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The landscape of Bermuda is dominated by Quaternary carbonate cemented dunes, or ‘‘eolianites’’, which
form the islands’ topography. Sections through the dunes are revealed in extensive natural and
man-made rock faces, which expose the dune stratigraphy as well as the preserved morphology. An anal-
ysis of 3751 foreset measurements confirms the conclusion reached by earlier researchers that Bermuda’s
dunes advanced sub-perpendicularly to the coast in a landward direction away from source beaches.
Dune orientation, being multi-directional, is not consistent with northeast net sand transportation pre-
dicted by a drift potential analysis of modern wind data. The putative predisposition of Bermuda’s car-
bonate dunes to rapid cementation is supposed to have curtailed their landward advance such that
younger dunes developed as static ridges at the seaward margin of their lithified predecessors.
Geological mapping has revealed, however, that in many cases young dunes did advance inland onto inte-
rior terrain, overstepping older dune ridges. Molds of large trees, preserved within the dunes, and a sharp
contact of steep slip-face dune foresets on palaeosols evoke the encroachment of landward-advancing
precipitation ridges into a forested landscape. The internal structure of the dunes, featuring thick sets
of slip-face foresets truncated by sub-horizontal planar bounding surfaces, uphold the ascendancy of
sand transportation processes over those of sand retention and vertical accretion. Although meteoric
cementation was responsible for the ultimate preservation of eolianite ridges which dominate
Bermuda’s landscape, it took effect too slowly to influence the behaviour of the carbonate dunes at the
time of their emplacement.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction

1.1. Physical geography of the study area

Bermuda is a British Overseas Territory located in the North
Atlantic at 32�200N, 64�450W. This puts it at 1015 km to the east
of the closest landfall, which is North Carolina in the United
States. The hilly islands of Bermuda form an elongated archipelago,
with a length of 25 km and a maximum width of 2.5 km. They are
perched on the southeastern edge of a 26 by 52 km reef-rimmed
platform (Fig. 1), which has an average water depth of approxi-
mately 15 m.

The geology of Bermuda, above sea level, predominantly com-
prises cemented Pleistocene aeolian bioclastic calcarenites, termed
‘‘eolianites’’ by Sayles (1931). Emergent marine shoreface and fore-
shore deposits are volumetrically minor, being restricted to narrow
and patchy outcrops at low elevations (<5 m above present
sea-level) along limited segments of the coastline. The aeolian
and marine limestones both display a full age-related range of
meteoric diagenetic alteration (Land et al., 1967), the most appar-
ent manifestation of which is progressive cementation and con-
comitant reduction of primary porosity with age.

The Geological Map of Bermuda (Vacher et al., 1989) identifies
six allostratigraphic limestone formations separated by geosols
(Fig. 2). Generally, it upholds Sayles’ (1931) division of the
Bermuda islands into a core of older limestones fronted on the sea-
ward sides by ridges of topographically more prominent, younger
limestones. The alternation of dune deposition with soil formation,
recorded by eolianites interleaved with palaeosols, prompted
Sayles (1931) to propose a correlation of depositional events on
Bermuda with Quaternary glacio-eustatic sea level cycles. Sayles’
(1931) stance on the timing of dune building is, however, not as
clear-cut as is often portrayed. He did not advocate correlation of
dune activity exclusively with glacial maxima. He shared the belief
with subsequent researchers (Bretz, 1960; Land et al., 1967;
Vacher, 1972; Hearty and Kindler, 1995; Vacher and Rowe, 1997;
Rowe and Bristow, 2015) that platform flooding associated with
a sea level highstand, was a pre-requisite to dune development.
As sea level fell, he envisaged the exposure of great flats of ‘‘broken
shells’’ which were piled up into dunes by strong winds. Sayles
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Fig. 1. Location of the Bermuda islands and their position on the submerged Bermuda Platform.
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considered soil development to be an ongoing process at interior
locations in the absence of active dunes, regardless of the status
of sea level.

Bermuda’ eolianites accumulated in undulating ridges which
generally parallel the closest shoreline. At its widest point, in the
central parishes, the main island of Bermuda comprises three such
ridges which are approximately E-W aligned and separated by lin-
ear depressions locally occupied by marshland. Ridge crests, typi-
cally, reach elevations of 40 to 50 m above sea level, but can be
higher where ridges have coalesced. Bermuda’s highest hill –
Town Hill – at 76 m above sea level is an example of such a com-
posite structure. This topography qualifies Bermuda as a ‘‘high
island’’, as opposed to a ‘‘low island’’, according to the system of
categorisation of carbonate islands proposed by Vacher (1997).

Formation of the Bermuda islands is commonly attributed, in
the literature, to accretion of aeolian dune ridges in a seaward
direction. Bretz (1960) and others proposed that Bermuda’s
Pleistocene dunes were retentive structures, fixed in position on
the proximal backshore. ‘‘They did not wander inland’’ and they
were ‘‘tied closely to . . .. the beach’’ (Bretz, 1960). They advanced
inland only in so far as accretion by the addition of new sand per-
mitted or, in the words of Vacher (1972), ‘‘they did not migrate but
advanced inland through leeside accretion and upward growth’’. It
was Bretz’s (1960) contention that this behaviour was consistent
with prompt fixation attributable not to vegetation but to incipient
cementation by infiltrating rain water. This opinion was endorsed,
in reference to Bermuda, by Hearty (2002) in noting ‘‘a predisposi-
tion (of coastal carbonate dunes) for rapid cementation’’.
1.2. Modern dunes of Bermuda

Modern dunes, in Bermuda, take the form of vegetated fore-
dunes, and are restricted to the backshore of a few embayments
along the south shore, such as Horseshoe Bay, Warwick Long Bay
(Fig. 3) and Elbow Beach.

Notwithstanding their current state of relative stability,
Bermuda’s coastal dunes did exhibit pulses of activity in the 19th
century. At Elbow Beach, dunes which climbed to a height of
55 m and advanced at rates of 3–6 m per year, as documented by
Nelson in 1837, were still active when visited, as an object of
scientific curiosity, by British scientists of the Challenger expedi-
tion in 1873 (Fig. 4). Later still, Heilprin (1889) observed active
dunes at Elbow Beach and Tuckers Town which he described as
‘‘great tongues of sand’’ and ‘‘sand glaciers. . .stealthily encroaching
on hilltops of the interior and burying everything’’ including
houses at both locations.

Some of this, historical, dune activity in Bermuda was tenta-
tively attributed to ‘‘clearing of brush’’ during construction of
coastal fortifications. However, this explanation does not fully
account for the coincidence of dune advances at separate locations
which persisted for several decades. Possibly, destruction of fore-
dunes by a major hurricane and associated widening of beaches
would have permitted wind-blown sand to accumulate in new
un-stabilised dunes at a rate that temporarily outpaced colonisa-
tion by vegetation. Today, there is little remaining evidence of this
historical dune encroachment; and even as early as 1931 R.W.
Sayles observed an almost total absence of dune activity on mod-
ern Bermuda.
1.3. Winds and climate at Bermuda

Bermuda’s climate is subtropical and frost-free. Average day-
time temperatures range from approximately 19 �C in February
to 29 �C in August. Rainfall is relatively evenly distributed through-
out the year with an annual average of 1458 mm. Annual potential
evapotranspiration is approximately equal to rainfall, with water
budget surpluses in the winter compensating for summer deficits.
Rain tends to be delivered by frontal systems in the winter and by
tropical disturbances and local thunderstorms in the summer.
Extended wet periods are usually caused by slow-moving weather
fronts tracking eastward from North America.

As part of this study, an analysis was conducted of 20 years of
hourly wind data collected between 1975 and 1995 at the US
Naval Air Station in Bermuda. This returned average and modal
wind directions of approximately southwest and
south-southwest, respectively. These prevailing winds are associ-
ated with a high pressure system which builds to the east of the
islands in the summer months – the ‘‘Bermuda-Azores High’’.
Winds with higher strengths exhibit a bias towards a
west-northwesterly direction (Fig. 5). They are often associated



Fig. 2. The geological map of Bermuda and cross-section (after Vacher et al., 1989). Six allostratigraphic formations are dominated by eolianites. A central core of older
formations fringed on the seaward side by younger formations is consistent with a beach-source of sand for dune-building. Landward encroachment of the dunes is evidenced
by inland projections, such as in the Rocky Bay Formation at Prospect. Vertical stacking of the formations (Section A–A0) is not consistent with growth of Bermuda by lateral
accretion of successive beach-tied ridges as asserted by Bretz (1960) and subsequent researchers. Average ages of the three youngest formations as quoted on the map were
determined by U-series dating of coral fragments collected from marine members of respective formations (1Ludwig et al., 1996; 2Muhs et al., 2002; 3Harmon et al., 1983;
4Rowe et al., 2014). Ages of older formations (5Hearty and Kindler, 1995), whose relationship with datable marine members is uncertain, are based on limited data from a
variety sources and can be considered estimates.

M.P. Rowe, C.S. Bristow / Aeolian Research 19 (2015) 235–249 237
with low pressure systems, and related fronts, which track east-
ward across the North Atlantic in the winter – at a time when
the high pressure system, which otherwise tends to block these
lows, has migrated to the south.
Fig. 3. A fully stabilised foredune ridge on a reflective beach at Warwick Long Bay,
2012. The dunes are scarped and the beach is flattened every 10–20 years by
hurricane waves. This last occurred in Hurricane Fabian in 2003. (Oil barrel for
scale).
1.4. Eolianites

Eolianites – a term coined by Sayles (1931) specifically to char-
acterise Bermudian dunes – are lithified eolian (aeolian in British
idiom) coastal deposits formed of reworked carbonate marine sed-
iments. Some of the best documented continental occurrences are
known from south and west Australia (Bird, 2007; Short et al.,
1986), South Africa (Bateman et al., 2004) and Israel (Yaalon and
Laronne, 1971; Tsoar, 2000); while small island versions analogous
to those of Bermuda are found in the Bahamas (Carew and Mylroi,



Fig. 4. Historic dune encroachment at Elbow Beach (where now there is none). On the left is a photograph taken at Elbow Beach by members by the Challenger expedition to
Bermuda in 1873 and on the right is a true-to-life 1830’s painting of un-stabilised dunes at Elbow Beach from the Johnson Savage MD Collection, National Museum of
Bermuda.

Fig. 5. Wind roses for Bermuda based on an analysis of hourly wind data collected at the US Naval Air Station over 20 years between 1975 and 1995. Data for winds below the
threshold velocity of 12 knots (Fryberger, 1979) are omitted. Note increasing bimodal directional bias with higher wind strength categories up to that of 28–33 knots. Winds
in the range of 22–27 knots have the potential for transporting the greatest volumes of sand according to a drift potential analysis.
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1995; Caputo, 1995), Lord Howe Island (Woodroffe, 2002)
Kangaroo Island, Australia (Milnes et al., 1983) and Rottnest
Island, Australia (Playford, 1997). Many other examples have been
catalogued by Vacher and Quinn (1997) and by Brooke (2001).

Brooke (2001) identified key criteria for the accumulation and
preservation of eolianites as: shallow warm seas with high bio-
genic carbonate productivity coupled with low terrigenous input;
onshore-directed trade winds; and a seasonal water-budget deficit.
He attributed an apparent dominance of Quaternary eolianites over
more ancient versions, in the geological record, to: (1) Difficulties
in identifying ancient dune deposits once they have been buried
and incorporated into a geological succession; and (2) Increased
global aridity in the Quaternary, which curtailed fluvial input of
terrigenous sediment to many shelf seas. Brooke (2001), addition-
ally, cited the importance of the cyclical movement of Quaternary
sea levels to the creation of biologically productive shallow seas
during interglacials and to the exposure of ‘‘highstand offshore
sediment sinks’’ to reworking in the littoral zone, when sea levels
were in transition. Brooke (2001) did not conclude that eolianite
accumulation was predominantly correlative with a particular
state of Quaternary sea level – be it high, low, rising or falling.
However, Mauz et al. (2013), following a review of published
eolianite research at 20 localities around the world, presented data
showing that the majority of coastal dune activity was contempo-
raneous with a peaking or falling relative sea-level.
1.5. Classification of coastal dunes – foredunes vs landward-advancing
(transgressive) dunes

Foredunes develop as the most seaward shore-parallel aeolian
dune ridge, which exchanges sediment with the beach (Carter
and Wilson, 1993). They typically are fixed in position by vegeta-
tion to varying degrees Hesp (1988), and grow predominantly by
vertical accretion (Goldsmith, 1973). Foredunes which develop
on shores where there is a positive sediment budget tend to form
a series of prograding ridges (Cooper, 1958; Hesp, 2005; Bristow
and Pucillo, 2006). Where sea level is rising, however, and/or the
sediment budget is negative, but not sufficiently so to destroy
the foredune ridge, it can maintain its size or grow while retreating
landward by a process of sediment transfer known as ‘‘rollover’’
(Psuty, 1990). Dunes associated with eroding beaches have been
termed ‘‘primary transgressive barriers’’ (Short et al. 1986); while
other forms of mobile frontal dunes have been termed ‘‘transgres-
sive frontal ridges’’ (Bird, 2007). However, the consensus is that
position and shore-parallelism (Hesp and Thom, 1990; Tsoar,
2000) take precedence over process, and with few exceptions the
foremost coastal dune ridge qualifies as a foredune.

‘‘Transgressive’’ coastal dunes encroach inland beyond the posi-
tion of the foredune onto a prior terrain of forest, swamp, marsh,
scrub or even into shallow waters (Hesp and Thom, 1990).
Because of the sea-level connotations of the word ‘‘transgressive’’,
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we argue that these dunes are more appropriately termed ‘‘advanc-
ing dunes’’ (Mauz et al., 2013; Rowe and Bristow, 2015) or where
appropriate ‘‘landward-advancing dunes’’. They advance by accre-
tion of sand on the leeside slip-face. They are supplied by sand
either: directly off the beach (Cooper, 1958; Tsoar, 2000; Hesp,
2013); from the degraded remnants of destabilised foredunes
(Short and Hesp, 1982; Psuty, 2004); or from a substratum of loose
sand (Cooper, 1958). They may take the form of transverse
dune-fields fronted by precipitation ridges which encroach onto
a wooded terrain. If newly developed foredunes intercept their
sediment supply the dune phase can become decoupled from the
beach phase. Then as the dunes continue to migrate landward,
expanding deflation basins form on their seaward side (Hesp,
2013).

When partially stabilised by vegetation, advancing transverse
ridges may develop into parabolic dunes (Short et al., 1986;
Havholm et al., 2004). Whereas, in coastal regions of extreme arid-
ity, dunes migrating across a hard substratum can take on a barch-
anoid form (Inmal et al., 1966; Pye and Tsoar, 1990). Under other
circumstances where there is a continuous high sediment supply
and coastal dunefield volumes build-up vertically, the range of
bedforms can replicate that of a desert environment (Hesp, 2013).
1.6. Objectives

Bermuda’s eolianites are uniquely well exposed in natural
coastal cliff faces, in road and railway cuts (now disused), in quar-
ries and in excavated rock faces behind the many houses that are
‘‘notched’’ into the hillsides. The quantity and extent of exposures
and the high definition of sedimentary structures is attributable to
a hilly topography and incomplete differential cementation of most
eolianites, which emphasises fine grained laminae. A stratigraphy
comprising large sets of cross-stratified eolianites alternating with
palaeosols is revealed in interior exposures; while coastal expo-
sures locally display eolianite strata as well as underlying emer-
gent beach and sub-tidal strata associated with Pleistocene
sea-level highstands (Rowe and Bristow, 2015). The extent and
quality of exposures has allowed detailed reconstruction of dune
morphologies as well as the measurement of 3751 slip-face dip
directions across the islands.

The aims and objectives of this study are to exploit the excep-
tionally good exposure of the internal structure of Bermuda’s eolia-
nates to describe bedforms and interpret their formation. We
present field evidence to demonstrate that the dunes were mobile
and able to expand inland from the coast and were not fixed by
tropical vegetation or early cementation as has consistently been
portrayed in the literature. We challenge the notion that large sets
of slip face foresets, which entombed life-position trees, necessar-
ily represent rapid accumulation in storm winds. Rather, it will be
argued that dune building occurred in the form of intermittent
landward encroachment, which spanned many decades. We inves-
tigate the orientation of slip-face strata and aim to present a bal-
anced discussion of relative influences of local effects and
palaeowind regime on the direction of dune advancement, which
was predominantly shore-normal and landward or towards inte-
rior basins.
Fig. 6. A 5 m high foredune (Lf) overlying a prograded beach (Bch) is overtopped by
low-angle aeolian stoss-slope strata (L) which feed into landward dipping slip-face
foresets (F) in the Belmont Formation at Spittal Pond west.
2. Methods

2.1. Botanical transect

A botanical transect of a Bermuda beach backshore was under-
taken in December 2012 at Stonehole Bay on Bermuda’s south
shore. It extended 130 m in north–northwesterly direction from
the high water mark to the depression at the rear of the foredune
ridge. The location was chosen to replicate a survey by Watson
et al. (1965). Species identification was made or confirmed by ref-
erence to ‘‘Coastal Bermuda’’ (Pearson, 2008). Where this failed,
photos were taken and staff members at the Bermuda
Government, Department of Conservation Services were consulted.
A complete list of species in the vicinity of the proposed transect
was compiled in advance of the survey. Starting on the beach,
the presence or absence of species was noted within successive
5 m segments extending 1 m either side of a 50 m tape which
was laid along the transect line. The tape was moved end to end
as required.

2.2. Analysis of slip-face orientations

As part of this study 3751 slip-face orientations, which had
been plotted on field maps in the process of geological mapping
(Vacher et al., 1989), were segregated into 168 sample areas and
entered into an Excel spreadsheet. Because of the long convoluted
coastline and large variations in data density (i.e. number of expo-
sures), compromises had to be made in the attempt to meet the cri-
teria that sample areas should be of equal size – approximately
0.3 km2 – and include equal numbers of data points. 168 rose dia-
grams of foreset dip azimuths were produced (with GEOrient 9.5.0,
Holcome, 2011), representing, on average, 22 measurements each.
Average dip azimuths for each of the 128 areas were then calcu-
lated to enable presentation of a simple yet precise summary of
the data on a single map of Bermuda.

2.3. Drift potential analysis

Twenty years of hourly wind data collected by the U.S. Navy at
the Bermuda Airport between 1975 and 1995 were reduced into a
table comprising 10� increments in wind direction (36 rows) and
12 wind strength categories ranging up to >55 knots (12 columns).
Wind categories below the threshold velocity, taken as 12 knots
(after Fryberger, 1979), were eliminated from the data-set as were
those above 40 knots which at Bermuda comprised less than 2% of
recorded hourly winds. The percentage of occurrences of winds
from given directions within each of the remaining five wind cat-
egories were multiplied by Fryberger’s (1979) weighting factors.
The product, quoted in ‘‘vector units’’, is a measure of the potential
amount of sand drift in a given direction. These data can be graph-
ically represented on a circular ‘‘sand rose’’ in which the lengths of
arms, or spokes, are proportional to the respective number of vec-
tor units. The total of the vector units for all wind categories is
known as the ‘‘drift potential’’ (DP) and is unique to Bermuda’s
wind regime. This represents the power of Bermuda winds to move
sand (in the absence of vegetation) without respect to direction.
Vector units from different directions are vectorially resolved to
a single resultant ‘‘resultant drift direction’’ (RDD)



Fig. 7. Large sets of slip face foresests preserved in the Rocky Bay Formation at two localities on Bermuda’s south shore. In both cases the foresets are truncated by a sub-
horizontal bounding surface superposed by low-angle strata. At locality A – Horseshoe Bay – two phases of landward-advancement recorded by slip-face foresets are
separated by period of vertical accretion. At locality B – Nonsuch Island – the overstepping of a slipface-less dune by a large landward-advancing dune may represent a
reduction in stability as sediment supply exceeded the retentive capacity of vegetation. Note that in both cases that substantive dune building coincided with sea level that
was lower-than-present, as evidenced by partially submerged slip-face foresets.

Fig. 8. Low-angle aeolian strata in the Belmont Formation at Spittal Pond West. The low-angle strata (L) are, in this case, superposed on a lesser thickness of slip-face foresets
(F) with an intervening bounding surface (B). Below the dune foresets is a protosol (P), then beach (Bch) and shoreface deposits. The low-angle concave stratification (L) which
overlies the bounding surface could be the toeset of an advancing a dune. The upper planar low-angle stratification (L) is interpreted as the product of wind ripple migration
and retention of sand in vegetation.
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(Fryberger,1979) which represents the predicted net direction of
sand movement over time. The potential of sand to drift in the
direction of the RDD, as opposed to general drift (DP), is known
as the Resultant Drift Potential. It is calculated using Pythagorean
theorem by establishing for each wind direction the component
number of vector units that are directed along the RDD and then
summing these components.

2.4. Ground penetrating radar survey

Ground penetrating radar (GPR) surveys have been conducted
using a Pulse Ekko Pro with 250 volt transmitter and 100 MHz
antennas. The antennas were deployed in the parallel broadside
configuration, spaced 1 m apart, with a step size of 0.25 m. The
position on the ground was determined by 50 m tape measures
lain along the line of survey. Elevation measurements were made
in the field at 5 m intervals using a hand held level and staff. The
data has been processed using Ekko 42 software and includes:
dewow, first pick and first shift, down the trace average of 2 and
trace to trace average of 2, AGC gain max 400, and FK migration.
The velocity used for migration and depth correction is 0.11
mns-1 which was determined by hyperbolic curve fitting and is a
typical velocity for GPR in limestone (Milsom 1996; Reynolds
1997).



Fig. 9. Slip-face dip azimuths on Bermuda in relation to wind direction data. Foresets dip predominantly landward or towards interior basins. Winds with the highest drift
potential in Bermuda, in the range of 22–27 knots, tend to blow from the south or west. This is reflected in the northeast resultant drift direction (RDD), and the obtuse
bimodal distribution of the drift vectors shown in the sand rose. Abbreviations of formation names are shown in Fig. 2.

M.P. Rowe, C.S. Bristow / Aeolian Research 19 (2015) 235–249 241
3. Results and discussion

3.1. Dune vegetation

In 2012, 28 species of vegetation comprising vines, herbs,
shrubs, grasses and a few trees were identified on a 150 m transect
which traversed the upper beach, the foredune ridge and the
back-dune swale near Warwick Long Bay on Bermuda’s south
shore. This compares with 23 species identified at the same loca-
tion in the 1960s (Watson et al., 1965) and 17 dune species cata-
logued by Harshberger in 1908 for Bermuda as a whole.

Although the biodiversity of Bermuda’s dune plant-life has sig-
nificantly increased, over the last century, because of introduced
species, many of the prominent shrubs and plants of today which
trap airborne sand, such as the beach croton (Croton punctatus)
and beach lobelia (Scaevola plumieri) also occupied the dunes at
the time of Harshberger’s 1908 survey. As for vines and grasses:
seaside morning glory (Ipomoea pes-caprae) and seashore rush
grass (Sporobolus virginicus) continue to contribute to ground cover
much as they always did, while the burr grass (Cenchrus tribu-
loides), a newcomer to the dunes, appears to have partially filled
a niche previously occupied by the disease-inflicted St
Augustine’s grass (Stenotaphrum secundatum).

3.2. Dune strata

Preserved slip face-less bedforms with low-angle seaward and
landward dipping strata, characteristic of retentive dune struc-
tures, such as Stage 1 foredunes (Hesp, 1988), are relatively rare
in Bermuda. Where such bedforms exist, they are invariably super-
posed on prograded beach foreshore deposits at coastal exposures,
and are entombed by later dune strata which include slip-face
foresets (Fig. 6). Since they developed proximally on the beach,
the scarcity of demonstrable foredunes is almost certainly attribu-
table to coastal erosion. It is the, more distal, slip-face foresets of
the dunes which advanced landward beyond the foredunes that
tend to be preserved at the present coast.

Slip-face foresets are a prominent feature of the eolianite expo-
sures in Bermuda. They comprise high-angle planar
cross-stratification which dips generally landward at between
32� and 34� – close to the angle of repose of dry sand. Sets of these
strata, typically 5–15 m in thickness, (Fig. 7a and b) are interpreted
as the deposits of advancing sand dunes. Their preservation indi-
cates that individual aeolian dunes in Bermuda must have reached
at least these dimensions in height and were most likely higher,
given the evidence for truncation of foresets in many locations
(Fig. 7a and b).

Low-angle sub-horizontal laminated deposits are typically
superposed on planar bounding surfaces which truncate slip-face
foresets. Their thicknesses are usually on the order of a few metres
but can exceed this (Fig. 8), thereby matching the volume of the
usually dominant slip-face strata. Goldsmith (1973) attributed
the pervasiveness of low-angle strata in coastal dunes to accumu-
lation of wind-blown sand on vegetated surfaces. Hunter (1977)
and Pye and Tsoar (1990) pointed to aeolian climbing ripple migra-
tion as the process responsible for accumulation of low-angle pla-
nar strata, termed ‘‘sub-critically climbing translatent
stratification’’ within coastal dunes. White and Curran (1993), con-
curred, with respect to Bahamian Holocene eolianites, that accre-
tion was predominantly the outcome of climbing wind ripple
migration. It is probable that low-angle planar lamination on the
stoss slope of Bermudian dunes developed under similar circum-
stances, involving climbing ripple deposition and retention of sand
in vegetation to varying degrees.



242 M.P. Rowe, C.S. Bristow / Aeolian Research 19 (2015) 235–249
3.3. Slip-face foreset orientation

The extent and quality of exposures, in Bermuda, has allowed
measurement of 3751 foreset dip directions across the islands.
Fig. 9 summarises these data, with each arrow accurately indicat-
ing the mean dip azimuth for one of the 168 sample areas. The
three dominant slip-face dip directions – northward, eastward
and southward – are correlative with spatial distribution relative
to the shoreline. Slip-faces close to the north shore tend to dip
south, those close to the west shore tend to dip east and those close
to the south shore tend to dip north. The scarcity of westward dip-
ping slip-face foresets can be attributed to the extremely low fre-
quency of winds, in any strength category, from the east,
assuming Pleistocene interglacial climate regimes approximated
to those of today – a subject which will be discussed later.

The orientation of dune stratification is consistent with the
observation of ‘‘pervasive landward dipping cross bedding near
the angle of repose’’ by Vacher (1972). These data appear to uphold
Sayles’ (1931) conclusion that ‘‘The direction in which the dunes
migrate is not primarily a function of the prevailing winds, but is
in part controlled by the source of supply. Obviously sand must
migrate away from its source’’.

Equivalency between present-day climatic conditions and those
of previous Pleistocene interglacials has been inferred from deu-
terium profiles within Antarctic ice cores (Jouzel et al., 2007).
Comparable global temperatures are, also, inferred by eustatic
sea level which peaked within 10 m or so of present sea level at
successive interglacial highstands (Siddall et al., 2006). Since dune
building on Bermuda is correlated with interglacials, it could be
argued that the wind regime in which eolianites accumulated
was broadly similar to that of today. General circulation models
for the North Atlantic suggest that winds at Bermuda during the
Pleistocene, as today, were dictated by the position of a high pres-
sure system sitting to Bermuda’s east and south. This is responsible
for an airflow, which originates in Africa and then arcs across the
Caribbean before arriving at Bermuda in the form of southerly
winds (Herwitz et al., 1996). During glacial periods, the high pres-
sure system would have drifted south, subjecting Bermuda to a
higher frequency of westerly winds than at present. Conversely,
had the Pleistocene interglacial climates been somewhat warmer
than present, as implied by the oxygen isotope levels recorded in
Bermuda speleothems (Harmon et al., 1978), Bermuda would have
been subjected to the influence of a more northerly-situated high
pressure system, and southerly winds would have persisted for
more months of the year than they do now.

Reconstructions of North Atlantic atmospheric circulation pat-
terns during the Pleistocene are difficult to corroborate and
Fig. 10. Ground Penetrating Radar (GPR) profile below road level at Blackwat
certainly nothing definitive can be concluded about palaeowinds
at Bermuda. Measurement of the absolute ages of Bermuda’s
eolianite formations would prove helpful by establishing the time
of their accumulation in relation to Quaternary climatic cycles
inferred from oxygen isotope profiles or other proxies.
Unfortunately no method has been developed for measuring abso-
lute ages of pure carbonate dune sands which are devoid of fossil
content. The best relative age data available for Bermuda’s terres-
trial deposits has been derived from the amino acid racemization
(AAR) method. This has been applied to fossil land snails collected
from protosols (Harmon et al., 1983; Hearty and Kindler 1995) that
are intercalated with Bermuda’s eolianites. When these AAR data
are corroborated by the geological map of Bermuda (Vacher
et al., 1989) as they invariably are according to Hearty et al.
(1992), a reliable bracket to the relative ages of eolianites is pro-
vided. Eolianites which are known to be of the same age but are sit-
uated on different shorelines can be used to test the influence of
geospatial factors, such as topography and sediment-source direc-
tion. This approach is applicable to the Rocky Bay Formation which
has been correlated with Last Interglacial by U-series dating of
coral fragments found within its marine member (Harmon et al.,
1983; Muhs et al., 2002). The eolianites of this formation include
a protosol on the south shore which yielded the same AAR alloiso-
leucine/isoleucine (A/I) ratio of 0.5 as that from a protosol in
Blackwatch Pass on the north shore (Hearty and Kindler, 1995). If
this chronostratigraphical evidence (of contemporaneity) is
accepted, then the opposing dip azimuths of the eolianites which
directly overly the protosol – respectively on the north and south
shores – strengthen the argument for a degree of local, autogenic,
control since they would have formed around the same time and
under the same wind regime.
3.4. Ground penetrating radar (GPR) survey

A 300 m long profile was collected along the road cutting of the
Black Watch Pass which was excavated, during the 1930s, through
a prominent topographic dune ridge in order to connect the north
shore with the City of Hamilton. The road cutting is up to 30 m
deep and exposes a section through cross-stratified limestones that
are part of the Rocky Bay Formation. This road-cut exposure is
interpreted to include sets of trough cross-stratification overlying
landward (southward) dipping slip-face strata deposited by
landward-advancing dunes that appear to overly foredune ridges
with protosol development (mentioned above). One aim of the
GPR survey was to image beneath the road-level in the hope of
identifying beach deposits in an equivalent, subjacent, position
ch Pass. The road is near-level so no topographic correction was applied.
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relative to aeolian strata as observed locally on the south shore
(Fig. 8).

The GPR profile shown in Fig. 10 has imaged to a depth of
approximately 12 m. At its northern end, closest to the shoreline,
the radargramme shows discontinuous inclined reflections that
dip towards the north at around 11�. These low-angle inclined
reflections are interpreted as sets of cross-stratification that accu-
mulated as foreslope accretion on the seaward side of the dune
ridge. The inclined reflections can be correlated with
thin-bedded, inclined strata exposed in the road cutting. After
50 m, continuous, high amplitude, convex reflection appears at a
depth of around 8 m and rises towards the surface beneath 80 m
and then dips down to a depth of 10 m beneath 100 m. Beneath
the high amplitude reflection there are inclined reflections that
dip inland towards the south. The inclined reflections are inter-
preted as cross-strata deposited by a dune migrating inland
(southward).

The convex, high-amplitude reflection that appears to preserve
the dune morphology is interpreted as a palaeosol capping a fore-
dune, although this cannot be confirmed due to a lack of exposure.
Between 100 and 190 m the radargramme shows discontinuous
concave reflections that are interpreted as sets of trough
cross-stratification produced by dunes that were migrating per-
pendicular to the profile, most likely driven by the prevailing
southwesterly winds. Between 190 and 207 m there is a horizontal
reflection at a depth of 4 m which coincides with the section of the
road cutting that runs through a tunnel. The horizontal reflection is
interpreted to be an airwave reflection from the roof of the road
tunnel. Between 245 and 300 m the upper part of the radargramme
is dominated by a wedge of low-angle inclined reflections that
thickens towards the south. These reflections, which dip landward
at approximately 15�, are similar in character to the seaward dip-
ping low-angle inclined reflections at the northern end of the pro-
file but with an opposing dip. They could be interpreted as
backslope dune deposits on the landward side of a foredune ridge.
However, at the time of deposition, the area to the south of the
ridge which is now marshland, might have been a lagoon with
its own shoreline, in which case the low-angle inclined reflections
could represent foreslope accretion from the lagoon shore, mirror-
ing the low-angle reflections at the northern end of the radar-
gramme. Beneath the low-angle inclined and concave reflections
there is a continuous reflection that can be traced along most of
the radargramme which is interpreted as the water table. The
reflection slopes gently towards the sea. At 300 m it is at a depth
of 8.5 m and at 100 m it is at a depth of 12 m. The unexpectedly
high gradient of the water table could be apparent rather than real;
being attributable to a subtle inclination of the road which was not
corrected for.

Interpretation of the GPR profile at Black Watch Pass suggests
that the section beneath the road-level and above the
Fig. 11. Slip face foresets of a landward-advancing dune in the Rocky Bay Formation at
30 m above present sea level and 750 m from the present south shore. Burial of a wooded
of the Belmont Formation, which in this part of Bermuda is largely overstepped by the
water-table is composed of dune deposits. We found no evidence
either for prograding beach deposits beneath the dunes or for
beach deposits which transition laterally into dunes at this loca-
tion. Instead, the eolianite exposed above road level in the Black
Watch Pass overlies an older eolianite capped by a protosol,
revealed by GPR. This demonstrates that there are two stages of
substantive dune building represented in this Rocky Bay
Formation ridge. Foredunes (preserved largely below road level)
developed in the first stage, and following a hiatus, dunes (pre-
served largely above road level) advanced over the foredunes from
the north. If correctly interpreted, this reflects an evolution from
static to migrating bedforms similar to that observed in some
south shore exposures (Figs. 7B and 8), possibly forced by increas-
ing sediment supply.

3.5. Emplacement of dunes

A pattern of seaward accretion of aeolian dune ridges is gener-
ally upheld by the geological map of Bermuda (Vacher et al., 1989).
However, closer examination of the arrangement of formations,
particularly in cross-section, tells a somewhat different story. In
many instances, it is apparent that sinuous dune ridges and their
lobate projections have encroached onto older elevated terrain
and overstepped or by-passed their predecessors (Fig. 2). The same
conclusion was drawn by Carew and Mylroi (1995) with respect to
the Bahamas: that individual topographic ridges are not the out-
come of single depositional events. There, as in Bermuda, the
topography is a manifestation of vertical stacking and overlapping
of eolianite formations. Exceptions do exist, such as the substantial
ridgeline on the north shore of Bermuda’s central parishes (the site
of our GPR profile), which is largely constituted of a single geolog-
ical formation – the Rocky Bay Formation; albeit that internal pro-
tosols evidence two of more phases of dune building. It is possible
that this ridge developed at a lower sea-level than most other
eolianites. This would have shifted the source beach further to sea-
ward allowing space on a prograded shoreline for the accumula-
tion of dunes which did not coalesce with their landward
predecessors. The arguably retentive morphology of this ridge is
gainsaid by large sets of slip-face strata, in the road cut at
Blackwatch Pass, and by a landward advancing tongue which pro-
jects centrally, at Prospect, onto elevated terrain comprising older
formations (Fig. 2).

Unlike fixed coastal frontal dunes, or foredunes, which rest on
contemporaneous littoral sediments (Land, 1964 and Hesp,
2005), most of Bermuda’s substantive Pleistocene dunes are super-
posed directly on a fossil soil (Fig. 11); the exception being where
they occasionally lie against an erosional unconformity which is
stratigraphically correlative with the soil. Such encroachment onto
a soil or rocky terrain is the definition of ‘‘transgressive’’ coastal
dune behaviour according to Woodroffe (2002), although we prefer
Khyber Pass, Warwick (Fig. 1). The foresets (F) encroached onto an interior terrain
landscape is recorded by preservation of a palaeosol (P) and tree mold (T). Foresets

Rocky Bay Formation, are preserved below the palaeosol.



Fig. 13. Orientation of slip face foresets in the Southampton Formation at Marley
Beach on Bermuda’s South Shore. Unimodality exhibited in the rose diagram of dip
azimuths, is diagnostic of a sinuous transverse dune ridge. Localised convex-
outward curvature can be attributed to lobate projections from the ridge which
appears to be preserved in the local topography.
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the term landward-advancing dunes to distinguish between a dune
transgression and the more widely used marine transgression
which could present confusion when describing coastal dune
response to changes in sea-level (see Rowe and Bristow, 2015 for
discussion).

3.6. Tree fossil preservation

Well preserved impressions of palm fronds (Fig. 12) are quite
common in Bermuda’s eolianites. They have been cited (Hearty
and Olson, 2011) as evidence of rapid dune deposition (see
Section 4) and prompt cementation. The grounds for such conclu-
sions have not, however, been fully explained. Dead palmetto
leaves tend to be very resistant to decomposition and probably
even more so when entombed in fine aeolian sand. Certainly car-
bonate dunes eventually undergo cementation, but no empirical
evidence has been presented that establishes at what rate of
cementation, relative to the rate of decomposition, preservation
of a frond impression is ensured.

Tree trunks are often preserved within dunes as molds compris-
ing cylinders of structureless sand (Fig. 12b). This suggests that fol-
lowing burial or partial burial, inside-out decomposition created a
cast into which un-cemented dune sand later flowed. Furthermore,
the occasional clean truncation of fossil tree molds at bounding
surfaces evidences a significant delay prior to dune re-activation
– a delay long enough for complete decomposition of the tree
but not long enough for dune cementation to take place, assuming
that only un-cemented dunes can be re-activated.

4. Discussion

4.1. Dune morphology

Vacher (1972) characterised Bermudian dunes as coalesced
accretionary mounds which nucleated on incipient foredunes and
which grew upwards and landward as additional sand was deliv-
ered from the shoreline. He described their growth by conformable
draping and concluded that ‘‘They did not advance by reworking of
sand in the entire dune body’’.

Based on prevailing characterizations of Bermuda’s dune ridges
as retentive structures, an architecture similar to that of San
Salvadoran (Bahamas) dunes described by White and Curran
(1988) and Caputo (1995) might be anticipated. These smaller, dis-
tinctly mound-like dune-forms have slip-face dip azimuths which
arc through 180�. Their topography reflects their bedforms, the
partial preservation of which is characteristic of limited mobility.
The slip-face dip azimuths of Bermudian dunes, on the other hand,
Fig. 12. Fossil tree molds and frond impressions preserved within dune slip-face foresets
ribbed branching fronds in the Rocky Bay Formation at Hungry Bay west. (b) Mold of
preserved in the Belmont Formation at Saucos Hill.
are directed predominantly onshore, with an average standard
deviation for individual dunes of no more than 20� according to
Mackenzie (1964a,b). Mackenzie viewed this as evidence that a
large proportion of Bermudian dunes advanced inland along sinu-
ous transverse fronts. This conclusion is corroborated by the anal-
ysis of foreset orientations, completed as part of our study (Fig. 13).

Vacher (1972) differentiated between Bermuda’s Pleistocene
eolianites and the migratory transverse ridges of Oregon described
by Cooper (1958). Features of Bermuda’s dunes which he consid-
ered distinctive are the great height and volume of individual dune
ridges, the over-steepened foresets and the drape-over structures.
A further distinction he made was that Bermudian dunes are char-
acterised by convex-outward slip-faces whereas migratory trans-
verse ridges ‘‘tend to be barchanoid’’. He likened Bermudian
dunes to Brazilian coastal dunes (Bigarella et al., 1969), which he
depicted as ‘‘a stationary ridge against a vegetation line’’, compara-
ble to the large ‘‘precipitation ridges’’ of the forested Oregon coast
described by Cooper (1958).

In point of fact, Cooper’s (1958) precipitation ridges of Oregon
are demonstrably advancing dune forms, which slowly but surely
have migrated into, and buried, large tracts of forested terrain.
The notion that a forested hinterland somehow presents a barrier
to dune encroachment is, further, challenged by the observations
of Hesp and Thom (1990), who noted that while the height of dune
ridges may be increased and their rate of migration slowed, they
. (a) Mold of 4 m high palmetto tree trunk (Sabal bermudana) and impressions of the
an approximately 1 m diameter tree trunk (thought to be Juniperus Bermudiana)
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can continue to advance through a tree-line without any apparent
change in their general morphology.

The claim by Vacher (1972) that unlike Bermuda’s dune ridges,
‘‘migratory transverse ridges tend to be barchanoid’’ is incorrect.
Barchanoid ridges are specialised forms characteristic of a very
low sediment supply, a hard substratum and an absence of vegeta-
tion, as observed on the arid coastal plains of Baja, Mexico (Inmal
et al., 1966). Advancing (transgressive) transverse ridges and pre-
cipitation ridges are typically sinuous and can have convex crests
and multiple lobate projections (Cooper, 1958). In short, many of
the parallels drawn, by Vacher and Mackenzie, between
Bermuda’s dunes and precipitation ridges, defeat the case they
attempt to make for rapid stabilisation of the former.

4.2. Internal structure of the eolianites and the implications for their
mobility

Mackenzie’s (1964a,b) portrayal of Bermuda dune foresets
either passing into or being truncated by windward strata was
re-affirmed by Vacher (1972) who depicted typical Bermudian
eolianites as comprising two sedimentary units: a low angle wind-
ward topset wedge and a high angle leeward foreset wedge. In the
windward parts ‘‘the two are superposed (former over latter) with
the contact a pronounced seaward dipping sedimentary structural
unconformity’’ (Fig. 7A). At the leeward extremity he observed that
‘‘the two units are intergradational in a ‘‘drape-over’’ or ‘‘roll-over’’
structure in which the beds of the upper wedge merge with the
foresets’’.

The interpretation of the internal architecture of a typical
Bermudian dune as representative of a purely aggradational struc-
ture is contradicted by the conspicuous internal planar erosion sur-
face or ‘‘characteristic bounding surface in the form of truncated
foresets’’ (Vacher, 1972). While the internal structure of Caputo’s
(1995) San Salvadoran coastal dunes evidences retention, aggrada-
tion and aborted attempts at migration, the structure of a typical
Bermudian dune attests to episodes of unrestrained landward
encroachment in which new and recycled sand was transported
to the slip face across an unstable planar dune top, faster than it
could accumulate vertically. The large, often tabular, sets of exclu-
sively slip-face foresets truncated by a superposed sub-horizontal
bounding surface (see Fig. 7) replicates architecture, identified by
Rubin and Hunter (1982), that is diagnostic of sub-critically climb-
ing transverse dunes. We contend that concomitant with fluctua-
tions in sediment supply, periods of super-critical climbing,
manifested as vertical accretion, alternated with periods of
sub-critical climbing, manifested as stoss-slope erosion.

4.3. Local versus regional climatic controls on dune orientations

4.3.1. Controls associated with the beach environment
Calculations of drift potential and resultant drift directions, pre-

sented above, include an assumed threshold velocity taken from
Fryberger (1979) of 12 knots. This value applies to dry desert sands
of a particular grain size under conditions which are for obvious
reasons not analogous to a beach. Factors, other than wind
strength, that affect wind transportation of beach sand in temper-
ate climates, documented by Sarre (1989), are the height of the
water table, precipitation, evaporation and the tides; to these
was added wind direction relative to the alignment of the beach
by Arens (1996). All these factors, which raise the threshold veloc-
ity, involve water as it pertains to the moisture content of
beach-sand which ranged from dampness through to complete sat-
uration. In the summer months, on the beaches of south-west
England, Sarre (1989) measured sand movement of up to 60% of
the potential value; whereas in the wetter winter months when
wind analysis would suggest sand movement is the greatest, the
quantities he measured were typically less than 5% of that pre-
dicted. In their investigations of sediment-transfer to foredunes
both Sarre (1989) and Arens (1996) found that the wind strength
category with the greatest potential to move beach sand was in
the 20 and 25 knots range. This range is close to that of 22–27
knots established as the wind range that has the dominant influ-
ence on the calculated resultant drift direction at Bermuda. Thus,
putting aside the quantities of sand moved, the validity of
Fryberger’s approach for directional analysis appears to be corrob-
orated by coastal studies in Europe. Calculations of drift vectors do
not have to be significantly adjusted to allow for variations in the
threshold velocity associated with a changeable temperate beach
environment. It also must be kept in mind that once Bermuda’s
Pleistocene dunes advanced beyond the backshore, they were
increasingly exposed to more constant desert-like conditions.

4.3.2. Controls associated with regional winds and their modification
by local factors

It is inferred from Bermuda’s slip-face dip azimuth data col-
lected from Bermuda’s eolianites that the Pleistocene dunes
advanced landward as sinuous ridges from the north, west and
south shores. The ambiguity of these data is perhaps best exempli-
fied by the high proportion of southward dipping slip-face foresets
despite a wind regime which, if the same as that of today, should
have resulted in net sand transportation towards the northeast
(see sand rose in Fig. 9). Rowe and Bristow (2015) demonstrate
that dune building at Bermuda was correlated with interglacial ter-
minations when relative sea levels were slightly lower than pre-
sent, as demonstrated by many examples of partially submerged
slip-face foresets (Fig. 7). The climate at these terminations may
not have been the same as that of today, but arguably there was
equivalency of climate among them. In other words climate, sea
level and dune-building were synchronised. Such a relationship
would argue against significant changes in wind-regime from
one dune-building event to the next which might otherwise help
explain the range of orientations.

There are grounds for attributing the dominance of southerly
dipping foresets to geospatial factors. The position of the
Bermuda islands on the southeastern edge of a large reef-rimmed
lagoon (Fig. 1) which acts as a massive sink for well-comminuted
marine sands must have played a role in source-to-sink sediment
delivery processes. The abundance of sediment available for trans-
port, sitting to the north of the islands would, at critical stages of
the glacio-eustatic cycle, have facilitated landward-directed dune
building along Bermuda’s northern shores. This is a reasonable
conclusion even had the wind regime, like that of today, not gener-
ated a high frequency of northerly winds above the threshold
velocity.

Factors other than wind regime and source-direction which are
considered likely to have contributed to the pattern of dune orien-
tations (Fig. 9), are associated with topographical
wind-modification. This phenomenon falls into two categories:
(1). the sheltering effect of an interior hilly terrain which creates
turbulence and degrades the sand-carrying capacity of wind other
than that directed onshore. In other words, the benefit of an almost
infinite fetch that is enjoyed by onshore winds. (2). A shift in the
angle-of-approach of winds, which cross the shore from a seaward
direction, more towards shore-normal as a result of drag-induced
refraction at the sea-land boundary. This can occur at any coast
where there is change in surface roughness from sea to land, but
also on a smaller scale at the dune foreslope. The latter was corrob-
orated by detailed measurements of wind flow over dunes at
Prince Edward Island, Canada which recorded ‘‘topographic steer-
ing’’ of oblique winds more towards ‘‘dune normal’’ (Walker
et al., 2006). This bending of the wind towards the land may be
enhanced by a ‘‘sea-breeze’’ effect caused by the development of
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convection cells as the land warms up during the day. This effect is
manifested at Bermuda by development of cloud formations
known as ‘‘Morgans’s Cloud’’ over the island on summer days.

While we contend that source-direction and topographical
influences may have had a significant impact on the orientation
of Bermuda’s Pleistocene dunes, such local effects are by no means
dominant in the majority of coastal settings. Transverse coastal
dunes are not all landward-advancing. They can advance along-
shore, as manifested by ridges which are aligned oblique or per-
pendicular to the coast (all the more reason to abandon the term
‘‘transgressive dunes’’ and substitute ‘‘advancing dunes’’).
Examples have been noted on the Oregon coast (Cooper, 1958),
the New South Wales coast (Hesp and Thom, 1990) and the
South African coast (Hesp, 2013) In these instances, the resultant
drift direction associated with regional atmospheric circulation is
directed alongshore. Such relationships are usually very apparent
in the case of modern dunes. It is when the uncertainty,
over-simplification and often speculative interpretation of palae-
owinds (Enzel et al. 2008) come into play that the arguments
become equivocal. The conflicting interpretations of the
shore-parallel Pleistocene eolianite ridges of Israel are a case in
point. Gvirtzman et al. (1998) and Sivan et al. (1999) believed these
ridges to be longitudinal dunes which formed parallel to the puta-
tive dominant winds of the time; whereas Tsoar (2000), contend-
ing that the prevailing palaeowinds were directed onshore,
similar to those of today, interpreted the ridges as remnants of
transverse dunes.

A characteristic of Bermuda’s present wind regime which led
Mackenzie (1964a,b) to conclude that carbonate sand was carried
landward to form dunes ‘‘whenever palaeowinds were blowing
onshore’’ was the tendency he noted of today’s average wind
speeds at Bermuda to be the same from all directions. This is only
partially corroborated by the data presented here (Fig. 5); although
it is certainly truer of the moderate winds than the stronger ones.
Now with the benefit of a drift potential analysis a more objective
approach to evaluation of Bermuda’s dune-forming winds is possi-
ble. A significant characteristic which has emerged (see sand rose
in Fig. 9) is an obtuse bimodal distribution of drift vectors (as
defined by Fryberger, 1979). This represents a significant direc-
tional spread of potentially sand-carrying winds, the most effective
of which are in the 22–27 knot strength category. This pattern is
more readily reconciled with observed eolianite orientations than
are average or modal winds. Again, this assumes that the
present-day wind regime is relevant to Pleistocene conditions,
which we believe can be argued.

4.4. Fixation by vegetation

While there may be differences of opinion as to the exact
sequence of events which lead to dune building episodes on
Bermuda, it is widely accepted that platform flooding at an inter-
glacial highstand was required to generate carbonate sediment
which ultimately supplied the dunes. Eolianite deposition has,
thus, long been correlated with interglacial periods (Bretz, 1960;
Land et al. 1967; Vacher, 1972). Even so, Herwitz (1992) took a
position that dune activity was facilitated by severe climatic condi-
tions at Bermuda prior to and during glacial maxima of the
Pleistocene. He questioned the ability of aeolian dunes to form at
nearly 80 m above present sea level, unless there had been a reduc-
tion in vegetation cover caused by a cooling climate. Sayles (1931)
came to a similar conclusion – that climate-change played a role in
dune activation. Unfortunately, attempts to establish a chronology
of dune activity which is correlative with Pleistocene climatic fluc-
tuations, as has been undertaken by optically stimulated lumines-
cence dating for many global dune-fields (Bristow et al. 2007;
Fitzsimmons et al. 2007; Li et al. 2002; Madole et al. 2013;
Roskin et al., 2011), has not been possible in Bermuda due to a neg-
ligible quartz content in the calcarenites.

The coastal dune models developed by Tsoar (2013) indicate
that Bermuda’s present climate regime would result in stable
dunes, as presently observed, or a mixture of stable and active
dunes. A much higher drift potential and/or much lower precipita-
tion than are experienced today would be required to degrade veg-
etation and cause a transition to fully active dunes according to the
Tsoar (2013) models. Before invoking such extreme conditions,
however, the effect of sediment supply – not taken directly into
account by the Tsoar models – must be considered. Tsoar and
Illenberger (1998), concluded that when winds with a high drift
potential are coupled with a high sediment supply, flourishing veg-
etation can be overwhelmed even in a humid climate. In the case of
the Holocene dunes of northern Ireland, Carter and Wilson (1993)
determined that when the sand supply exceeded 0.6–0.8 m per
year of vertical accretion the retentive capacity of dune vegetation
was exceeded and advancing (transgressive) dune activity ensued.

There is no reason to suppose that the various roles that trees,
shrubs, vines and grasses play in the stabilization of Bermuda’s
dunes, today, were not adequately filled during the Pleistocene,
albeit by fewer species. Evidence that sub-tropical conditions coin-
cided with advancing dune activity on Bermuda is provided by
frond impressions and trunk molds of the endemic frost-averse
palmettos (Sabal bermudana) within large thicknesses of slip-face
strata (Fig. 12a). Furthermore, the survival of the endemic palmetto
until today, through at least two glacial periods, suggests that cli-
mate fluctuations were not extreme. Eolianites with internal proto-
sols (immature soils), rich in fossil land snails (Poecilozonites
genus), provide evidence that plants and shrubs were flourishing
and capable of rapid dispersal across the dunes when sediment
supply temporarily diminished. This is not to deny that vegetation
with a low botanical diversity typical of an isolated mid-ocean
island would have been vulnerable to disease, pests and fire which,
on occasion, contributed to dune instability.

4.5. Fixation by cement

The case made for incipient cementation of Bermuda’s dunes by
Bretz (1960) and most that followed (Land et al., 1967; Mackenzie,
1964a,b; Vacher, 1972; Hearty et al., 2002) is contradicted by: the
presence of laterally extensive sub-horizontal bounding surface;
the dominance of slip-face strata over other types; and the
emplacement of dunes on elevated, wooded interior terrain.

The small foredunes on Bermuda’s modern beaches (Fig. 3) may
develop a degree of cohesiveness through compaction and damp-
ness, but the sand can otherwise be described as loose and friable.
Their stabilisation, as with foredunes elsewhere in the world, is
owed to binding and trapping by vegetation not to cementation.
Through 19th century accounts of active ‘‘sand glaciers’’, it has
been demonstrated that when the retentive capacity of vegetation
is overwhelmed by sand supply, modern dunes of Bermuda are
capable of extended periods of mobility. This corroborates evi-
dence from the Pleistocene eolianites that carbonate cementation
was not ‘‘incipient’’.

4.6. Rates of accumulation

Rapid deposition of Bermuda’s dunes by storm winds was
espoused by Vacher (1972) and more recently by Hearty and
Olson (2011). The evidence they cite includes ‘‘enormous’’ uninter-
rupted sets of conformable foresets with no interbedded soil hori-
zons, and the preservation of molds of mostly upright palmetto
tree trunks with associated impressions of un-decayed fronds,
which supposedly witness burial in a single depositional event.
Hearty and Olson (2011) invoked extreme high energy conditions



Fig. 14. Slip-face strata at Khyber Pass, St George’s. The southward dipping strata in these two exposures belong to the same Southampton Formation dune situated at an
elevation of approximately 45 m above sea level and 370 m from the north shore. Thin strata of even-thickness (left photo) invoke deposition by consistent, moderate winds
above the threshold velocity. Strata of more variable thickness (right photo) including one or more massive beds and wind ripple laminae are suggestive of deposition over a
period of greater wind variability possibly including storms. The repeating sequences refute accumulation in a single extreme storm event. (1 m rule for scale).
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in which they envisage ‘‘wet air-filled sediment cascading over the
crest and into the lee of coastal dunes creating uninterrupted fore-
sets . . . that rapidly buried terrigenous landscapes.’’

Storm conditions, with an associated sea-level surge and large
waves, typically reduce the width of a beach and this, in turn,
diminishes the capacity of wind to transport sand landward.
Aeolian accumulation may thus be curtailed during the most sev-
ere storms (Davidson-Arnott and Law, 1990). Hesp and Thom
(1990), commenting on coastal dune activity in Australia and
New Zealand, observed that the most intense storms and associ-
ated foredune degradation do not necessarily, on their own, stim-
ulate dune building.

The preservation of uninterrupted slip-face foreset strata, said
to represent a massive flux of sediment under extreme conditions
(Hearty and Olson, 2011), is likely to provide evidence of just the
opposite. Slip-face stratification in Bermuda’s eolianites, as shown
in Fig. 14, is consistent with dry grain-flow alternating with
grain-fall deposition, and commonly incorporates fine, millimetre
scale lamination characteristic of reworking by ripple migration
acting under prevailing, stable conditions. Mackenzie (1964a,b)
was of the same opinion: that the slip-face accretion in Bermuda
was overwhelmingly the product of any typical onshore wind that
was sufficiently strong to transport sand. This is corroborated by
observations of historically active dunes, described as ‘‘sand gla-
ciers’’, which advanced ‘‘stealthily’’ (Heilprin, 1889) over periods
spanning many decades at three locations along Bermuda’s south
shore during the 19th century.

The need to invoke extreme weather conditions to account for
the entombment of complete trees within Bermuda’s Pleistocene
dunes is questionable. Slow burial under ambient conditions, does
not necessarily cause death, as is evidenced on the coastal plains of
Egypt, where tall palm trees, being ‘‘slowly covered’’ by an advanc-
ing precipitation ridge, survive up to the point of complete burial
(El-Fayoumya et al., 1993). The same applies, under very different
conditions, on the coast of Oregon where large slip-faces, advanc-
ing at rates of only 1 m per year, almost completely bury tall con-
ifers which occasionally emerge alive decades later, on the stoss
slope, as the dune moves forward (Cooper, 1958). Even if rapid
accumulation must be invoked, it does not have to be the product
of extreme storms. Coastal dunes, in other parts of the world, with
similar characteristics to those of Bermuda are known to advance
under normal conditions at rates of 10–20 m per year (Hesp and
Thom, 1990; Bird, 2007).

The concept of dune building by extreme storms was perhaps
born out of the conviction of Bretz (1960), Land et al. (1967) and
by Vacher (1972) that Bermuda dunes were rapidly cemented in
position and that accumulation could only proceed by conformable
draping of layers. Such a process, which omits sand recycling, does
require the delivery of enormous quantities of ‘‘new’’ sand to
achieve appreciable aggradation and landward-expansion.

As an alternative to storm deposition, we contend that
Bermuda’s Pleistocene dunes, having been activated by a landward
flux of sediment, encroached beyond the beach backshore in
response to typical, moderate to strong, onshore winds. They were
mobile sand-transporting structures in which accretion at the slip
face was attributable to delivery of sand across, and episodically
from within, the stoss-slope of the dune.

4.7. Development of landward-advancing (transgressive) coastal
dunes

Coastal dunes which have encroached sufficiently far inland rel-
ative to the beach to meet an important criterion of
landward-advancing (transgressive) dunes as defined by
Woodroffe (2002) and Hesp and Thom (1990), can continue to
advance as transverse ridges (of which precipitation ridges are a
sub-set) as long as a positive sediment budget persists and/or there
is a good thickness of loose sand in the sub-stratum. As observed
on the Oregon coast (Cooper 1958) and at various other localities
around the world (Hesp, 2013) dune-fields fronted by precipitation
ridges can be supplied directly off the beach via sand sheets, or
from exposed flanks of degraded foredunes, or through blowout
troughs in a dissected foredune ridge. Sometimes they can decou-
ple from the beach and advance inland ahead of an expanding
deflation basin on their seaward side. Critical evidence as to the
genesis of Bermuda’s dunes is generally lacking, due to the loss
of their seaward extremities to coastal erosion (Fig. 7A). In the
few instances where the more proximal portions are preserved,
the internal structure records the entombment of small foredunes
by large advancing dunes (Figs. 6). This suggests the source of sand
for substantive dune building was not from the foredunes but from
the beach beyond. There appears to have been an evolution in dune
building processes from that in which retention was dominant to
that in which transportation was dominant. According to Rowe
and Bristow (2015) this is, likely, attributable to a growing flux
of sediment supplied off a widening beach, at a falling relative
sea-level, which overwhelmed the retentive capacity of vegetation
and caused sediment by-pass. These are the same circumstances
considered by Carter and Wilson (1993) as responsible
landward-advance (‘‘transgressive’’ activity) in the Holocene dunes
of Northern Ireland. In the absence of a forcing agent such as a fall
in relative sea-level it is probable that, rather than
landward-advancing dunes, a series of foredune ridges would have
developed in response to an ongoing positive sediment budget, as



Table 1
Attributes of Bermuda eolianites which qualify them as uncemented landward-
advancing (transgressive) dunes at the time of their emplacement.

Attribute Bermuda eolianites

Position relative to
the beach

Eolianite formations are not limited in extent to a
single shore-parallel ridge. They became separated, by
significant horizontal and vertical distances, from the
known position of contemporaneous beach deposits. In
the process of achieving this separation dunes over-
topped pre-existing topography, and in some cases
completely overstepped older dune formations as
demonstrated by geological mapping

Stratification There is an abundance of sets of slip-face foresets
which are truncated by sub-horizontal planar bounding
surfaces. These features are consistent with advancing
dunes and confute growth by simple accretion. Typical
dune architecture can be summarised as remnant
bedforms that episodically underwent sub-critical
climbing

Orientation Slip-face foresets consistently dip landward or towards
interior basins with a low standard deviation evoking
deposition as mobile sinuous transverse ridges

Nature of
substratum

Typically there is a sharp contact between slip face
foresets and a subjacent palaeosol. This, along with the
evidence of buried trees, testifies to landward
encroachment of dunes onto a terrain which supported
mature vegetation or a forest.

Fossil tree imprints Tree molds in-filled with sand and truncated by
bounding surfaces demonstrate that dune sands
remained friable, and potentially mobile, over the time
taken for large trees to fully decay

Historical activity Accounts of 19th century dune encroachment,
described as ‘‘sand glaciers’’ at three locations on
Bermuda’s coast demonstrate the capability of
Bermudian dunes to advance inland under ambient
modern interglacial conditions over periods spanning
several decades
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documented in eastern Australia (Short et al.,1986), Israel (Tsoar,
2000) and Ireland (Carter, 1990).

Bermuda’s eolianites manifest a sufficient number of attributes
which are diagnostic of landward mobility to confidently classify
them as landward-advancing (transgressive) dunes (Table 1). A
boost in sediment supply was responsible for the initial develop-
ment of mobile dunes, and an extended net positive sediment bud-
get ensured their preservation. Nevertheless, internal
sub-horizontal bounding surfaces attest to periods of stoss-slope
erosion during which dune advancement was sustained by the
transfer of recycled sand to the slip face. Episodes of mobility were
ultimately curtailed as the balance between net sediment supply
and vegetation growth tilted in favour of the latter. The
near-absence of classic parabolic forms suggests, however, that
as vegetation became established, sediment supply from external
sources continued at a moderate rate right up to the point at which
complete stabilisation had been achieved. There is little evidence
of large scale modification of dune bedforms by blow-outs which
would be symptomatic of a negative sediment budget and incom-
plete dune stabilisation by vegetation.
5. Conclusions

The islands of Bermuda are predominantly constructed of
Pleistocene eolianite ridges, averaging 50 m in elevation. It is
inferred from the geological map of Bermuda that dunes did not
form as static ridges but encroached onto elevated terrain occa-
sionally over-stepping or by-passing their predecessors. Detailed
analysis of several thousand slip-face dip azimuths indicate that
the dunes did not advance in conformity with the present-day ‘‘re-
sultant drift direction’’, but away from source beaches on the north,
west and south shores of the islands. This appears to confirm
Sayles’ (1931) contention that the source location had at least as
much control over the direction of dune migration as did the pre-
vailing winds.

Bermuda’s Pleistocene dunes formed sinuous transverse ridges
with lobate projections, burying mature soils and trees whose exis-
tence is now witnessed by tree-trunk molds and palm frond
impressions. Small numbers of preserved slipface-less bedforms,
comprising low-angle landward and seaward dipping strata, are
preserved in association with subjacent beach deposits. These are
interpreted as foredunes. They are entombed by the expansive
mobile dunes whose deposition was most likely triggered by a flux
of sediment from widening beaches to seaward of the preserved
foredunes. Planar truncation of slip-face foresets, a common fea-
ture of Bermudian eolianites, attests to episodic sub-critical climb-
ing behaviour when inland encroachment of the dunes temporarily
outpaced the rate of sediment supply to the stoss-slope.

Relative to the short period of time when sediment-supply con-
ditions were conducive to the accumulation of dunes, meteoric
diagenetic cementation proceeded too slowly to play a part in
curbing their mobility. We reject the prevailing model in which
dunes were summarily stabilised by ‘‘incipient cementation’’ fol-
lowing rapid accumulation in extreme storm winds, in favour of
one in which transverse advancing (transgressive) dunes migrated
landward, or towards interior basins, by slip-face accretion under
the influence of moderate to strong winds over many decades.
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