-ripple strata in a linear dune near
Moomba. Pin-stripe laminations (Fryberger and Schenk, 1988) mark the ripple
strata above and erosional bounding surface (arrow). Coarse grains of a granule
ripple occupy the lacuna between massive sand below and ripple lamination above.

Complex eolian stratification in a linear dune at the
Moomba 7 locality. Note trough cross bedding below an
erosional bounding surface (marked with dashed line).
Choppy ripple strata with bi-directional dips above.

An overview of the (bulldozed) outcrop across the axis of the linear dune at
Moomba locality 8. All our outcrops were near the Moomba facility. Despite
the presence of abundant vegetation at the surface, the interior of the dunes
commonly showed only light to moderate bioturbation. Modern disconformity
is marked by dashed line. View is roughly toward the west. The orientation of
the dune field as a whole is north-south (please see Google Earth image this
page).

A close view of the primary strata in the linear dune at
Moomba 8. There are five distinct sets of cross strata in
this view. A,B and C consist of ripple strata - based on the
thin, straight laminations with pin-striping. . Set D may be
avalanche strata because they are thicker and somewhat
wavy in cross section. E is ripple strata. The origin of the
lowest set, which is bioturbated, is not known.

A good exposure of the interior of a linear dune. Most of the primary
strata are the product of wind ripples. Dips are not generally steep
enough for avalanche strata, with the exception of a small package
(marked by arrow). This portion of this linear dune has migrated (or
grown laterally) toward the northwest. The groups of strata marked by
dashed lines would probably behave as distinct flow units in an oil
reservoir. They probably represent the effects of individual climatic
events, whether storms or seasonal winds.
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Reversing and Star Dunes at Great Sand
Dunes National Park, Colorado, USA.

DP 296
RDP 175
RDP/DP .59

1. Reversing and star dunes are present within a geographically small area at Great Sand Dunes National Park,
Colorado.
2. A relatively simple regional wind regime (from the southwest) is modified by the Sangre De Cristo Mountains
near the dune field to create local wind regimes that vary widely around the dune field, thus causing the
growth of different dune forms in proximity to each other.
3. Cross-bedding patterns in the reversing dunes are bimodal, those in the star dunes are tri-modal.
4. Reversing dunes are comprised mostly eolian ripple strata. Precise knowledge of the relative proportions of
eolian primary strata in the star dunes is not presently known.
5. In rock systems that represent ancient sand seas developed in rugged topography, rapid lateral changes in dune
type should be expected.

Main
dune
mass
Sand sheet

Sand Rose for Alamosa, Colorado about 40 km
southwest of Great Sand Dunes. Rose shows a
strong SW prevailing wind with a weaker NW
mode. This sand rose, unfortunately, does not
capture very well the strong (katabatic) east winds
near the mountains that strongly influence the
dunes, reversing them completely at various times
during the year. After Fryberger, et al. (1979).

Playa lakes
and
evaporitesGSD 3-15:

Regional map showing the depositional setting of the three main zones of the eolian system
at Great Sand Dunes. The area of general scour that extends to source areas along the Rio
Grand River is purple. The sand sheets that comprise active dunes and some grassed-over
places are in orange. The main dune mass is rather small geographically; however, it is the
ultimate sink for sands delivered from both the southwest and northeast at the park.

A trench in interdune upwind of the reversing dune. There are several sets
of mixed ripple and grainfall strata. Laterally this trench is opposite the
middle of the dune we studied.

A Trench near middle of the windward slope of the dune,
consisting of mostly ripple and grainfall strata. Trench site
GSD 3-16:

The migration of star dunes mapped from 1938 ,1957, 1966 and
partial 1973 aerial photography. Elevations are in feet. The star
dunes have moved little since 1938. After Andrews (1981).

A trench near the crest of the dune, on the leeward
(east) side facing away from the prevailing wind. It
consists mostly of ripple and some grainfall strata, with a
few avalanche strata. Trench site GSD 3-15:

Avalanche strata
Ripple strata

West to east section of a reversing dune south of Indian Spring. Each dip and strike measurement was made at position indicated in a trench 120
cm deep. Most cross beds are probably ripple strata, based on our trenches. After Andrews (1981).

A Trench on east side of the dune, near the base. Mostly ripple
strata . Locality GSD 3-14:

A

B

Stereo net plots of spread of dip directions and angles in the reversing
dune we trenched (A) and a star dune on the north side of Great Sand Dunes
(B). After Andrews (1981).

wind

Sarah Andrews standing firm against the wind at the crest of the
reversing dune (in 1978). The equant cross section of typical
reversing dunes is visible here, the result of a long term balance
between the southwest and northeast seasonal winds. Southwest winds
prevail in summer; winds from northeast tend to be katabatic
downflows through Medano pass in response to low pressure cells on
the other side of the pass, or south of the Park.

Sarah Andrews checking the stake at the crest of the
dune.

Our stake setup on the northeast side of the dune used to
measure accretion of the surface, mainly through ripple migration
and grainfall deposition of sand blown over the crest of the bedform.

The experimental setup for
measuring sand drift and
comparing it with wind energy and
resulting sedimentary structures
(Fryberger et al., 1979). Sand trap
and anemometer mast are visible on
right of image.

Red bar shows the route of GPR
measurements at Great Sand Dunes used by
Schenk et al. (1993).
t
View northeast along the crest of the reversing dune. At the
time, this dune was migrating southeast by the prevailing
wind. Our truck in the background provides scale. This was
the site of sand transport measurements described by
Fryberger, Ahlbrandt and Andrews (1979).

An uncluttered view of the crest of the dune, toward the
south. Crest curves gently to the left near the end of the dune.
This may be a result, in part, of the tendency for smaller dunes to
migrate faster than bigger dunes in the net sand transport
direction (to the left). In the distance, more vegetated sand sheet
terrain, and a few light colored evaporitic interdunes (one is
marked by arrow).

Schematic diagram of a ground penetrating radar (GPR) transect showing only the interpreted bounding surfaces (solid lines) and other surfaces (dashed lines). Vertical and
horizontal scales are in meters with no exaggeration. After Schenk et al. (1993).
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Reversing dunes of the Killpecker Dune
Field, Wyoming, Part 1

Essex Mountain

Killpecker dune field in southwest Wyoming is a good modern analogue for complex
reservoirs developed in energetic wind regimes that are also strongly influenced by local
topographic conditions. The dune field itself begins near the Boar’s tusk between White
Mountain and Steamboat Mountain, then runs eastward for many miles across the Great
Divide Basin. Within the western part of the dune field there are barchan, barchanoid ridge,
parabolic and reversing dunes. The reversing dunes (see images on this and the next page)
comprise excellent analogues for ancient reversing dunes that may be found in reservoirs
formed in high-relief basins with complex topography. The salient factors that make
Killpecker interesting are as follows:
1. Moderate energy, complex wind regime interacts with rugged topography.
2. Result is a plethora of local sand transport pathways and unique, very local wind regimes.
3. Where one of the regional wind components is sheltered, barchanoid dunes are common.
4. Where full exposure to all wind regimes occurs, such as in this study area, reversing dunes
are found.
5. The reversing dunes at Killpecker have a high proportion of ripple and grainfall strata
compared to barchan dunes.
6. The high proportion of these primary strata types and complexity of arrangement within
this dune type would result in lower recovery factors in production.
7. Complexity of bedforms in main dune field is mirrored by complexity in sand size, sorting
and heavy minerals (at very small scale). Similar patterns might be expected in subsurface
work, with concomitant effects on reservoir risk assessment for drilling.

Boar’s Tusk

Maps showing (a) location of Wyoming; (b) location of major
dune fields in Wyoming; and (c) location of Killpecker Dunes
north of Rock Springs. After Ahlbrandt, 1975.

The western part of the Killpecker dune field, Wyoming. The dunes are driven eastward by westerly winds that twist across and around rugged terrain. Topography
has played an important part in the evolution of the dunes by blocking some flows, accelerating or deflecting others. Most trenching for this study was in the area shown
by the white polygon. Image courtesy of Google Earth.

Wind rose showing maximum daily wind speeds over
15 MPH during July and August, 1971. 15 MPH is
approximately the threshold for movement of dry sand
by wind. This rose captures the NW, N and SE winds
that the authors also observed in the field. This rose is
based on data collected by T.S. Ahlbrandt. After
Ahlbrandt (1975).

Map of dune field and average sand movement directions, based on wind data
and field observations. After Ahlbrandt, 1974.

Rock Springs (near Killpecker Dunes) annual wind speed. This chart
shows well the variation in average wind speed from year to year in modern
deserts, such as the Killpecker Dune Field. Dashed and green lines are
slightly lower in velocity than threshold for sand movement. After Wyoming
climate atlas (online), University of Wyoming:
http://www.wrds.uwyo.edu/sco/climateatlas/wind.html

Google Earth view, roughly toward the north, of reversing and barchan dunes at Killpecker Dunes,
Wyoming. Rugged topography interacts with regional winds to create local, topographically induced
flows that complicate local sand transport and dune morphology. For example, the barchan dunes
(yellow shading) are in a stream valley, sheltered from northerly winds. Thus, they exist in a more
unimodal wind regime than the reversing dunes above. Image courtesy of Google Earth.

Fine

Med-fine

Med.

Med-Crs

Distribution of grain size in the Killpecker Dunes. Fine-grained sands are
concentrated in southeast area, where eroding outcrops contribute new sand to the
dunes. After Ahlbrandt (1975).
Casper, WY annual sand rose
DP 813
RDP 665

32
Lander, WY annual sand
rose
DP 123
RDP 97

Killpecker Dunes

1
6

Areal distribution of blue-green hornblende, (weight percent of
heavy minerals). After Ahlbrandt (1975).

Douglas, WY annual sand rose (19481954)
DP 1456
RDP 935

Rawlins, WY annual sand rose
DP 824
RDP 705

Sand Roses showing main directions of sand moving winds for southern Wyoming, a very
windy area compared to other desert regions around the world with the exception of Lander (See
Fryberger, 1979). Strong component from the west and southwest dominates the region. Winds at
Killpecker are a modification of these regional flows. Sand roses courtesy of Dan Muhs of the U.S.
Geological Survey, with thanks.

Phi versus MM size table

Reversing and barchan dunes on the southeast side of the Killpecker Dunes.
Arrow shows a reversing dune that we trenched. View is toward the northwest. At
this time of year, the dune was blown back toward the southwest, with a southwestfacing slipface. Image courtesy of Google Earth.

Mod. Srtd.

Mod. w. srtd.

Well srtd.

V. w. srtd

Grain size-sorting in the Killpecker Dunes. Note the extreme variability. This may be due to the
multiple sources of sand, dune and eolian facies types, and topographic effects on sand transport.
After Ahlbrandt (1975).

Sorting Classes. After Folk (1965).
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Reversing dunes of the Killpecker
Dune Field, Wyoming, Part 2
Summary
Our trenching studies at Killpecker documented the dominance
of ripple and grainfall strata in the reversing dunes that typify
the western part of this dune field, where there is full exposure
to all components of the complex-to-bimodal wind regime.
Because ripple and grainfall primary strata are much more
resistant to movement of hydrocarbons through a reservoir, it is
important to know as precisely as possible what the
composition of a reservoir is in terms of both dune types and
primary strata abundance. For the reversing dunes at Killpecker
we observed the following in our trenches :
1. 64% eolian ripple primary strata
2. 15% eolian grainfall primary strata
3. 12% avalanche primary strata
4. 5% massive (slumped or reworked by water)
5. 4% bioturbated eolian strata (mostly vegetation). Original
strata mostly ripple.
6. Dips of strata tended to be opposing (see sketch).
7. Ripple strata dips could be quite steep, up to angle of repose.
8. Shape of the reversing dunes is asymmetric, with steeper
side toward the northeast. This may reflect the summer
southwesterlies. However, the dunes are subject to strong
blowbacks from the east and north.
9. Our studies at Killpecker continue. We are adding strike and
dip data, as well as measurements of the thickness of
avalanche strata versus dune height.

1

View to the east along the crest of a reversing dune on the east side of the Killpecker Dune Field. The shape
of the dune is roughly symmetrical, with south- or north-facing slipfaces depending upon the season.

SW
Avalanche strata

NE

grainfall strata distribution
among other types

ripple strata
40 feet
12.2 M
Trenches on a reversing dune that show the dominance of ripple and
grainfall strata in this dune type. IMG_20150727_114512e
Visualization of stratification in a reversing dune, Killpecker Dune Field, Wyoming. Based on our
trenches and other field observations.

Another day at the office, Killpecker dune field. Nick Jones is at
work smoothing a trench atop a reversing dune. View toward the
northwest.

Two trench sites on the southwest-dipping plinth of a reversing dune. The broad “plinth” of this dune is underlain
mainly by ripple strata in a manner similar to linear dunes. However, these reversing dunes do not extend lengthwise as
much as linear types, perhaps because formative winds are more directly opposed. View toward the East.
IMG_20150727_114512e

Trench KLP-12 has mixture of ripple, avalanche and grainfall
strata. In the background is another trench on this reversing dune.

Primary strata results: Killlpecker trenches

2
Trench KLP-11B showing the typical mix of ripple (59%) and grainfall( 41%)
strata found on reversing dunes, especially near the crest. Thick layer of grainfall
strata (arrow 1) is highlighted as well as ripple strata (arrow 2).

Typical trench in a reversing dune at Killpecker Dune field. Steeply dipping eolian ripple strata,
possibly with some thin grainfall strata mixed in. The high proportion of ripple strata seen in this trench is
typical of reversing dunes that have wide plinths (bases) similar to linear dunes, to which they are related.
The implications for eolian reservoirs is that this type of dune will have lower recovery factors because
ripple strata are less permeable than avalanche strata typical of other dune types, such as barchanoid dunes.

SUM AREAS
Pixels

Percent R

Percent APS

Percent
Grainfall

Percent
Massive

Percent
Bioturbation

214988

85

0

15

0

0

1810125

70

15

15

0

0

1972321

59

0

41

0

0

3747728

100

0

0

0

0

1061671

84

0

16

0

0

2296994

71

0

29

0

0

GF

1197505

27

0

19

0

54

69347

R

1614867

51

45

4

0

0

183761

APS

1039508

70

18

12

0

0

1043004

30

43

0

27

0

3087633

59

0

0

41

0

852645

28

14

58

0

0

1745751

86

14

0

0

0

1427822

82

18

0

0

0

902

167

209

68

54

64

12

15

5

4

Trench number/name

area 1

PST

area 2

PST

area 3

PST

KLP-4

86795

R

96148

R

32045

GF

KLP-12

1071262

R

284777

GF

262689

APS

191397

R

KLP-11B

734231

R

469625

GF

333976

R

329680

GF

KLP-10

3747728

R

KLP-9

891016

R

170655

GF

KLP-8

1404611

R

673699

GF

218684

R

KLP-7

651888

bioturb R

322984

R

451473

R

222633

KLP-6

761265

R

60800

GF

723464

APS

KLP-5

442233

R

129261

GF

128746

R

KLP-3

309840

R

279392

453772

APS

IMG_20150727_142829

1830699

R

1256934

IMG_20150727_115455e

138287

GF

239743

R

358123

GF

116501

APS

IMG_20150727_114606e

94908

APS

1327153

R

97797

APS

177483

RPS

IMG_20150727_105300

1167686

R

260136

APS

Massive,
interdune
flood
Massive,
interdune
flood

Area 4

PST

Area 5

104809

155507

48410

PST

R

R

APS

Table showing the results of measuring percentages of primary strata in 14 trenches in various reversing dunes at
Killpecker Dune Field. Areas measured on images of the trenches are in pixels; data is normalized using percentage
values. The obvious conclusions in this data set are the high proportion of ripple strata (64%) and grainfall strata (15%),
with relatively low proportions of avalanche (APS) strata (12%). Massive and bioturbated strata represent sedimentation
in interdunes where there is more moisture.

Modern and ancient analogues for complex eolian petroleum reservoirs
Steven G. Fryberger , Caroline Y. Hern and Nick Jones

Coastal dunes of Hawks Nest, Australia, Part 1
Coastal environments present good examples of complexity in eolian reservoirs. These transgressive
dunes along the east coast of Australia are subject to wind reversals, along with storms, rainfall and
plant growth. These all play a role in creating complexity beyond that expected in a barchanoid dune
fields developed in a unimodal wind regime in an interior desert region. Key features of this
analogue:
1. There is a strong bimodal wind regime that changes the dominant direction seasonally (P. Hesp
2017, pers. commun.). The changes in dominant wind direction erode multiple bounding
surfaces within the dunes. Additionally, there is a higher proportion of ripple strata than usual
compared to barchanoid dune forms that develop in more unidirectional wind regimes.
2. Rainfall produces slumps in slipface deposits, and layers of raindrop imprints in the primary
strata. Abundant plant growth results in bioturbation and plant material in the cross strata.
Spinifex growth causes the accumulation of eolian foredunes immediately landward of the
beach. These foredunes have vegetatively controlled eolian facies distinct from the barchanoid
dunes inland.
3. Despite proximity to the ocean, there is little evidence for the accumulation of marine salts in the
form of haloturbation in the eolian sediments. This is probably due to the abundant rainfall that
flushes salt from the sediments, as well as the lack of a seepage-reflux system that might be
created by a high evaporation rate.

Dark Point

A: 9am

(Winter Pattern, Hesp,
2017 pers. commun.)

B: 3pm

Transgressive Dunes

Morning and afternoon wind roses for Williamtown, AUS, an airport and RAF station
opposite the Hawk’s Nest dunes. (A) 9 Am readings preferentially record offshore-directed
breezes. (B) 3pm wind rose captures a flip in direction to onshore winds. This reversal of wind
direction, whether diurnal or seasonal (see notes by Hesp this page) ultimately leads to the
complexity of cross bedding in these coastal dunes. Wind data courtesy of Commonwealth of
Australia Bureau of Meteorology. These data are for the airport, the actual wind regime at the
dunes may differ, as noted by Patrick Hesp to the authors.

300 deg
Oblique satellite view towards the south of the Hawk’s Nest coastal dune field. Wind blows variously parallel to the coast, or inland.
Shoreward-directed winds have caused landward progradation of the transgressive dunes (see Hesp, 2013), while coast-parallel winds maintain
barchanoid forms. Nevertheless, frequent wind reversals have carved many erosional bounding surfaces into these coastal dunes, as shown on these
pages. Image courtesy of Google Earth. Foredunes and a linear deflation plain lie seaward of the dunes, as described by Hesp (1983, 1984, 2013).

HNA-8
100 m
SW

?

?

HNA-6

HNA-5
HNA-4

?

HNA-7
Dark Point

260 ft

Hawk’s Nest coastal dunes

Cross section of a (coastal) barchanoid dune that experiences both strong onshore winds and significant
reversals of flow. The result is a sand body that is dominated by eolian ripple strata, with some preserved
avalanche strata (green cross beds) in the lower portions of the dune. With few exceptions our trenches
encountered eolian ripple strata, commonly bioturbated, with abundant horizons of raindrop impressions.
Dune is advancing toward the northwest.

Yacaaba

Map showing location of transgressive dunes (this study), as well
as vegetated foredunes and other sandy eolian geomorphologies
(colored) of the Hawk’s Nest region. After Hesp, (1984).

Index map with air photo showing the Hawk’s nest area dune
fields (white areas) along the coast of New South Wales, Australia.
Williamtown airport, source of the wind data, shown at left, is
indicated by the red dot.

HNA-2A. This trench is in a low spot – what passes for an
interdune, but with no horizontal bedding. The flat beds
appear to be topset strata interbedded with some plant material.
Some layers appear distorted, perhaps churned by animals (or
people) walking through the low interdune.

HNA-2B This trench records a temporary reversal of
migration direction, presumably of the dune under study,
towards the southwest. The trench has both avalanche and
ripple strata, with some laminations contorted by plant
bioturbations.

HNA-3 This trench shows an abundance of ripple
primary strata, modified by plant bioturbation,
mainly roots and rhizomes. Upper part of the trench
may have some grainfall lamination.
View of the coastal barchanoid dune we studied. Our equipment is in the
interdune.

HNA-4 This trench shows a glimpse of the extended crest/slipface that exists on the
landward side of this dune. Nevertheless, most of the lamination is ripple strata, not
avalanche. Thus, the set of steeply-dipping strata on the upper right does not represent a
true slipface. With steeply dipping strata ,such as these,, it is important to recognize
primary strata types to establish correct position on the dune, as well as to establish dune
type in subsurface work. Note the extensive cut-and-fill typical of coastal dunes with
rapidly shifting wind direction.

Index map showing the approximate location of the
Hawk’s nest dune fields in Southeast Australia, north of
Newcastle (north of Sydney).

HNA-8 Grass (spinifex) is abundant on the less active dune areas and foredunes.
Surprisingly, it seldom obliterates older eolian laminations. In fact, it is the cause of some.
eolian accumulation through trapping of windblown sand from the beach (Hesp, 1984).

Sedimentary structures within an incipient foredune near Port Stephens.
Prevailing wind is from right to left as described by Hesp, (1984). See his original
paper for details on the growth of this interesting coastal eolian facies.
HNA-6 Sets of grainfall and ripple strata on the top of the
dune. There are multiple erosional bounding surfaces caused by
wind scour. Most of the irregular layers are raindrop imprints.

HNA-7 Another view of ripple and grainfall strata.
Lower set of strata is irregular, representing rainfall on
the dunes that disturbs the surface.

View toward the north of the Hawk’s Nest barchanoid dunes. On the right,
the ocean; on the left, dense vegetation of this tropical region.

Modern and ancient analogues for complex eolian petroleum reservoirs
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Coastal dunes of Hawks Nest
Australia, Part 2

Transverse and barchanoid ridge coastal (wet climate) dunes

There exist distinctive characteristics of coastal dune fields,
such as Hawk’s Nest with respect to reservoir complexity.
The features listed below apply to Hawk’s Nest, the
Younghusband dunes and the Oregon Coastal dunes studied
by the senior author. These include:
1. Persistence of transverse and barchan dune forms in
bimodal coastal wind regimes; with the result that
bounding surfaces chop sets of strata (reservoir flow
units) into small portions of the dune.
2. Fresh water dominates these systems that have formed
in regions of abundant rainfall due to strong coastal
(shoreline) sand supplies.
3. Bioturbation and slumping due to abundant rainfall are a
feature of the sediments along with many rainfall and
adhesion strata zones.
4. Facies belts from surf zone to interior landward regions
are distinctive and sharp.
5. Lack of abundant evaporites in the eolian sediments,
despite proximity to the sea. This is because there is
abundant fresh water input from precipitation.
6. Because of the constant shifts in wind direction our
impression from field notes and images is that there may
be a higher proportion of ripple strata in these coastal
dunes than avalanche strata compared to dry climate,
interior dunes, or coastal dune fields in hyper-arid
climates, such as those in the Middle East.

Parabolic Dune
A parabolic dune migrating North
Near water table

Wind

WEST

EAST

HNA16

HNA17
HNA15

Panoramic view toward the south of a transverse ridge dune similar to the one we describe on this page. Note the roughness of the terrain it is “engulfing”,
which would be recorded as a very uneven, bioturbated erosional bounding surface if preserved as rock.

Grass has little effect on sedimentary structures. Steep
ridge on three sides.

View to the south of a northward-migrating barchanoid ridge dune. Scarp on
the upper slipface results from moisture retention (from rainfall) by crestal
deposits of the dune. When avalanching occurs dry sand breaks away from damp
sand, leaving a scarp. There is some indication that due to sun position and wind
direction the steeper part of the slipface dries faster than the crest of the dune,
creating the disparity in moisture content of the sand. Such discontinuities are
preserved in the sedimentological record of these coastal, wet climate dunes.

HNA-9 Trench near the crest of a dune migrating northeast. This trench has a
mixture of avalanche and ripple, strata, with considerable grainfall strata in the topset
beds. The most significant erosional bounding surfaces are marked with dashed lines.

HNA-16 Trench in the lower slipface deposits of a parabolic dune.. Dark
material in trench is carbonized vegetation litter. Trench has mainly avalanche
strata with thin, resistant layers of ripple strata. Bedding is dipping toward the
north, in the migration direction of this dune.

Hawk’s Nest dune trenches HNA 9-14
225 Deg (SW)

NE

Pumice ridge
HNA-12

Trenches HNA-16 and 17 in parabolic dune
HNA-14

HNA-11

HNA-9
HNA-13

Pacific
Ocean
Beach

HNA10

HNA-12 (detail) An extreme version of cut-and-fill with wind ripple
laminations on the left cut-away and replaced by younger more massive
sands, slightly laminated on the right. The cut may represent storm wave
erosion of the dunes, with later infill by wind.

HNA-11 Steep cross beds representing a mixture of avalanche, grainfall and ripple strata
on the slipface of this coastal barchanoid dune. Note the slump (dashed outline) similar to those
described by Fryberger (1991) in the Oregon Dunes, a locality that also receives abundant
rainfall. Rainfall can dampen dry sand causing an increase in weight and consequent slumping of
damp sand sliding on dry sand below. (See also Fryberger, et al., 2001 for a discussion of coastal
dunes of the Younghusband Peninsula of South Australia) that share some characteristics of the
Hawk’s Nest dunes.

HNA-17. Trench in the uppermost part of a parabolic dune. There are
abundant irregular layers consisting of adhesion structures and raindrop
imprints. These stacked units of ripple strata exist as lobes on top of the
parabolic dune

N

HNA-17

S
HNA-16

Trench on the lateral “arm” of this parabolic dune nevertheless records dip
directions that fit the overall northward migration of the convex-upwind slipface.

Secondary
Wind

Primary Wind

foredune

Eolian cross lamination and bedding in a trench of a foredune at Dark Point near Hawk’s Nest. These cross-strata have formed among a growth of Spinifex sericeous, a dominant pioneer grass
along the east coast of Australia. Lower (brown) unit is original foredune developed just above marine backshore beds. Middle unit (light brown) represents high-wind-velocity sedimentation that
proceeded through grass stems forming steeper laminations, with no unambiguous avalanche strata landward despite a few high dips. Upper layer is comprised of a new set of laminations formed in
the presence of grass. Patrick Hesp, who studied this trench, is not certain of the origins of these fine strata, because few wind ripples were observed during sedimentation. One suspects that this unit
may mostly be grainfall strata settled from suspension as wind blew saltating sand through the grass. Description of trench courtesy of Patrick Hesp.
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Lyons Sandstone: Example of ancient
petroleum reservoir formed from linear
and barchanoid dunes

Measured section: Lyons Formation,
Lien Quarry, Larimer County Colorado (ft.)
Lyons Sandstone south end of Horsetooth Reservoir
Larimer County, Colorado:

Outcrop sketch

linear dune migrating laterally, comprised mainly of eolian ripple strata

2.
3.

4.

5.

The Permian Lyons Sandstone along the front range of
Colorado is comprised of a mixture of barchanoid
dunes and linear megadunes.
The outcrops of linear megadunes consist almost
entirely of eolian ripple primary strata.
The Lyons Sandstone production has proven to be
complex, with some evidence of stratigraphic trapping
in producing oil fields near outcrop.
Some of the apparent stratigraphic trapping, along with
other complexities, may explain oil field production
issues.
Unproductive oil shows in the Lyons, because of the
contrast in permeability between the linear dunes and
the barchanoid dunes, may represent missed
discoveries or bypassed production.

Denver basin (yellow shading) in relation to tectonic features.
Datum is base of Pennsylvanian System. Heavy line shows study
area of Levandowski et al.. After Anderman and Ackman (1963);
Martin (1965) in Levandowski et al. (1973).

065

North

South

1.

Partial measured section: Lyons Formation,
South end of Horsetooth Reservoir, Larimer County
Colorado (ft.)

N
E

W

Route of measured section

S

Ripple movement

Overview sketch
structural dip
350/21
3.05 m.

Outcrop shown below

3.05 m.
structural dip
350/21

10 ft.

10 ft.

068/11

•

062/14
Red siltstone/sandstone
O57/31
078/25
046/26
078/26

088/12

O50/18
2/3 of 11’ unit is
eolian ripple strata
(lower 2/3 of
outcrop)

095/10
11.5’

044/11
046/11

•

Approx. 25’
5’
Sabkha (eolian?)

5.5’

Red siltstone/sandstone

Our measured section in the Lyons Formation near Lien Quarry,
North of Fort Collins, Colorado has a basal sabkha sequence with
ripple strata above and a small proportion of avalanche strata.

HTR-B1
049/12

Outcrop is 98% eolian ripple strata

5.5’

072/12

058
105

058/12

3’
eolian ripple strata

Ripple crest strike

Apparent curvature of surfaces is due mainly
to greater erosion into dipping surfaces in
center of outcrop. Probably does not
represent bedform shape. Major bounding
surfaces have low dip.

045
050
055

8’
Spl HTS-4
7’
Spl HTS-3

•

Erosional surface

•

98% of section
is eolian ripple
strata

Spl HTS-5
10’

14’

•

060/12

Spl HTS-2
11’
Lyons production

074
050
055

070/14

•

Spl HTS-1

Stratigraphic control of reservoir distribution may have
caused oil production to be located off the structural
high at Fort Collins field. This may reflect changes in
dune type, analogous to those we have observed in outcrop.
After Nering (1963).

A sketch of the outcrop where we measured the section shown in
Asphalt surface of
profile to the right of this figure. To our surprise, most of this outcrop
parking lot
consists of eolian ripple strata. The outcrop was probably part (in our
analysis) of the plinth of a linear megadune, such as those shown as
modern examples in Saudi Arabia and Oman (elsewhere in this report). Weathering profile of our measured section in the Lyons Formation at Horsetooth
Reservoir near Fort Collins, Colorado. Packages of eolian ripple strata have weathered
out as benches in this firmly silica-cemented dune. Exposure was created by a quarry that
harvested the flat plates of sandstone formed by eolian ripple strata.

Middle distance view of a Lyons linear dune outcrop
with sets of ripple strata separated into packages by
nearly flat erosional bounding surfaces, Horsetooth
Reservoir, Fort Collins, Colorado.

Area distribution of gray Lyons as opposed to
red. The gray color is associated with oil
production; and may represent reduction of red
beds by hydrocarbons migrating through the rocks.
After T.L. Kingery, in Levandowski et al. (1973).

Lyons outcrop near Lien Quarry, measured is shown
above.

Eolian ripple strata of a linear megadune,
Horsetooth Reservoir above Fort Collins,
Colorado. These rocks are firmly cemented by
silica and would make a poor subsurface reservoir.

Eolian wind ripples exposed on the
bedding plane surface of a linear
megadune, Horsetooth Reservoir above Fort
Collins, Colorado (arrow). Ripple thickness
is exaggerated by dip angle of the surface.

Route of measured section

Producing areas

Isopach of the Lyons in the Northern Denver
Basin, after J.W. Rold, unpublished Chevron map.
In Levandowski et al. (1973).

Isopach map of effective Lyons Sandstone,
showing area of permeability barrier. After J.W.
Rold, Chevron Oil Co. data, in Levandowski et al.
(1973.)

Horsetooth Reservoir measured section in Lyons Formations

A view of the upper part of the Lyons outcrop (and our measured section) at Horsetooth
Reservoir, Fort Collins, Colorado. Significant erosional bounding surfaces within the dune; with
low-angle unconformity to underlying strata, are indicated by the dashed lines. Origin is unknown,
although these may be linear dune “growth surfaces” per the classification of Fryberger (1991).

A view up the flank of a linear dune, Horsetooth Reservoir,
Fort Collins, Colorado. Origin of the bounding surfaces
separating packages of wind ripple strata are still unknown.
Perhaps created by changes in wind direction that caused subtle
scouring.
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Linear megadunes: Hopeman Sandstone as an
outcrop analogue for the Auk Oil Field, Northern
Permian Basin, UK, Part 1

The Hopeman Sandstone, Scotland: Analogue for Auk Oil Field, U.K.

Summary
The eolian Hopeman sandstones of the Moray Firth
coast near Covesea have exposed within them
examples of various eolian facies that serve as direct
analogues for Auk Oil Field in the Northern Permian
Basin, UK., These outcrops also serve as analogues for
other eolian reservoirs that may be comprised of linear
dunes or megadunes and associated facies.
1. Dune, interdune and sand-sheet deposits are
present. We did not see eolian sabkha deposits.
2. There are barchanoid dunes of various sizes, in
groups separated by various orders of erosional
bounding surfaces.
3. There is a linear megadune with axis
approximately on the point below the Covesea
Lighthouse.
4. Close examination of primary dunes along the
coast illustrate a build-and-fill relationship of an
underlying linear megadune and infilling
barchanoid dune fields.
5. These basic dune types are found in the Auk Oil
Field.
6. Outcrop study of primary eolian strata that
comprise the linear megadune confirms the
preferential preservation of eolian wind and
granule ripple laminations, some dipping at rather
steep (20 degree) angles.
7. The linear megadune is visible at large scale, using
photographic panels taken along the shoreline. The
linear megadune is asymmetric in shape, with
preferential migration to the southeast.
8. It is not known exactly how the crest of the linear
megadune relates to the coastal outcrop –whether
the section is perpendicular to the dune crest, or
oblique. However, the cross section of the dune
provided by the outcrop is sufficient to see both
flanks of the linear megadune.

Outcrop analogue for barchanoid dune types in the Rotliegend (Hopeman Sandstone) at Auk Field. Near Hopeman on the
Moray Firth, Scotland. A: A stack of eolian sands including at the top a sand sheet, then ripple strata of zibar or linear dune over a
basal unit (the wave cut platform) of barchan dunes. It is such rocks academic models that predict regular repetition of migrating
bedforms fail to supply adequate petroleum reservoir description. The senior author has encountered various situations where,
despite complexity, reservoir description still follows unreal speculative process frameworks wherein migrating barchanoid dune
bedforms are used to explain rocks that did not form as those bedforms. It is a lesson in geological bias, but more importantly, in
the avoidance of difficult data that demand a fresh explanation. C: Location of the various outcrops used as analogues during the
Auk study (left) and the location of Auk Field in the Northern Permian Basin (right). D: Lithological stratigraphic column showing
the locally named “Auk Formation” defined at Auk Field as a part of the Upper Rotliegend, and the Hopeman Sandstone as slightly
younger set of rocks at the base of the Zechstein. There is some indication that the Hopeman has affinities with the Rotliegend, due
to the flood deposits at the top of the formation that appear to be linked to the Zechstein flood. For updated stratigraphy, readers
should consult Glennie and Hurst (2007).

Example of various sedimentary features associated with linear dunes that fill a pre-existing topography of barchanoid
dunes. A: Model for a simple linear dune from Australia (after Breed and Breed, 19**). Although the shape is seldom preserved
the style of cross-lamination, with a dominance of eolian ripple strata, and common bounding surfaces due to reworking by
opposing winds is typical. B: A linear dune preserved in part between buildups of barchanoid dunes along the coast at Hopeman.
C: Example of a small slipface preserved on the plinth of a much larger linear dune (below dashed line). This facies was known
as the “linear dune slipface” in the Fryberger (1999) study of Auk field for Shell. D: A possible super-surface (lower wavy line)
truncating barchanoid dunes. E: Facies stacking in eolian sands in the Hopeman Sandstone. Above the upper wavy line a sand
sheet is stacked on a barchan dune. Sand sheet deposits are interbedded with eolian dune crossbedding on a small scale in the
unit below; illustrating that stacking surfaces can have different scale orders.

All illustrations on this page after Fryberger (1999).
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Linear megadunes: Hopeman
Sandstone as an outcrop analogue
for the Auk Oil Field, Northern
Permian Basin, UK, Part 2
1. The Rotliegend eolian reservoir at Auk oil field in the Central Graben of
the Northern Permian Basin U.K. is complex, consisting of linear
megadunes and much smaller barchanoid dunes (and dune fields).
Linear megadunes were not previously known to exist in the subsurface
of the Northern Permian Basin, UK., although they were identified to
the south in the Rotliegend Yellow Sands of England (Steele, 1983).
2. Eolian-event stratigraphy, driven by changes in wind regime, rather than
conventional sequence stratigraphy driven by sea level changes, were
used by Shell staff to develop full field reservoir models for Auk.
3. The highest rank eolian bounding surfaces, commonly separating eolian
sand seas, can be mapped on seismic data at Auk and probably in other
eolian sequences.
4. The Hopeman sandstone outcrops along the Moray Firth coast provide
excellent analogues for the large, complex linear bedforms interpreted
in the subsurface at Auk Field.
5. The Rotliegend accumulation at Auk could well have been missed or
grossly underestimated in volume had the Zechstein production not
been found by the earliest wells. This is because the Rotliegend at Auk
contains significant volumes of poor reservoir quality rock, much of
which was encountered during early straight-hole drilling. Examination
of reservoir complexity at Auk provides a valuable basis for reexamination of “dry holes” with shows in either Zechstein or
Rotliegend.
6. Auk evolved through a build-and-fill process, in which linear
megadunes first grew and established themselves. This was followed by
infill topographic relief created by the linear megadunes with smaller
barchanoid dunes, in several cycles. The linear megadunes at Auk were
probably asymmetric, with greater plinth volumes dipping northeast.

1 Km.

30/16-13

A06S2

A seismic line across Auk Field to illustrate structural closure and stratigraphy. Yellow shading
shows the Rotliegend Group, which in this area, overlies the Old Red Sandstone.

Stratigraphic column for the Auk Field area. On
this drawing the breakdown of the Rotliegend into 5
units is illustrated. Most of the oil at Auk is in the
more complex Unit 2, a mixture of linear megadunes
and smaller barchanoid dunes and dune fields.

Map showing the distribution of porous “A” sand
and Rotliegend Unit 1, based on seismic data. Wells
marked on this map by black dots are illustrated below
with core and log displays.

Structure map of the Auk field. Purple shading shows area
above oil-water contact.

Cross bedding data, vertical wells, at Auk field for all barchanoid
dunes (top); Barchanoid dune field (middle) and Barchanoid dune facies
(bottom). Facies were defined using log response. Steep dip and narrow
distribution is clear from the data.
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Cross-bedding dipmeter data, horizontal and vertical wells, at Auk field
for all linear dunes (top) and linear dune slipface (below). Facies were defined
using log response, based on core comparison with logs. Lower dip than
barchanoid dunes is clear, along with wider distribution in poles to bedding
than the linear dune slipface deposits.

Build and fill accommodation space concepts
applicable to Auk.

The evolution of the Auk and its dune fields.
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This plot of the 30/16-13 well shows isolated avalanche strata (yellow
zones) within a core that is comprised mainly of ripple strata of a
linear megadune (red shading). The uppermost arrow, labeled “LDSF” for
Linear Dune slip-face shows this thin zone of permeable reservoir within
rock that is mostly low permeability. The excellent reservoir in
Rotliegend unit 3 is below the oil-water contact in most wells.

Above: Core from well 30/16-13 shows an oil-saturated, porous and permeable set of
avalanche strata among non-productive ripple strata in Auk oil field. This isolated set of
strata occurs frequently enough to merit recognition as a possible preserved slipface from
a linear megadune, although it might also represent part of a free-standing barchanoid
dune.
A view of the 30/16-13 core, with a set of avalanche strata
(linear dune slipface) embedded among red-bed ripple strata
that have little or no oil saturation due to low permeability.

All illustrations on this page after Fryberger, (1999)

Log of the A06S2 well at Auk Field. This shows interbedding of barchan dunes
(yellow) with linear dunes (red). The ripple strata (shaded red here) are low
permeability, forming the infamous “tiger stripe” laminations of red and partly
saturated laminations (see image from 30/16-13, which also shows this style of
lamination in upper left of image). The avalanche strata are evenly oil saturated, and
productive.

