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ABSTRACT

Coastal dune accumulations at loca-
tions around the world have formed dur-
ing sea-level highstands, rising sea levels, 
falling sea levels, and fluctuating sea levels. 
Initially, episodes of maximum Pleistocene 
dune activity in Bermuda, which is the type 
location for eolianite, were correlated with 
glacio-eustatic regressions. This model had 
been abandoned by the 1970s in favor of a 
rising sea-level model for Bermuda’s north 
shore and autogenic sediment-supply model 
for the south shore. We report the results of 
a detailed investigation of the intercalated 
mid-late Pleistocene beach and coastal dune 
deposits on the islands of Bermuda, and we 
test the existing models for these deposits. 
We contend that the north shore model is in-
validated by past misidentification of eolian  
deposits as transgressive beach deposits . On 
the south shore, facies analysis of the ma-
rine isotope stage 7 (MIS 7) Belmont For-
mation reveals that coastal deposition was 
divided into two phases. S1, which includes 
foreshore and shoreface progradation, is 
predominantly marine and coincided with 
rising relative sea level. S2, which com-
menced with protosol development on top 
of the marine section prior to burial by ad-
vancing dunes, is nonmarine. We conclude 
that the two successions S1 and S2 resulted 
from forcing by glacio-hydro-isostatic rela-
tive sea-level change spanning a highstand 
(rising and then falling), rather than from 
transgressive or autogenic processes. The 
finding that, in Bermuda, the construction of 
protective coastal dunes depends on a falling 
relative sea level has potential implications 
for many vulnerable shorelines that face ris-
ing relative sea levels associated with climate 
change.

INTRODUCTION

Evolution of Beach-Dune Systems

The morphodynamics of sandy coastlines 
react to the balance among sediment input, 
loss, and storage, which constitute the sedi-
ment budget for a beach system (Terwindt et al., 
1984). Input and loss are outcomes of onshore/
offshore and longshore sediment transfer by 
wind, waves, or currents. The beach type (e.g., 
strandplain or barrier) and profile (e.g., reflec-
tive or dissipative) are controlled by autogenic 
factors, such as wave exposure, tidal range, 
seabed profile, particle size, and sediment bud-
get, as well as by the allogenic movement of 
relative sea level (RSL; Reading and Collin-
son, 1996; Woodroffe, 2002). The sediment 
budget is the principal determinant of whether 
beaches are transgressive (retrogradational) 
or regressive (progradational). It also affects 
the development, morphology, and stability of 
coastal eolian dunes (Carter and Wilson, 1993; 
Hellemaa , 1998; Psuty, 2004), which during 
storms present a physical barrier against coastal 
flooding and mitigate coastal erosion through 
the release of stored sand to the beach.

Many modern beaches owe their existence to 
former Holocene progradation, which has been 
attributed to mobilization of relict Pleisto cene 
shelf/platform sands (Terwindt et al., 1984; 
Short et al., 1986). However, to the detriment 
of many coastal communities, the  majority of 
the world’s beach-dune systems are now 
experiencing erosion and retreat concomitant 
with exhaustion of these sediments (Dixon 
and Pilkey, 1991; Bird, 2007). This sediment-
budget  deficit coupled with continued rising 
RSLs accounts for late Holocene–modern for-
mation of mobile transgressive dunes in Aus-
tralia (Short et al., 1986) and transgressive 
barrier-beach systems on the east coast of the 
Unites States (Hesp, 2005).

Bird (2007) proposed that earlier Holocene 
beach progradation may have been an anomaly 

and that the scarcity of beaches in the geological 
record is consistent with their transient nature. 
The excellent shore-normal exposures of emer-
gent Pleistocene littoral deposits of Bermuda, 
which include marine-eolian successions, there-
fore provide a rare opportunity to study the cycle 
of depositional and erosional events associated 
with the evolution of beach-dune systems. The 
Bermuda record, which is exposed at multiple 
localities, notably within the Belmont Forma-
tion, spans an initial marine transgression, beach 
progradation, barrier formation, and dune build-
ing. Furthermore, the progression of these events 
can be correlated with RSL changes, which are 
recorded by shifting elevations of key facies. The 
study of Bermuda’s geological record can, thus, 
benefit the development of models that predict 
the sustainability of modern beach-dune systems 
as buffers against erosion and coastal flooding, in 
the context of changing RSLs.

Eolian Construction of Pleistocene 
Bermuda

Bermuda’s present-day coastline is domi-
nantly rocky. Where beaches do occur, as at many 
other localities around the world today, they are 
subject to a neutral or slightly negative sediment 
budget. Small foredunes associated with a few of 
these beaches are inactive relict features. These 
conditions contrast markedly with those mani-
fested in Bermuda’s Pleistocene geology, where 
large sets of eolian strata onlap and overtop their 
predecessors, creating a topography of hillocky 
ridges, which range in elevation from 50 m to 
70 m above sea level. This dominance of eolian 
dune deposits in Bermuda and their intercalation 
with mature paleosols have stimulated much 
debate as to the circumstances under which epi-
sodic dune building was initiated.

While Sayles (1931) coined the term “eolia-
nite” to classify the lithified windblown carbon-
ate sands of Bermuda, it was Lieutenant Richard 
Nelson (1837) who first called attention to the 
eolian character of the limestones. Thomson 
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(1873, p. 266) succinctly depicted the islands as 
“a bank of blown sand in various stages of con-
solidation,” while Agassiz (1895) commented on 
the excellent exposures of eolian strata. Much 
later, Vacher et al. (1995, p. 272) described 
Bermuda as the “type locality of the carbonate 
eolianite facies,” while Brooke (2001) noted that 
the detailed research undertaken into Bermuda’s 
stratigraphy has made it possible to develop 
important new theories of eolianite evolution.

In this paper, we present an overview of mod-
els for coastal dune construction in relation to 
changes in RSL, with a particular focus on the 
islands of Bermuda, where opposing theorems 
with respect to the timing of dune building 
have been formulated by prominent research-
ers. Compilations of coastal dune construction 
models developed in many parts of the world, 
including the eastern and western coasts of the 
United States (notably Oregon), by Pye and 
Tsoar (1990), Brooke (2001), and Lees (2006) 
all prominently feature an account of at least one 
model which was conceived in Bermuda. The 
four models presented by Pye and Tsoar (1990) 
included the Bretz (1960) highstand model and 
the Sayles (1931) regressive-lowstand model 
from Bermuda. Brooke (2001), who discussed 
the Bermuda models in the context of the impact 
of sea-level change on global eolianite accumu-
lation, placed more credence in the later Bretz 
(1960) and Vacher et al. (1995) models than 
Sayles’ (1931) model. Lees (2006), on the other 
hand, included the contribution by Sayles (1931) 
as one of five viable coastal dune-building mod-
els that have been developed globally . These 
compilations essentially amounted to literature 
reviews and, as such, depended on the veracity 
of published research undertaken in Bermuda. 
There was no reexamination of the field evi-
dence. At times, it appears that later models 
were afforded greater credibility because they 
claimed to correct earlier versions, even though 
limited new data or facies analyses were pre-
sented in support of the later models. Given 
the stature of Bermuda in the field of eolianite 
geology and coastal geomorphology, we con-
sider that an on-site review of the contradictory 
coastal dune-building models is overdue. This is 
especially so in light of controversies over facies 
interpretation that have arisen in recent decades 
and relatively new information that has been 
gathered from geological mapping and high-
resolution facies analyses.

OBJECTIVES

In this paper, we exploit the exceptionally 
well-exposed emergent Pleistocene littoral suc-
cessions of Bermuda to review prior field inter-
pretations from which past models of beach-

dune evolution were developed. The study is 
underpinned by the initial identification, docu-
mentation, and interpretation of individual lit-
toral facies, several of which had not previously 
been recognized. Rowe undertook field surveys 
of the architecture of facies assemblages to 
accurately define progradational, aggradational, 
and retrogradational trends and to reconstruct 
paleo–sea-level elevations and movements. 
We used a combination of sedimentary logs 
and outcrop interpretation panels to develop a 
process-based model for Pleistocene beach and 
dune deposits on Bermuda. This was accom-
plished within the context of established Pleisto-
cene hydro-glacio-isostatic RSL oscillations at 
Bermuda, which we contend are the primary 
driver of littoral sediment accumulation on the 
islands. A key objective is to ascertain which 
states of RSL (change) spanning a highstand 
are responsible for respective stages in the 
depositional cycle, with particular attention to 
the dune-building stage, which was in effect 
responsible for the construction of the Bermuda 
Islands. An understanding of the relationship 
between coastal dune activity and changes in 
RSL is critical to an assessment of the vulner-
ability of many coastal communities globally. 
This is because coastal dunes provide a buffer 
against marine flooding and a reservoir of sedi-
ment for natural beach recharge during storm 
events (Doody, 2012; Everard et al., 2010).

TIMING OF QUATERNARY COASTAL 
DUNE-BUILDING AROUND 
THE WORLD

Glacio-eustatic changes in sea level during 
the Pleistocene and Holocene Epochs have been 
of exceptionally high magnitude and frequency 
(Siddall et al., 2007) and have a significant if not 
dominant impact on coastal morphodynamics. 
There is a consensus that RSL change is a pri-
mary control on the timing of coastal dune-field 
construction (Brooke 2001). In this section, we 
briefly review versions of this relationship from 
around the world.

Coastal Dune Nomenclature

The foredune is the only distinctive coastal 
dune (Bauer and Sherman, 1999). It is the fore-
most dune on the beach backshore that is sta-
bilized by vegetation (Hesp, 2005). “Unlike 
desert dunes which advance horizontally…. 
(foredunes) generally grow upward in place” 
(Goldsmith, 1989, p. 5). Unstable mobile 
coastal dunes, which are fed directly from the 
beach or from degraded foredunes, have been 
termed “transgressive dunes” (Gardner, 1955; 
Short et al., 1986; Hesp and Thom, 1990; Pye 

and Tsoar, 1990; Rust and Illenberger, 1996; 
Hellemaa, 1998; Tsoar, 2000; Woodroffe, 2002; 
Lees, 2006; Bird, 2007; Andreucci et al., 2010; 
Hesp and Walker, 2013). This is because their 
locus of deposition moves progressively land-
ward away from the source beach. Transverse 
ridges, barchans, parabolic dunes, and precipita-
tion ridges are considered subsets of transgres-
sive dunes in a coastal setting (Hesp and Thom, 
1990). In contrast to foredunes, which exchange 
sediment with the beach, transgressive dunes are 
defined by their ability to migrate or expand off 
the beach onto elevated and vegetated terrain. 
Mobility is achieved through the lateral transfer 
of sand from the windward stoss slope of a dune 
onto its leeward slope. When a dune has grown 
so high that all of the sand transported across 
its surface is trapped on the leeward slope, 
an advancing slip face develops, which has a 
“profound effect” on the behavior of the dune 
(Bagnold, 1954). This change is reflected in the 
structural distinction between mobile transgres-
sive coastal dunes and retentive foredunes. The 
former comprise a high proportion of slip-face 
strata when compared with retentive dunes, 
in which low-angle strata dominate (Yaalon 
and Laronne, 1971). However, use of the term 
transgressive to describe mobile coastal dunes 
conflicts with the prevailing definition of “trans-
gressive” deposits as those that accumulated 
during a rising (transgressive) RSL. The poten-
tial for contradiction arises, for example, where 
transgressive coastal dunes are associated with a 
falling RSL. Therefore, for the purposes of this 
article, the term “advancing dune” as proposed 
by Mauz et al. (2013) shall be adopted as a sub-
stitute for transgressive dune. Here, the term 
“transgressive” shall refer to shallow marine 
and coastal sediments that have accumulated in 
response to a rising RSL.

Dune Building during Rising 
Relative Sea Levels

Based partly on his observations on the Ore-
gon coast, Cooper (1958, p. 146) noted that “an 
advancing sea is ordinarily a powerful stimulant 
to dune activity.” Likewise, Short et al. (1986) 
argued that when a rising RSL floods onto a 
shelf, a “high-energy window” is created that 
generates a landward flux of sediments and 
associated dune building through shoreface ero-
sion. Pye and Tsoar (1990) concluded, on the 
other hand, that it is the destruction of foredunes 
by a marine transgression on exposed coastlines 
that releases large volumes of sand for wind 
transportation and the formation of advancing 
dunes. This was termed the “Cooper-Thom” 
model of transgressive coastal dune develop-
ment by Lees (2006).
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In eastern Australia (Pye and Bowman, 1984) 
and in southern Australia (Short et al., 1986), 
advancing dunes with ages of 10–6 ka attest to 
dune activity during the Holocene transgression, 
which acted as a “forcing function” according to 
Pye and Bowman (1984). Similar ages and an 
association with rising RSL were also attributed 
by Hesp (2005) and Bird (2007) to dunes of the 
eastern United States and Cornwall, UK, respec-
tively. In the Bahamas, Carew and Mylroie  
(1995) depicted the “bulldozing” of sediments 
into high dune ridges as Holocene seas flooded 
the platform at a rate that temporarily outpaced 
reef growth, thus creating high-energy “open” 
conditions. Similarly, in Denmark, it was the 
exposure of nearshore sediments to increased 
wave energy concomitant with a rapid rise in 
RSL at the end of the Little Ice Age that is con-
sidered responsible for the activation of coastal 
dune fields (Aagaard et al., 2007).

Dune Building at a Peaking 
Relative Sea Level

Following a comprehensive review of pub-
lished carbonate coastal dune research from 
around the world, Mauz et al. (2013) concluded 
that at approximately half of the 20 localities, 
dunes were deposited as a “highstand systems 
tract,” i.e., at a peaking RSL. In South Aus tralia, 
preserved Pleistocene highstand dune ridges 
of the Robe ranges have been documented by 
Huntley et al. (1993) and Murray Wallace et al. 
(2002). In New Zealand (Hesp and Thom, 1990) 
and in California (Orme, 1990), barrier-dune sys-
tems developed as the late Holocene rise in RSL 
slowed. At the same time in the Netherlands, and 
locally in Australia, late Holocene seaward pro-
gradation of such barriers was noted by Wood-
roffe (2002). In other regions, such as the East 
and Gulf Coast of the United States, late Holo-
cene barrier-dune systems have gone into retreat 
and have suffered foredune degradation (Hesp, 
2005) due to exhaustion of the sediment supply. 
However, where barrier systems experience only 
a slight sediment budget deficit, foredunes such 
as those of Perdido Key, Florida, have been able 
to retain their mass or even grow contemporane-
ously with shoreline retreat (Psuty, 1993, 2004).

On tropical platforms, such as the Bahamas, 
reduced energy “closed” conditions prevailed in 
the late Holocene due to reef-growth “catch-up” 
(Kindler, 1995), causing dune building to falter. 
Bird (2007) noted that reefs that have caught up 
with sea level not only filter wave energy but can 
present a physical barrier to landward transport 
of nearshore sands. On the other hand, in higher 
latitudes, in the absence of such biogenic reefs, 
deepened shelf waters can enhance nearshore 
wave energy. This occurred during the Holocene 

on the shores of Lake Huron, where, as the rela-
tive lake water level peaked, glacial sediments 
were driven shoreward onto beaches and thence 
into a transverse dune ridge, which advanced 
ahead of a transgressive beach (Davidson-
Arnott and Pyskir, 1988).

Dune Building during a Falling 
Relative Sea Level

At many localities around the world prograd-
ing shorelines with multiple stabilized foredune 
ridges are associated with falling RSLs, such as 
Washington State, USA (Cooper, 1958), south-
ern Brazil (Hesp et al., 2005), and southeastern 
Australia (Bristow and Pucillo, 2006). However, 
as discovered in the case of the late Holocene 
deposits in northwest Ireland (Carter and Wil-
son, 1993), lowering of the wave base during a 
falling RSL can create a shoreward flux of shelf 
sediments sufficient to overwhelm the reten-
tive capacity of vegetation and thus generate 
un stable advancing dunes.

In eastern Australia, episodes of dune activ-
ity were associated with the regressive phase of 
Holocene RSL fluctuations (Lees, 2006). Simi-
larly Orford et al. (2000) attributed a “once-off” 
phase of dune building on the Northumberland 
coast in the UK to subaerial exposure of inter-
tidal sediment at the onset of the “Little Ice 
Age.” The chronostratigraphy of coastal dunes 
in Western Australia (Fairbridge, 1995; Price 
et al., 2001) and South Africa (Bateman et al., 
2004) demonstrates maximum depositional 
activity in post-interglacial periods as RSLs 
started to fall. Optically stimulated lumines-
cence dating of dunes on the eastern Mediter-
ranean coast undertaken by Mauz et al. (2013) 
indicated that episodes of dune ridge develop-
ment were associated with successive late Qua-
ternary falling sea-level stages.

Island dune activity has been correlated 
with falling RSL at Lord Howe (Woodroffe, 
2002) and Molokai (Fletcher et al., 1999) in 
the Pacific, and at San Salvador in the Bahamas 
(Carew and Mylroie, 1995). The timing of such 
activity in tropical regions has been linked to 
high sediment production as newly emergent 
coral reefs succumbed to exposure and were 
rapidly broken down by biological and mechan-
ical erosion. Emergence of these sediments on 
widening beaches, as RSL fell, created condi-
tions conducive to eolian transportation.

Dune Building during Low 
Relative Sea Levels

“Low sea levels,” for the purpose of this dis-
cussion, are considered those at which shelf or 
platform sediments become emergent. Certainly, 

the Quaternary eolian deposits identified at 
140 m below present sea level in southeastern 
Australia (Bird, 2007) are an indication of dune 
activity at a time of shelf exposure. The carbon-
ate dunes of Western Australia have also been 
related to low RSLs by Fairbridge (1995), and 
on the basis of ca. 40 ka ages from thermo-lumi-
nescence dating, they have been correlated with 
the Last Glacial period (Kendrick et al., 1991). 
Similar ages have been attributed to expansive 
dune fields that were deposited in Sardinia when 
sea levels were tens of meters below the pres-
ent level and copious volumes of marine sedi-
ment were subaerially exposed (Andreucci et al., 
2010). Likewise, the accumulation of eolianites 
on Hawaii (Muhs et al., 1993) and the Califor-
nian Channel Islands (Muhs, 1992) has been 
attributed to eolian reworking of exposed shelf 
deposits at times of low sea level between 80 and 
14 ka. Other examples from the Mediterranean 
(cited by Brooke, 2001) occur in late Quaternary 
successions in which eolian deposits, dating 
from glacial periods, overlie emergent marine 
deposits separated by a well-developed paleosol.

Dune Building during Oscillating 
Relative Sea Levels

Dune activity reported to be associated with 
secondary sea-level oscillations tend to be coin-
cident with the temporary reversal of a rising or 
falling trend or a “sawtooth” sea-level curve. 
Lees (2006, p. 86), for example, working in 
eastern Australia, postulated that it is the rever-
sal or interruption of a trend that is the “marine 
trigger” required to cause “shoreline distur-
bance,” noting that at Cooloola, “dune forma-
tion events seem to correlate with interruptions 
of a trend of marine recession and of sea-level 
rise, respectively,” and that this correlation with 
interruptions seems to be a “repeating pattern”. 
Bateman et al. (2004) concluded that dune 
activity on the South African Cape coast coin-
cided with late Quaternary sea-level oscillations 
which repeatedly drove carbonate rich sedi-
ments onshore. Hesp (2005) speculated that it is 
the nature of oscillations and the rate of the rise 
or fall of sea level that may be important factors 
in dune initiation and behavior. Working on the 
Oregon coastline (USA), Cooper (1958) sur-
mised that major dune advances were caused by 
interruptions of a rising RSL or minor reversals. 
He concluded that pulses of advancing-dune 
activity were recorded by successive precipita-
tion ridges, each responding to a “trigger action” 
in the form of periods of renewed eustatic sea-
level rise. Bird (2007, p. 237) attributed the 
“shorewards sweeping” of sediment, required 
for Holocene dune building in Cornwall (UK), 
to minor oscillations of sea level.



Rowe and Bristow

1648 Geological Society of America Bulletin, v. 127, no. 11/12

BERMUDA

Geological Setting

The islands of Bermuda are located at 32.3°N 
and 64.8°W and lie ~1300 km to the east of 
the state of North Carolina, USA (Fig. 1). 
They comprise a 57 km2 limestone archipelago 
perched on the southeastern edge of a 900 km2 
oval-shaped, reef-rimmed platform. The trun-
cated volcanic seamount, on which the platform 
and islands are founded, lies at a depth of ~45 m 
below mean sea level. Given the shallow depth 
of the volcanic rock and a measured age of at 
least 33 Ma (Reynolds and Aumento, 1974), 
Bermuda does not qualify as a classic Darwin-
ian subsiding atoll. The putative tectonic stabil-
ity of Bermuda is the basis for its past character-
ization as a paleo-sea-level “tide gauge” (Land 
et al., 1967). As a consequence, Pleistocene 
emergent marine imprints on Bermuda have 
been accorded global glacio-eustatic signifi-
cance (Harmon et al., 1978, 1983; Land et al., 
1967; Vacher, 1972; Hearty and Kindler, 1995; 
Hearty, 2002). However, the tectonic stability 
of the Bermuda seamount has been questioned 
(Rowe et al., 2014). Furthermore, glacio-iso-
static adjustment models indicate the potential 
for significant vertical movement of the edifice 
(Dutton and Lambeck, 2012) correlative with 

continental ice-sheet loading and unloading. For 
these reasons, it is no longer considered tenable 
to refer to changes in sea level at Bermuda (as 
measured against a datum on the land) other 
than in terms of relative movement.

The Bermuda islands predominantly consist 
of cemented Pleistocene eolian bioclastic cal-
carenites preserved as hillocky ridges, averaging 
50 m to 70 m in elevation. The internal structure 
of the “eolianites” (Sayles, 1931), consisting 
of 2-m- to 10-m-high sets of landward-dipping 
slip-face (leeward) strata superposed by low-
angle stoss-slope (windward) strata, is charac-
teristic of advancing dunes. The intervening sub-
horizontal planar bounding surface between the 
slip-face foresets and stoss-slope strata records 
an episode, or episodes, of dune advancement 
facilitated by cannibalization of the sand within 
the dune bed form, which attests to high mobil-
ity. The eolianites have been divided into five 
allostratigraphic formations (Vacher et al., 
1989) separated by thin paleosols, which are 
equivalent to solutional unconformities (Land 
et al., 1967). Emergent waterlain marine depos-
its, which are central to this study, are volumetri-
cally minor, being restricted to narrow outcrops 
along portions of the coastline. They consist 
of cross-stratified calcarenites of the shoreface 
and foreshore environments and conglomerates. 
Eolian and marine calcarenites display a full 

range of age-related meteoric diagenetic altera-
tion (Land et al., 1967), the physical manifes-
tations of which are increased cementation and 
decreased intergranular porosity.

Bermuda’s stratigraphy records ongoing pedo-
genic/solutional processes represented by the 
paleosols, interrupted by episodic accumula-
tion of bioclastic calcarenites represented pri-
marily by eolianites (Fig. 2). The correlation of 
such repeating sequences with glacio-eustatic 
cycles was first proposed by Sayles (1931) and 
has been embraced by subsequent researchers 
both in Bermuda and elsewhere (Brooke, 2001), 
notwithstanding that the nature of the synchro-
nization differs from place to place as outlined 
earlier herein.

Timing of Dune Building on Bermuda—
Existing Models

Sayles (1931) attributed the initiation of dune 
building on Bermuda to harsh climatic condi-
tions and falling RSL at the onset of a glacial 
period. He correlated maximum dune activity 
with a sea level that had been lowered 10–20 m 
or more from its current position, thus expos-
ing the seabed of the Bermuda Platform. This is 
inferred from his depiction of “great flats cov-
ered by marine shells exposed to the air,” which 
were caused “to pile up as dunes.” Although 
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Sayles (1931) implied that dune activity per-
sisted after sea level dropped below the plat-
form edge at glacial lowstands, he recognized 
that such activity was dependent on prior plat-
form flooding and concomitant generation of 
bioclastic carbonate sediment. Bretz (1960), 
in rejecting Sayles’ (1931) model, interpreted 
facies assemblages in Bermuda’s north shore 
exposures, such as Blackwatch Pass, as repre-
senting the transgression of beach-like marine 
deposits onto a dune as RSL peaked. This puta-
tive intimate spatial relationship between beach 
and dune corresponded with his conviction that 
Bermuda’s dunes—acting effectively as fore-
dunes—were fixed by incipient cementation at 
their point of origin on the beach backshore. We 
know now that this concept of beach-tied static 
dunes is contradicted by the prevalence of slip-
face strata. Elsewhere, Bretz (1960) found evi-
dence of a second phase of more expansive dune 
building, which he attributed to a readvance of 
sea level after its first peak. The presence of a 
protosol, which intervenes between the marine 
deposits and these later larger dunes, was 
explained by Bretz (1960) as coincident with 
the marine regression that preceded a “minor 
re-advance of the ….receding strandline.” In 

other words, the protosol and later dunes were 
correlative with a low-order sea-level oscilla-
tion superimposed on a higher-order marine 
regression, with the protosol being a record of 
sea-level retreat, and the dunes being a record of 
sea-level readvance. Thus, as did Cooper (1958) 
with respect to Oregon dunes, Bretz (1960, 
p. 1747) stressed the importance of a rising RSL 
to “agitate” Bermuda’s coastal deposits and 
“keep the sand loose” for eolian transportation. 
The dune-building model that he espoused was, 
therefore, essentially transgressive.

Vacher (1972) reasoned that maximum dune 
building on Bermuda’s high-energy south shore 
coincided with the progressive development of 
a biologically generated, autogenic, sediment-
budget surplus in the late stages of an inter-
glacial highstand. This, according to Vacher 
(1972), is evidenced by lateral and vertical 
gradation of emerged Pleistocene beaches into 
eolianites. On Bermuda’s north shore, which is 
separated from the open ocean by 12 km of shal-
low waters (≤20 m depth) of the North Lagoon, 
Vacher (1972) proposed quite a different sce-
nario. He contended that dune activity was asso-
ciated with a rapid rise in RSL, which outpaced 
reef growth, similar to circumstances described 

in the Bahamas by Carew and Mylroie (1995). 
The increase in water depth compromised the 
wave-filtering capacity of the reefs, which for-
merly had dampened sediment mobility. Large 
waves traversing the drowned reefs were able to 
shift sediment landward along the lagoon floor, 
creating wide beaches and large frontal dunes 
on Bermuda’s north shore. Thus, Vacher (1972), 
while advocating an autogenic regressive sedi-
ment-supply model for the south shore, favored 
a transgressive model equivalent to that devel-
oped by Bretz (1960) for the north shore.

Modern Depositional Conditions 
at Bermuda

The coast of Bermuda today is character-
ized by cliffs, ranging in height from 2 to 25 m, 
rocky headlands, and embayed beaches, which 
tend to be concentrated on the high-energy 
south shore. As a whole, Bermuda’s coastline 
is in retreat, despite the wave-filtering effect of 
biological reefs, which extend from the shore-
line out to the platform edge. There have been 
historical accounts of limited dune instabil-
ity and advancement (Nelson, 1837; Heilprin, 
1889). The only preserved evidence of Holo-
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Figure 2. The stratigraphy of Bermuda (Vacher et al., 1989) in relation to a consensus version of the Pleistocene 
eustatic sea-level curve (adapted from Siddall et al., 2007). Published relative paleo–sea-level elevations for Ber-
muda at marine isotope stage (MIS) 7.1, 5e, and 5a are indicated by crosses. In the top part of the figure, white 
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RSL—relative sea level.
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cene or modern dune activity is in the form of 
small vegetated foredune ridges on a few of the 
larger south shore beaches, such as Horseshoe 
Bay and Warwick Long Bay. Shallow patches of 
shoreface sediments feed into modern beaches, 
but more significant volumes of sand remain 
unavailable for transportation, being trapped in 
deep sandy moats between modern and relict 
reef tracts (Meischner and Meischner, 1977). 
The sediment budget at present-day beaches is 
thus considered neutral or slightly negative.

Established Chronostratigraphy

No reliable method of dating pure carbon-
ate dunes has yet been developed. Furthermore, 
there are no known emergent Pleistocene reefs 
with life-position corals extant in Bermuda. Only 
small numbers of stratigraphically meaningful 
emergent marine deposits have yielded sufficient 
numbers of coral fragments to derive a statisti-
cally robust U-series age for the host unit. These 
are the Belmont Formation marine member, the 
Rocky Bay Formation marine member (also 
known as the “Devonshire marine” unit), and the 
Southampton Formation marine member. Aver-
age ages attributed to these units, respectively, 
are 200 ka (Rowe et al., 2014), 120 ka (Harmon 
et al., 1983), and 80 ka (Muhs et al., 2002). By 
plotting these ages, along with interpreted rela-
tive paleo-sea-level elevations, against a consen-
sus version of the Pleistocene eustatic sea-level 
curve (Fig. 2), the chronostratigraphy of emer-
gent marine deposits on Bermuda can be estab-
lished in relation to global glacio-eustatic events.

Putative lateral field transitions between 
emergent marine deposits and eolianites, which 
attest to synchronicity between peak RSLs and 
expansive dune building (Bretz, 1960; Land 
et al., 1967), are questioned here. What is not 
in dispute, however, is that in many coastal 
exposures, Belmont Formation, Rocky Bay For-
mation, and Southampton Bay Formation eoli-
anites overlie emergent marine deposits, which 
have been correlated by dating with marine 
isotope stage 7.1 (MIS 7.1), MIS 5e, and MIS 
5a highstands, respectively. These eolianites are 
invariably separated from the underlying marine 
deposits by an interformational protosol rep-
resenting a hiatus. It can therefore be said that 
dune building occurred late in the same sedi-
mentary cycle that was responsible for emergent 
marine deposition, which, by association, dates 
them to highstand terminations.

Facies Identification

The MIS 7 Belmont Formation includes the 
widest range of emergent littoral facies in Ber-
muda. It is almost continuously exposed along 

6 km of the south coast of the central parishes. 
The corresponding sea level at Bermuda peaked 
at least once above +4 m above present sea 
level (ASL; Rowe et al., 2014), and as a conse-
quence, the critical contacts between shoreface, 
foreshore, and eolianites are locally beautifully 
exposed in low cliffs and wave-cut platforms. 
Facies sequences of the Belmont Formation 
have been analyzed, measured, and documented 
at more than 50 localities. These data have been 
used to identify 10 distinct “structural facies” 
(after Clifton et al., 1971) for which deposi-
tional environments have been interpreted from 
the geometry, scale, and orientation of sedimen-
tary structures, as well as their spatial relation-
ship to adjacent facies. Relative paleo–sea levels 
at Bermuda such as those presented in Figure 2 
have been reconstructed from “sea-level indica-
tor facies,” which have a particularly well-con-
strained elevational relationship to contempo-
raneous sea level (Rowe et al., 2014). Principal 
among these is the Hapm facies (high-angle 
planar  medium-scale cross-strata), which is 
interpreted as a subtidal “beach step.” An inven-
tory of Bermuda’s coastal facies is presented in 
Table 1 and Figure 3.

Missing Coral Reef Facies

Modern algal-vermetid reefs and coral reefs 
on the Bermuda Platform have, respectively, 
grown vertically up to mid-tide level and to 
within ~3 m of mid-tide level (Meischner and 
Meischner, 1977). At some point in the future, 
when RSLs are lower than today, emergent 
remnants of these reefs will be preserved as wit-
nesses to the Holocene highstand—especially 
those that are attached to rocky shores as a “lit-
toral fringe” (Meischner and Meischner , 1977). 
Yet, unlike many relatively stable Pleisto cene 
coastlines such as in Florida (Muhs, et al., 
2011), the Bahamas (Carew and Mylroie, 1995), 
south Australia (Murray-Wallace, 2002), west 
Australia (Hearty et al., 2007), and the Sey-
chelles (Israelson and Wohlfarth, 1999), there 
are no known emergent coral reefs, and only 
one small exposure known of an in situ algal-
vermetid accretionary lip (at Watch Hill Park), 
on Bermuda. The few in situ corals that have 
been reported in the literature are inadequately 
documented, and their existence cannot be veri-
fied. This is despite tens of kilometers of coastal 
exposure and robust evidence (Harmon et al., 
1983; Hearty and Kindler, 1995; Meischner 
et al., 1995; Rowe et al., 2014) of RSLs that 
exceeded that of the present day by 4 m or more 
on at least three occasions.

The most credible explanation for the para-
dox of Bermuda’s missing reef facies is that 
RSL rise at Pleistocene highstands outpaced 

reef growth and was then rapidly reversed. 
These circumstances are consistent with the 
observed tendencies of reef growth to “keep 
up,” “catch up,” or “give up” in response to a 
rising sea level, as expounded by Neumann and 
Macintyre (1985). The difference between Ber-
muda and other localities where reef growth did 
keep up at Pleistocene highstands may be attrib-
utable to a unique glacio-hydro-isostatic signal 
at Bermuda, which was potentially modified by 
a tectonic component (Rowe et al., 2014), cou-
pled with retarded coral recruitment associated 
with the island’s northern latitude.

Even though recently drowned reefs have 
been documented on Bermuda’s outer plat-
form (Meischner and Meischner, 1977), pre-
dominantly late Holocene reef growth at Ber-
muda has kept up or caught up with RSL rise. 
This may reflect a late Holocene RSL rise that 
underwent significant deceleration as it flooded 
the Bermuda Platform and produced a pro-
longed highstand (perhaps anomalously so) that 
stopped short of its MIS 7 and MIS 5e, mid-late 
Pleistocene, counterparts (Fig. 2).

Coastal Facies Assemblages of Bermuda

The majority of Bermuda’s advancing-dune 
eolianites are not in direct contact with facies that 
are interpreted as contemporary beach deposits. 
They terminate abruptly at the shoreline, where 
they form cliffs of partially submerged landward-
dipping slip-face foresets, or, as astutely noted by 
Heilprin (1889, p. 36): “Manifestly, the cliffs are 
merely the inner halves of dunes the outer slopes 
of which have been carried away by the sea. 
The height of the cliffs indicates dunes of great 
extent, but it will probably never be told at what 
point in what is now sea they originated…..” In 
absolute terms, there is no “complete” coastal 
facies assemblage that records both depositional 
events that laid the foundation for dune building 
as well as events contemporaneous with dune 
accretion that were responsible for sediment 
delivery. Even in the relatively complete assem-
blages, the beach deposits that directly supplied 
the advancing dunes are missing.

The two types of coastal facies assemblages 
detailed next, which include marine deposits 
and eolianites in succession, are termed here the 
“Belmont Formation facies assemblage” and the 
“ravinement infill facies assemblage.” The latter, 
which occurs in more than one formation, com-
prises only three facies in total. The Belmont 
Formation facies assemblage of the south shore, 
by contrast, includes multiple facies within the 
emergent marine deposits, and it is divided into 
two successions associated, respectively, with a 
rising and a falling RSL. Also described in the 
following is a Rocky Bay Formation assemblage 
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from the north shore that previously had been 
considered to represent both marine and eolian 
facies (Bretz, 1960; Land et al., 1967; Vacher, 
1972). However, we challenge this conclusion 
because of the high elevation to which the puta-
tive marine facies extends; the eolian character-
istics of the strata; and the absence of any fea-
tures that are exclusive to marine deposits.

Belmont Formation (South Shore) 
Facies Assemblage

Succession 1 (S1)—Progradational-
Aggradational Littoral Deposition during 
a Rising RSL

Where the distal/basal portion of the Bel-
mont Formation facies assemblage is exposed, 
such as at Hungry Bay and Devonshire Bay 
(Figs. 4 and 5), evidence of an erosive marine 
transgression takes the form of either a planar 

Figure 3 (on following page). Examples of Bermuda’s coastal facies and their associations. 
(A) A ravinement infill facies assemblage in the Rocky Bay Formation at Rocky Bay, featur-
ing Sof, Rof, and Hapl facies. Interpretation: Burrowed shoreface sediments superposed 
by a protosol and advancing-dune deposits. (B) The Belmont Formation at Devonshire Bay 
featuring Lapl and Lal facies with an intervening bounding surface. Interpretation: Trun-
cated reflective beach-face deposits superposed by a foredune. (C) The Belmont Forma-
tion at Hungry Bay east, featuring Lapl, Trm, and Flp facies with intervening bounding 
surfaces. Interpretation: Truncated reflective beach-face deposits superposed by trough 
cross-stratified overwash deposits and laminated shelly lagoonal deposits. (D) The Belmont 
Formation at Doe Bay, featuring Lapl and Bof facies. Interpretation: Beach-face and berm 
strata superposed by upper beach deposits, which were intensively burrowed by land crabs 
(Gecarcinus lateralis). (E) The Belmont Formation at Spittal Pond west, featuring Laws and 
Hapm facies. Interpretation: Shoreface symmetrical wave-ripple strata over which upper 
shoreface beach-step deposits prograded. (F) The Belmont Formation at Devonshire Bay 
featuring Hapl (landward dipping) and Lapl and Hapl (seaward dipping) facies. Interpreta-
tion: Advancing-dune strata (from an earlier depositional cycle) truncated and scarped by a 
transgressive marine erosion surface, which is superposed by a beach and the avalanching 
foreslope of a foredune. (Measurements in meters, e.g., +3.2 m, indicate the elevation above 
present sea level).

TABLE 1. BERMUDA’S KEY COASTAL FACIES

Facies Sedimentary structures Dip of cross-strata
Facies thickness 

(m) Typical associations Fossil features Environment
Hapl High-angle, parallel, planar, 

large-scale cross-strata
Various directions 

30° to 34°
2–10 Subjacent to Lal Juniperus bermudiana

and Sabal bermudana
trunk molds and leaf 
impressions

1. Advancing dune slip-
face (landward dipping)

2. Foredune talus slope 
(seaward dipping) 

Rof Structureless zone 0.2–1 Subjacent to Hapl Rhizocretions and
Poecilozonites land snails

Protosol

Flp Flat, laminated strata Horizontal 0.1–1.5 Superposed on Trm Shelly beds including 
Lucina and 
Brachidontes

Shallow lagoon or slack

Trm Trough, medium scale cross-
strata

Various directions 
including 
alongshore

0.2–0.5 Superposed on Lapl 1. Washover (landward 
dipping)

2. Return flow (seaward 
dipping)

2. Tidal lagoon 
(alongshore dipping) 

Lal Low-angle, subparallel, 
large-scale cross-strata

Various directions. 
0°–25°

1.5–4 Superposed on Lapl 
or Hapl

1. Upper beach/foredune
2. Dune stoss slope 

(when superposed 
on Hapl) 

Bof Intensively bioturbated zone 
with Psilonichnus traces

0.5–1.0 Superposed on Lapl Gecarcinus lateralis 
crab burrows, 4–6 cm 
diameter

Berm or upper beach

Lapl Low-angle, planar, large-
scale cross-strata. “Inner 
planar facies” of Clifton 
et al. (1971) 

Mostly seaward. 
0°–12°

1.5–3.0 Transitions downdip 
into Hapm

1. Reflective beach face 
(seaward dipping)

2. Berm (subhorizontal) 

Hapm High-angle parallel, planar, 
medium-scale cross-strata. 
“Inner rough facies” of 
Clifton et al. (1971) 

Seaward. 
20°–24°

0.2–1.0 Occurs in vertical 
succession between 
Laws and Lapl

Beach step created in 
backwash vortex at 
base of swash zone

Laws Low-angle, symmetrical, 
small-scale cross-strata. 
“Outer planar facies” of 
Clifton et al. (1971) 

Various directions, 
symmetrical

0.1–1.0 Subjacent to Hapm Wave-rippled upper 
shoreface

Sof Upward-fining rudite-arenite 
with wavy, chaotic or 
subplanar, medium-scale 
cross-strata commonly 
obscured by bioturbation

Various directions but 
frequently landward 
dipping

1 to 2 Subjacent to Rof. 
Superposed 
on erosional 
unconformity

Numerous broken marine 
shells, notably Cittarium 
pica in the Rocky Bay 
Formation

Transgressive shoreface 
deposit/lag on a high-
energy rocky shore

Note: Facies codes used here are mostly acronyms developed by Rowe et al. (2014) to represent respective littoral lithofacies or “structural facies” (after Clifton et al., 
1971), which are distinguishable by cross-strata geometry. The Hapl facies, for example, consists of high-angle (Ha), planar (p), large-scale (l) cross-strata interpreted 
as eolian slip-face deposits. Alternative facies codes that have been adopted in the past for similar sedimentological environments (e.g., Andreucci et al., 2010) are not 
applicable because they invariably incorporate references to characteristics that are nearly constant in Bermuda’s deposits, such as grain size and mineralogy.
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bounding surface, which dips seaward parallel 
to conformably superposed beach deposits of 
the Lapl facies (low-angle planar large-scale 
cross-strata), or a scarp that truncates weakly 
cemented strata of older advancing-dune depos-
its (Fig. 3F). Subsequent Laws (low-angle sym-

metrical small-scale ripple cross-strata), Hapm 
(high-angle planar medium-scale cross-strata) 
and Lapl facies (Table 1) of S1 are interpreted 
as recording significant shoreface and foreshore 
(beach) progradation that preceded a more 
aggradational trend. The seaward increase in 

elevation and/or thickening of facies at a num-
ber of localities, including Hungry Bay and 
Devonshire Bay, attest to deposition that was 
concurrent with a RSL that continued to rise.

Near the top of S1, there is invariably a hori-
zon that indicates backshore saturation and 

Lapl - Beach-face 

Hapl – Advancing dune 
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Unconformity 

Rof - Protosol 

Lal – Foredune 

Lapl – Beach-face 
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intermittent flooding at elevations that tend to 
cluster around +3.2 ± 0.2 m (e.g., at Devonshire 
Bay) and +4.4 ± 0.4 m ASL (e.g., at Hungry 
Bay and Spittal Pond). This horizon typically 
features prominent horizontal bounding sur-
faces; trough cross-strata (Trm facies; Fig. 3C) 
attributed to subaqueous dune migration caused 
by overwash and return flow (landward- and 
seaward-dipping Trm cross-strata); and flat 
strata with intercalated fine laminae and lags of 

marine bivalve shells (Flp facies). In combina-
tion, these are interpreted to record overwash 
events into shallow lagoons and episodic wind 
deflation. The maximum elevation of this hori-
zon, at ~4.4 m ASL, is consistent with evidence 
from elsewhere within the Belmont Formation, 
such as at Grape Bay, of a late MIS 7 sea-level 
rise to ≥4.5 m ASL (Rowe et al., 2014). In many 
cases, foreshore beach-face deposits are trun-
cated at a horizontal bounding surface at the 

base of this flooding horizon (Fig. 3B) such that 
the berm and upper beach have been removed. 
This perfectly flat surface likely developed 
through backshore deflation to the water table 
as opposed to marine erosion, which, in a 
reflective-beach environment typical of Ber-
muda, tends to create seaward-dipping ero-
sion surfaces or scarps. Where locally (e.g., 
between Doe Bay and Hungry Bay) the berm 
and upper beach have not been removed they 
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Figure 4. Belmont Formation facies assemblage as seen in a shore-normal exposure at Hungry Bay west. A weakly cemented dune from 
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is corroborated by the appearance of a second, proximal beach and associated foredune (A) as sea level peaked. Emergence of the infilled 
back-barrier lagoon, on a falling relative sea level (RSL), preceded accumulation of a protosol. Exposure of the nearshore deposits, as RSL 
regressed, provided a source of sand for an advancing dune (T), which overtopped the foredune. A RSL that peaked at ~+4.2 m above pres-
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a falling RSL) = T.
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are preserved as Lapl facies and crab-burrowed  
Bof facies (intensively bioturbated horizon 
with Psilonichnus traces) as seen at Doe Bay 
(Fig. 3D).

The topmost deposit of S1, the Lal facies 
(low-angle sub-parallel cross-strata), is inter-
preted as the accumulation of a stable foredune 
ridge during a period of shoreline equilibrium 
at peak RSL. This facies is typically superposed 
directly on the truncated Lapl facies of the 
beach face at the proximal (seaward) end of the 
section (Figs. 4, 5, and 6). This relationship is 
responsible for past interpretations of contem-
poraneity between Bermuda’s eolianites and 
high emergent beach deposits. For example, 
Vacher et al. (1995, p. 282) reported “proximal 
coastal marine deposits (which) grade upwards 
without a break into gently inclined eolian 
cross bedding representing a beach ridge that 
nucleated the growth of the main part of the 
complex.” These past interpretations ignore the 
bounding surface at the top of the Lapl facies 

that separated the marine from the eolian depos-
its, and they do not differentiate between bed 
forms dominated by the Lal facies from those 
dominated by the Hapl facies, interpreted here, 
respectively, as foredunes and advancing dunes. 
While we agree with previous researchers that 
the beach and volumetrically insignificant fore-
dune deposits (Lal facies) are penecontempo-
raneous, we believe that the formation of the 
expansive advancing dunes (Hapl facies), of 
which the Bermuda islands were constructed, 
was a distinct event that followed a hiatus (see 
following). The foredune ridge would have 
acted as a barrier to landward sediment trans-
port from the beach, resulting in the preserva-
tion of a back-barrier basin, which, if deflated 
to the water table, may have developed into an 
ephemeral lagoon or dune slack. These circum-
stances are known from the coasts of Oregon in 
the United States (Wiedemann, 1998), Finland 
(Hellemaa, 1998), and Israel (Tsoar, 2000). In 
Bermuda’s past, they may have been respon-

sible for, or have perpetuated, features such as 
flat bounding surfaces and laminated waterlain 
deposits of the back-barrier flooding horizon, 
described earlier.

Succession 2 (S2)—Terrestrial Deposition 
Including Advancing Dune Development 
during a Falling RSL

The commencement of S2 accumulation 
is marked by the formation of a structureless 
calcarenite horizon, termed the Rof facies, fea-
turing land snails of the Poecilozonites genus 
and rhizocretions. It is interpreted to represent 
protosol development concomitant with plant 
colonization of the emergent backshore. A 
hiatus is indicated by calcrete horizons within 
the protosol and the growth of very large trees, 
which were entombed by subsequent dunes and 
preserved as columnar molds of structureless 
sand. The imprints of these trees, identified as 
Bermuda cedars (Juniperus bermudiana) by 
the ≥1 m girth of the trunk molds, are best seen 
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Figure 5. Belmont Formation facies assemblage as seen in a shore-normal exposure at Devonshire Bay. A weakly cemented dune of an 
earlier depositional cycle (T) is transgressed by a rising sea level. Prograded upper beach and foredune deposits (P) are onlapped by fore-
shore deposits (early A). Littoral aggradation, as sea level peaks, is represented by a small low-profile foredune superposed on thickened 
foreshore deposits (A). Development of a protosol marks emergence of the backshore, which had previously been prone to flooding and 
deflation, as evidenced by a flat bounding surface and shelly lag. Exposure of nearshore deposits as sea level fell provided a source of sand 
for an advancing dune (T), which overstepped the foredune. Note the absence of subtidal shoreface deposits above present sea level at this 
locality, unlike at Hungry Bay (Fig. 4). Also, the truncation/deflation surface and superposed protosol are at a low elevation relative to those 
at other localities (Figs. 4 and 6). A sea level that peaked at ~+3 m above present sea level (ASL) is implied by this assemblage. Succession 1 
(developed during a rising relative sea level [RSL]) = P + A. Succession 2 (developed during a falling RSL) = T.
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in the coastal exposures at Saucos Hill. Over-
lying the protosol are the high-angle, planar, 
large-scale, landward-dipping cross-bedding 
of the Hapl facies (Figs. 6 and 7), interpreted 
as slip-face foresets of advancing dunes. These 
dunes overstepped the foredune ridge of S1 
and encroached landward onto interior forested 
terrain as witnessed by burial of terra rossa 
paleosols and the aforementioned tree trunks 
entombed within Hapl facies.

Ravinement Infill Facies Assemblage

The ravinement infill facies assemblage fea-
tures prominently in all of the seminal articles 
on Bermuda’s geology from Sayles (1931) to 
Bretz (1960) and Land et al. (1967). Vacher 
(1972) termed it an “erosional” assemblage, in 

contrast to other assemblages, which he termed 
“depositional.” It differs from the Belmont For-
mation facies assemblage, described earlier, in 
that there is invariably limited progradation, and 
the marine unit is made up of a single facies.

The ravinement infill facies assemblage is 
typically superposed on a transgressive ravine-
ment surface and consists of an upward-fining, 
rudaceous to arenaceous marine deposit (Sof 
facies) overlain by a protosol (Rof facies) fol-
lowed by a relatively small advancing dune 
(Hapl facies). The assemblage tends to occur 
in isolated coastal exposures of limited lateral 
extent. Well-known examples can be seen at 
Hungry Bay (Rocky Bay Formation), Rocky 
Bay (Rocky Bay Formation; Fig. 3A), Whale-
bone Bay (Rocky Bay Formation), and Fort 
St. Catherine (Southampton Formation). The 

marine facies (Sof) is interpreted as the product 
of a high-energy shoreface or intertidal environ-
ment. Stratification can be wavy and chaotic 
and locally is obscured by bioturbation. The 
ravinement infill facies assemblage has been 
characterized as “shallowing upward” (Hearty, 
2002). However, an interruption of deposition, 
if not erosion, is inferred from the absence of 
well-defined foreshore deposits that would be 
expected to record emergence between the sub-
tidal Sof facies and the terrestrial Rof (proto-
sol) facies.

The conglomeritic basal deposit of the ravine-
ment infill facies assemblage is interpreted as 
the shoreface accumulation of wave-eroded 
material related to a marine transgression on a 
rocky shoreline—in other words, a transgressive 
lag. Conditions would have been similar to the 
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Figure 6. Belmont Formation facies assemblage as seen in a shore-normal exposure at Spittal Pond west. Prograded beach foreshore and 
shoreface sediments (P) were truncated by the effects of backshore flooding and deflation. Aggradation of a foredune on thickened fore-
shore deposits (A) represents stabilization of the shoreline as a rising relative sea level (RSL) peaked. This was followed by accumulation 
of a protosol on an exposure surface and then, as sea-level regressed, the encroachment of an advancing dune (T). A sea level that peaked 
at ~+4 m above present sea level (ASL) is implied by this assemblage. Succession 1 (developed during a rising RSL) = P + A. Succession 2 
(developed during a falling RSL) = T.
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coastal environment of present-day Bermuda, 
which is dominated by low cliffs. Development 
of a protosol directly on the coarse marine facies 
is indicative of a hiatus or erosion prior to a RSL 
fall. The construction of small advancing dunes, 
which ensued, was likely a response to sub-
aerial exposure of nearshore marine sediments 
on widening beaches. This assemblage is effec-
tively an abbreviated, sediment-starved version 
of the Belmont Formation facies assemblage of 
the south shore.

Rocky Bay Formation (North Shore) 
Facies Assemblage

The facies assemblage that occurs within the 
Rocky Bay Formation on the north shore (cen-
tral parishes) includes putative marine-dune 
transitions, the geometry of which formed the 
basis for the dune-building models of Bretz 
(1960) and Vacher (1972). The controversy sur-
rounding the depositional environment of these 
strata is revisited in this section.

Blackwatch Pass is a deeply excavated road 
cut on Bermuda’s north shore that provides the 
most extensive vertical and lateral exposure of 
the internal structure of a Bermuda eolianite. 
The near-horizontal roadway of the “Pass” was 
excavated perpendicularly through a 40-m-high 
E-W–aligned dune ridge of the Rocky Bay For-
mation, which is interpreted as a last inter glacial 
(MIS 5) deposit (Land et al., 1967; Vacher, 
1972). Approximately 50 m beyond the north-
ern end of the pass is the sea, and at the same 
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Figure 7. Belmont Formation facies assemblage as seen in a shore-normal exposure at Spittal Pond west (see Fig. 6). Shoreface (Hapm 
facies) and beach (Lapl facies) progradation is shown transitioning into beach/foredune (Lal facies) aggradation. The planar truncation 
surface at ~+4 m above present sea level (ASL) is a common feature in the Belmont Formation. At some localities, it is accompanied by ac-
cretion associated with flooding (Fig. 3C); at others, as here, it is simply a shelly bounding surface (Fig. 3B), which may implicate deflation 
down to the level of a raised water table, associated with a peak in relative sea level (RSL). Accretion of the protosol (Rof facies) represents 
emergence of the previously flooded/saturated backshore. Subsequent advancing-dune encroachment (Hapl facies) is interpreted as the 
outcome of sediment exposure on expanding beaches as RSL fell, probably below its present level.
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distance beyond the southern end, there is a sea-
level marsh. The succession of cross-stratified 
calcarenites exposed in the rock faces of the 
Pass is representative of that at other localities 
along the north shore.

A combination of field observations and a 
ground-penetrating radar (GPR) survey com-
pleted as part of this study shows that low-angle 

undulating cross-strata dominate the succession 
below a northward-dipping protosol in Black-
watch Pass, as illustrated in Figure 8. Super-
posed on the protosol, above the road level, there 
is a 10–15-m-thick set of southward-dipping 
slip-face foresets (Hapm facies) truncated at the 
top by an undulating northward-dipping bound-
ing surface. This surface is in turn superposed 

by low-angle eolian strata with some large-scale 
trough cross-stratification. Toward the northern 
end of the pass, there is a prominent northward-
dipping bounding surface, above which is a 
wedge of seaward-dipping, low-angle, sub-
parallel strata (Figs. 9 and 10).

The Rocky Bay succession in Blackwatch 
Pass was interpreted by Bretz (1960) and 
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Land et al. (1967) as eolian dunes eroded at 
the prominent bounding surface by a rising 
sea level, which deposited beach strata against 
the prominent bounding surface (Fig. 10). 
Hearty et al. (1998) asserted that the promi-
nent bounding surface and overlying strata 
were produced by storm-wave run-up during 
a late MIS 5e sea-level surge. Bretz (1960), 
Land et al. (1967), and Hearty et al. (1998) 
all contended that at least two sea-level oscil-
lations were responsible for development of 
the Rocky Bay Formation stratigraphy dur-
ing MIS 5e. The putative marine deposits at 
Blackwatch Pass were attributed by Bretz to an 

early low-order highstand and by Land et al. 
(1967) and Hearty et al. (1998) to a late low-
order highstand. Vacher et al. (1995) were the 
first to argue that all strata on the north shore 
extending upward of 1–2 m ASL are eolian. 
This interpretation was supported by Kindler 
and Strasser (2000), who attributed pinstripe 
lamination within these deposits (Fig. 10) to 
inverse sorting by eolian translatent climbing 
ripples, which typically form on dune stoss 
slopes. However, Hearty et al. (2002) defended 
Hearty et al.’s (1998) assertion that the sedi-
mentological characteristics were consistent 
with marine deposition.

As illustrated in Figure 8, the dominant 
exposed facies along several kilometers of 
coast on the north side of North Shore Road 
in Bermuda’s central parishes is the Lal facies. 
The undisputed eolian slip-face strata of Hapl 
facies is confined to the south (landward) side 
of North Shore Road, where it is exposed subja-
cent to Lal facies deposits. It is reasserted here 
(after Vacher et al., 1995; Kindler and Strasser, 
2000) that the Lal facies (shown in Fig. 10) is an 
eolian stoss-slope deposit and that no demon-
strable waterlain marine strata exist on the 
north shore of Bermuda’s central parishes. The 
prominent bounding surface can be explained 

Lal facies - dune stoss-slope 

Lal facies – dune stoss-slope 

PBS 

North/Seaward

1m 

Figure 10. Road-cut exposure at the northern end of the Blackwatch Pass on the north shore (north and the sea are to the left) showing 
controversial succession of Lal facies, which was once believed to record transgression of a beach onto a foredune. Here, we interpret the 
deposits as stoss-slope strata that accreted within vegetation on the windward slope of an advancing dune. The seaward-dipping prominent 
bounding surface (PBS) can be attributed to deflation, which may have occurred during a storm. Note the projecting pinstripe laminae, 
above the prominent bounding surface, composed of well-cemented fine sand. This type of stratification, which is prevalent in Bermuda’s 
eolianites, is diagnostic of inverse sorting produced by eolian climbing ripple migration. Also, compare the nonplanar subparallel strata 
(Lal facies) at this locality to the planar parallel strata (Lapl facies) typical of a beach face shown in Figures 3B and 7.
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as a deflation surface, perhaps related to a storm 
event. No sedimentary structures diagnostic of 
wave action in the shoreface or foreshore envi-
ronment, as documented by Andrews and Van 
Der Lingen (1969), Clifton et al. (1971), and 
Short (1984), are evident in exposures above 
or below North Shore Road. Rather, the char-
acteristics of the Lal facies of the north shore 
are entirely consistent with eolian stoss-slope 
deposits seen elsewhere in Bermuda. These 
subparallel, gently seaward-dipping cross-
strata evoke dune-foreslope accretion coinci-
dent with vegetation growth as described by 
Goldsmith (1973), Hesp (1988), and Bristow 
et al. (2000). Moreover, the elevation of >+15 m 
ASL to which the facies extends corroborates 
eolian deposition, because, by consensus, the 
maximum MIS 5 paleo–sea level at Bermuda 
was approximately +5 m ASL (Fig. 2). Other 
features of note that support subaerial origins 
are: (1) horizons with moldic porosity, up to 
pencil size in diameter, interpreted as rhizo-
morphs (root casts); (2) seaward-sloping rill 
marks close to present sea level (~+1 m ASL), 
which are evidence of small-scale erosion by 
subaerial groundwater exfiltration; and (3) an 
absence, along a 5 km continuous exposure, 
of any observed (by the authors) or reported 
clast or shell so heavy that it could only have 
been transported by water. The consequence of 
this interpretation is that prevailing transgres-
sive dune-building models of Bretz (1960) and 
Vacher (1972) are unfounded. The conspicuous 
absence of a marine imprint on or within the 
north shore deposits of the central parishes indi-
cates that development of the large dune ridge 
did not precede or coincide with a marine trans-
gression that peaked significantly above present 
sea level, such as that at MIS 5e.

DISCUSSION

Revised Model for a Highstand 
Depositional Cycle Derived from the 
Belmont Formation Facies Assemblage

It is inferred from the erosion surface at the 
base of the Belmont facies assemblage at Hun-
gry Bay (Fig. 4) and Devonshire Bay (Fig. 5) 
that the commencement of S1 sediment accu-
mulation was preceded by a marine transgres-
sion onto weakly cemented advancing dunes of 
an earlier depositional cycle. As RSL continued 
to rise, a prograding sediment prism consist-
ing of shoreface and foreshore facies became 
more aggradational, as witnessed by increasing 
thicknesses and elevations of beach deposits in 
a seaward direction. A decline in sediment sup-
ply relative to the rate of creation of accumula-
tion space is reflected by erosion that moved the 

berm and upper beach deposits at a horizontal 
bounding surface to be replaced locally by cur-
rent deposits of the Trm facies and lagoonal 
deposits of the Flp facies (Fig. 3C). Develop-
ment of a small foredune ridge directly on the 
proximal seaward end of the truncated beach 
then deprived the backshore of marine and 
eolian sediment in what became a deflated back-
barrier basin or slack (Fig. 11). This implied 
near-contemporaneity between the beach and 
foredune can be questioned because of the 
intervening truncation surface. However, at the 
proximal end of the succession, the truncation 
surface is sharp and typical of soft-sediment 
erosion with no evidence of encrustation, incipi-
ent pedogenesis, or plant growth. Furthermore, 
there is a consensus among researchers (Bretz, 
1960; Land et al., 1967; Vacher et al., 1995) that 
the vertical sequence of beach (Hapl facies) and 
low-angle eolian strata (Lal facies) represents 
net aggradation within one depositional cycle. 
The truncation surface, which had not previ-
ously been documented, is here interpreted as 
disruption of this aggradation by transgressive 
flooding of the beach.

Preservation of the small proximal fore-
dune coincided with diminished flooding at the 
termination of a highstand. As RSL peaked, 
an exposure surface in the form of a protosol 
started to develop distally behind the foredune 
ridge on the formerly flooded/saturated and 
deflated backshore. This marked the begin-
ning of the S2 succession. The foredune of S1 
may have remained partially active during this 
period, continuing to exchange sand with the 
beach, but early stabilization is evidenced at 
some localities where the protosol overlies the 
foredune’s lee slope. Large Bermuda cedar trees 
(Juniperus bermudiana), which were rooted in 
the protosol and entombed by later dunes, attest 
to a marine regression and concurrent seaward 
expansion of the freshwater aquifer, given the 
intolerance of these cedars to a beach environ-
ment and shallow saline groundwater. The low-
ering of RSL is corroborated by a seaward dip 
of the protosol and by its direct superposition 
on intertidal beach, and locally subtidal shore-
face, deposits. Because the supratidal protosol 
constrains sea level to a lower position than 
that at which the immediately subjacent marine 
deposits were accumulated, a lowering of RSL 
is demonstrated. The subsequent deposits of 
S2, the Hapl facies, are indicative of an advanc-
ing dune that expanded from a seaward direc-
tion overtopping the foredune and encroaching 
onto the protosol. The shoreward flux of sedi-
ment represented by the advancing dune can 
be attributed to the exposure of shallow marine 
sediments on beaches, the widths of which 
began to exceed the critical fetch during a fall in 

RSL (Fig. 11). The “critical fetch” is a distance 
that wind must travel across a dry beach to 
entrain sufficient sand to stimulate coastal dune 
activity (Moura et al., 2007). For the advancing 
dunes to be sustained, the sediment supply had 
to overwhelm the retentive capacity of growing 
vegetation, as quantified by Carter and Wilson 
(1993) with respect to late Holocene advanc-
ing dunes of northwest Ireland. While the pre-
dominantly marine deposits of S1 are preserved 
above present sea level, the beach deposits that 
nourished the advancing dunes of S2 are miss-
ing. Their absence can in large part be attributed 
to coastal erosion, but the completeness of their 
absence in outcrop and in shallow geophysical 
profiles is consistent with their submergence 
below present sea level.

The relatively short hiatus represented by 
the regressive protosol of S2 suggests that sub-
sequent advancing dunes formed as part of the 
same post-highstand regressive trend. This is 
consistent with the effects of lowering of RSL, 
such as degradation of subaerially exposed reef 
tops and the accumulation of comminuted sedi-
ment on emerging beaches (Fig. 11). It is possi-
ble that a brief rise of RSL stimulated advancing 
dune activity, which would therefore be classi-
fied as transgressive as opposed to regressive. 
Nevertheless, the observation that neither the 
preserved Pleistocene transgressive facies suc-
cessions nor the deposits of the Holocene and 
modern transgressive coastlines include advanc-
ing dunes suggests otherwise.

Another hypothesis with respect to the tim-
ing of advancing dune construction in Bermuda 
invokes a degraded vegetation cover associated 
with severe climatic conditions at the onset 
of glaciations (Herwitz, 1992). However, the 
preser vation of leaf impressions of frost-averse 
palmetto (Sabal bermudana) within the slip-
face strata is inconsistent with deterioration 
of the climate to the extent that is required to 
release fully active dunes, according to the mod-
els of Tsoar (2013).

Here, we have separated the Belmont Forma-
tion facies assemblage of the south shore into 
a predominantly marine succession (S1) and a 
nonmarine succession (S2), the accumulation of 
which was forced by a rising RSL and a falling 
RSL, respectively, which spanned a sea-level 
highstand. The significance attributed here to 
this partition and the intervening hiatus distin-
guish our proposed model from previous ones, 
which depicted linear progression from marine 
accumulation into eolian deposition: (1) at a 
peaking sea level, in the case of the north shore 
transgressive models of Bretz (1960) and Vacher 
(1972); and (2) a late highstand sea level in the 
case of Vacher’s (1972) south shore autogenic 
sediment-supply model.
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Contribution of Low-Order 
Sea-Level Cyclicity

Shoreface and foreshore sediment accretion, 
of S1, concurrent with a rising RSL contradicts 
the prevailing characterization of Bermuda’s 

Belmont Formation marine facies sequences 
as “downlapping” in a seaward direction 
(Meischner  et al., 1995). Transgressive accre-
tion, demonstrated here, requires a high positive 
sediment budget, which is conspicuously absent 
at Bermuda’s present-day coastline. It is argued 

here that the principal potential source from 
which the Pleistocene littoral sediment accumu-
lations were fed was reworked material that was 
generated and accumulated earlier in the same 
highstand (Fig. 12). This interpretation is cor-
roborated by extant assemblages that begin with 
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a marine transgression onto weakly cemented 
dunes (Figs. 3F, 4, and 5), presumably of an ear-
lier depositional cycle at the same interglacial. 
The concept of low-order, substage allocyclity 
at Bermuda is nothing new. Based on a variety 
of stratigraphic to petrographic observations, 
Bretz (1960), Land et al. (1967), Vacher (1972), 
Meischner et al. (1995), and Hearty and Kindler 
(1995) all espoused the occurrence of more than 
one depositional cycle during interglacial high-
stands at Bermuda.

Accurate measurements (±0.2 m) of the 
elevation of sea-level indicator facies within 
outcrops of the Belmont Formation at sepa-
rate localities distributed laterally along Ber-
muda’s south shore yield contradictory paleo-
sea-level evidence suggestive of multiple RSL 
peaks at ~+3.2 m, ~+4.5 m, and >+6 m ASL, 

respectively (Rowe et al., 2014). For example, 
the assemblage at Devonshire Bay (Fig. 5), 
which includes no emergent subtidal (shore-
face) deposits and features a protosol at less 
than +3 m ASL, appears to represent a lower-
elevation, asynchronous version of the facies 
assemblages at Hungry Bay (Fig. 4) and Spit-
tal Pond (Fig. 6), where subtidal facies are fully 
emerged at elevations that exceed +3 m ASL. 
The development of a supratidal protosol, com-
plete with land snails and large trees, directly on 
intertidal or subtidal deposits represents a point 
of emergence within each of the assemblages, 
but at differing elevations, ranging from +1 m 
ASL at Saucos Hill to +5 m ASL at Spittal Pond. 
Had all the assemblages accumulated as part of 
the same transgressive or autogenic succession, 
then the evidence of intermediate emergence 

events at three, or more, elevations is prob-
lematic. Arguably, an oscillating RSL superim-
posed on a transgressive trend would provide a 
partial fit to observations. However, the upward 
succession from protosol to an advancing dune 
within each assemblage suggests that separate 
emergence events were sustained for signifi-
cant lengths of time. There is no evidence of a 
reversion from terrestrial to marine conditions 
within any of the assemblages, which would be 
expected from an overall transgressive trend. A 
regressive trend, with assemblages deposited at 
higher RSLs being earlier than those deposited 
at lower sea levels, cannot be ruled out but is 
speculative in the absence of accurate dating 
or clear stratigraphic relationships between the 
exposures of key assemblages, which are dis-
tributed laterally on ≥6 km of coastline.
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2. Accumulation of the Belmont Formation facies assemblage 

Eolianite 

Shoreface deposits comprising Sof, Laws and Hapm facies 

Foreshore deposits  comprising Lapl facies 
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Advancing dune deposits comprising Hapl and Lal facies 

Sea level 
curve

Sea level 
curve

Un-lithified dune from 
earlier depositional cycle 

(1c)  
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Figure 12. The progression of facies development in the (1) ravinement infill facies assemblage and (2) Belmont Formation facies assem-
blage, respectively. The distal (landward) portions of each of these assemblages are preserved at several localities along Bermuda’s south 
shore. Parts of the two assemblages may be preserved together at Hungry Bay west and Devonshire Bay, although there is insufficient 
exposure to demonstrate this. The ravinement infill facies assemblage is thought to have developed concomitant with early flooding of 
the Bermuda Platform at the beginning of an interglacial period. Preserved assemblages consist of coarse transgressive marine deposits, 
a protocol, and small advancing dune, but no prograding beach. The Belmont Formation facies assemblage incorporates progradational 
and aggradational shoreface and foreshore deposits (succession 1), which accumulated during a rising relative sea level (RSL). Terrestrial 
deposits (succession 2), including expansive advancing dunes, are interpreted as the product of a falling RSL.
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While postdepositional tectonic movements 
could be responsible for the elevational dis-
crepancies between Belmont Formation facies 
assemblages, there are no tilted or deformed 
strata at the relevant localities to support this, 
despite almost continuous exposure. Here, it is 
argued that the conflicting vertical positions of 
respective facies assemblages constitute evi-
dence of allocyclicity, as would be expected 
in association with high-frequency RSL oscil-
lations. Dabrio et al. (2011) similarly recon-
structed “millennial/submillennial sea-level 
fluctuations” from almost identical Pleistocene 
littoral facies assemblages in Spain.

The argument that allocyclic control was 
responsible for the evolution and preserva-
tion of Pleistocene beach-dune systems in 
Bermuda is equivalent to that made by Read-
ing and Collin son (1996) with respect to 
ancient stacked peritidal cyclothems, which 
follow similar cycles of progradation, inunda-
tion, and emergence as identified in Bermuda. 
According to Reading and Collinson (1996), 
the intercalated subaerial exposure surfaces 
within many of these stacked sequences refute 
models that simply comprise autocyclic accu-
mulation of sediment within accommodation 
space created by progressive subsidence. They 
reason, instead, that the vertical succession of 
facies within carbonate shelf cyclothems such 
as those of the Carboniferous deposits of Utah 
attest to a “hierarchy of stratigraphic forcing” 
(Goldhammer et al., 1991, p. 361) by RSL 
fluctuations. The difference in Bermuda is that 
there is no backdrop of ongoing tectonic sub-
sidence, so the assemblages are not stacked but 
instead occupy approximately the same hori-
zon between 0 and +10 m (ASL) distributed 
laterally along the south shore.

In addition to facies architecture, there is 
other evidence that corroborates high-frequency 
RSL fluctuations during MIS 7 at Bermuda. For 
example, the occurrence of at least one inter-
nal encrusted exposure surface within subtidal 
Belmont deposits attests to more than one sub 
-stage RSL oscillation (Meischner et al., 1995). 
Additionally, Vollbrecht and Meischner (1996, 
p. 252) identified multiple layers of circum-
granular cement around intraclasts, which had 
been truncated as a result of “sedimentation, 
lithification, grain remobilization and renewed 
sedimentation.” Significantly, early cement 
layers  were of a low-magnesium meteoric (sub-
aerial) origin, and subsequent layers were of 
high-magnesium marine-phreatic origin. Voll-
brecht and Meischner (1996) concluded that 
subaerial cementation processes had been inter-
rupted at an early stage by marine reworking, 
which is entirely consistent with marine erosion 
of weakly cemented dunes witnessed at the base 

of some Belmont Formation facies assemblages 
(Figs. 4 and 5).

Coral fragments collected from prograded 
beach deposits of the Belmont Formation were 
dated to ca. 200 ka (Rowe et al., 2014), which 
places them at the last of three MIS 7 eustatic 
sea-level cycles (Fig. 2). Furthermore, the large 
MIS 5 Rocky Bay Formation dune ridge on 
Bermuda’s north shore, on which there is no 
marine imprint, must have postdated a globally 
recognized MIS 5e highstand at ca. 120 ka, the 
imprint of which on Bermuda’s south shore is 
well documented (Harmon et al., 1983). These 
chronologies lend support to the contention 
that significant littoral sediment accumulation 
occurs in the later stages of a given interglacial 
period. Prior sea-level fluctuations would have 
mobilized reworked littoral sediments by the 
“sweeping” action of the wave base depicted by 
Bird (2007), and it would have accelerated sedi-
ment production through the alternate subaerial 
degradation and regeneration of reefs as RSL 
fell and rose, respectively.

If the Belmont Formation facies assemblage 
developed in response to sediment abundance 
toward the end an interglacial period, it fol-
lows that the sediment-limited ravinement infill 
facies assemblage was probably the outcome of 
platform flooding early in an interglacial period. 
These extremes of the facies assemblage devel-
opment are represented hypothetically in the 
succession in Figure 12.

A Review of the Depositional Models

It has been shown that prevailing transgres-
sive (rising RSL) dune-building models, such 
as those developed by Bretz (1960) and Vacher 
(1972) for Bermuda’s north shore, were based 
on misidentification of low-angle stoss-slope 
dune strata as marine strata. In the absence of 
a demonstrable marine-dune transition, the 
north shore deposits do not provide cogent evi-
dence in support of any particular dune-building 
model. What we do know is that the MIS 5 north 
shore dune ridge postdated the highest MIS 5 
highstand, and therefore its formation coincided 
with a falling RSL trend, with potential super-
imposed oscillations.

On Bermuda’s south shore, Bretz (1960) 
also inferred contemporaneity between emer-
gent Pleistocene beaches and eolianites. Simi-
larly, MacKenzie (1964), Land et al. (1967), 
and Vacher and Hearty (1989), respectively, 
portrayed “intimate associations,” “transition 
zones,” and “gradations” between marine and 
eolian deposits preserved above present sea 
level. However, notwithstanding the established 
near-contemporaneity between small foredunes 
and high emergent beaches (e.g., Spittal Pond; 

Fig. 7), there is no exposed depositional transi-
tion between demonstrable beach deposits and 
advancing-dune eolianites, which constitute the 
bulk of Bermuda’s landmass. Where Hapl facies 
(dune slip face) and Lapl facies (beach) do occur 
in succession, they are separated by a protosol 
representing a hiatus and a significant allogenic 
environmental transition.

Vacher at al. (1995) were very specific in 
stating that the dune building of the south shore 
sedi ment-supply model of Vacher (1972) was 
not forced by RSL change but, rather, was the 
outcome of autogenic sediment-supply pro-
cesses and time. However, in the absence of 
a forcing agent, it is unclear as to what in the 
Vacher model would trigger the transition from 
foredune aggradation to advancing-dune con-
struction. Where there is a positive sediment 
budget and a stable sea level, foredunes typically 
develop in series of shore-parallel regressive 
ridges, each foredune having formed seaward 
of its predecessor, as observed in eastern Aus-
tralia (Short et al., 1986), Israel (Tsoar, 2000), 
and Ireland (Carter, 1990). Furthermore, the 
Vacher model does not account for the observed 
features and facies geometries that attest to 
transgressive marine deposition. Vacher (1972) 
and Vacher et al. (1995), in espousing gradual 
autogenic facies transitions, failed to incorpo-
rate a critical division of the Belmont Formation 
depositional cycle into a phase of submergence, 
represented by S1, followed by a phase of emer-
gence, represented by S2 (Fig. 11), which impli-
cates RSL forcing.

Sayles’ (1931) falling sea-level/lowstand 
model has been out of favor since it was consid-
ered to have been “completely reversed” (Land 
et al., 1960, p. 995) by Bretz (1960). It is not dis-
similar to that proposed here in terms of the trig-
ger for dune building. However, Sayles  invoked 
a significant 10–20 m drop in sea level and 
concomitant exposure of expansive platform 
sediments. This makes it difficult to explain 
the scarcity of submerged eolianites in plat-
form cores (Vollbrecht, 1990) when compared 
with the copious eolianites that are stacked 
“onshore” within the narrow confines of the 
present islands. This distribution of eolianites, 
as argued by Bretz (1960), confutes a crucial 
aspect of Sayles’ model, as it implies that source 
beaches were formed close to the present shore-
line at successive interglacial highstands.

By incorporating a mechanism for the accu-
mulation of a littoral sediment prism at a peak-
ing sea level, the model advanced here meets 
the criteria of a sediment source that is well 
stocked and contiguous with the shore, and that 
would be summarily exposed at the onset of a 
sea-level regression (Fig. 11). Furthermore, now 
that it can be demonstrated, on the basis of the 
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diagnostic  internal structure of advancing dunes, 
that Sayles’ (1931) assumption of dune mobility 
was correct, we can contemplate the onshore 
deposition of advancing-dune deposits sourced 
from beaches, on the sediment prism, somewhat 
beyond and below the present-day strandline. 
This had been ruled out by Bretz (1960), Vacher 
(1972), and Hearty et al. (2002), who, unswayed 
by the dominance of landward-dipping slip-face 
strata, asserted that incipient cementation of 
dunes by rain water rendered them incapable 
of lateral encroachment.

Although it is suggested here that expan-
sive dune building was correlative with a fall-
ing RSL trend, the entire process of sediment 
generation and emplacement, represented by S1 
and S2, spanned a peaking sea level. Arguably, 
dune building is dependent on prior low-order 
sea-level cycles which prime nearshore accom-
modation space with sediment. It may be more 
appropriate, therefore, to attribute dune activity 
on Bermuda to an oscillating RSL, as opposed 
to the particular trend or position of RSL at 
which the sediment became available for eolian 
transportation.

Present-Day Conditions at Bermuda

Modern Bermuda, under the influence of a 
long period of relatively stable but rising RSL, 
represents something of a dilemma for those 
who have advocated a model involving dune 
building at, or close to, peak sea levels. Pres-
ent highstand conditions on both the north and 
south shore contrast strikingly with copious 
littoral deposition represented by several emer-
gent Pleistocene coastal assemblages. After a 
prolonged late Holocene highstand, there is 
still no evidence at Bermuda of beaches onlap-
ping penecontemporaneous dunes, as would 
be expected from Bretz’s (1960) transgressive 
model or from the example of Bahamian Holo-
cene transgressive dunes (Carew and Mylroie, 
1995). Conditions on Bermuda’s coastline today 
are equivalent to those of the Pleistocene ravine-
ment infill facies assemblage (Fig. 12), which 
did not produce emergent prograded beaches. 
The biologically generated positive sediment 
budget required for future eolianite deposition, 
predicted by Vacher and Rowe (1997), has not 
yet materialized. Furthermore, satellite images  
of Bermuda captured immediately after hurri-
canes Gert, Fabian, and Gonzalo in 1999, 2003, 
and 2014, respectively, show massive plumes of 
sediment streaming tens of kilometers away from 
the Bermuda Platform and being permanently 
lost to deep oceanic waters. Such events must 
counter act, to an unknown degree, biological 
production of new carbonate material and chal-
lenge the concept of inevitable, progressive accu-

mulation of platform sediment that culminates in 
unforced development of advancing dunes.

We cannot rule out the possibility that a 
prolonged stable post-Holocene sea level will 
ultimately produce prograding foreshore and 
shoreface deposits that entomb contempora-
neous reefs and then spawn advancing dunes 
as observed in Pleistocene successions of the 
Bahamas (Carew and Mylroie, 1995). Argu-
ably, the cooler, less-productive, ocean waters 
at Bermuda can be compensated for by the 
availability of time during prolonged intergla-
cial highstands—time during which the carbon-
ate factory can fill accommodation space. This 
could be the post-Holocene future for Bermuda, 
and the apparent absence of Pleistocene coun-
terparts may be attributable to erosion or sub-
mergence of critical outcrops.

CONCLUSIONS

Emergent Pleistocene marine-eolian coastal 
successions in Bermuda are classified as either 
ravinement infill facies assemblages or Belmont 
Formation facies assemblages. The former rep-
resents deposition associated with an initial 
transgression onto a rocky shore and includes 
a basal transgressive lag with minimal beach 
progradation or eolianite accumulation. The 
Belmont Formation facies assemblages are, by 
contrast, laterally extensive and relatively volu-
minous. They accumulated at the penultimate 
Pleistocene interglacial period (MIS 7) and 
constitute 10 structural facies. These facies are 
divided by an exposure surface into a predomi-
nantly marine succession (S1) and a terrestrial 
(S2) succession, which were deposited, respec-
tively, during a glacio-hydro-isostatically con-
trolled rising and falling RSL, spanning a high-
stand. S1 commenced with the accumulation of 
shoreface and foreshore deposits in a prograda-
tional facies sequence. A decrease in sediment 
supply as RSL continued to rise caused upper 
beach erosion and backshore flooding. At peak 
RSL, the shoreline stabilized in the form of an 
aggradational barrier system, capped by small 
foredunes. Emergence, at the start of S2, was 
recorded by the formation of a protosol, which 
manifested the transition from an ephemerally 
flooded backshore basin to a vegetated and then 
wooded terrain. Continuation of the regres-
sive trend was attended by the development of 
advancing dunes, which overtopped the barrier 
foredunes and encroached landward across the 
wooded backshore onto a topography of older 
eolianites. The mobilization of these advanc-
ing dunes depended on a shoreward flux of 
sediment sufficient to overwhelm the retentive 
capacity of vegetation. This need was met by the 
falling RSL and concomitant subaerial exposure 

of a well-stocked nearshore sediment prism, 
which had accumulated during S1.

The relatively small sediment accumulations 
of the transgressive ravinement infill facies 
assemblages are consistent with an early trans-
gression onto indurated carbonate platform 
sediments of a prior interglacial period. By con-
trast, the high positive sediment budgets of the 
Belmont Formation assemblages may have been 
generated by successive low-order, substage, 
RSL oscillations. The occurrence of low-order 
sea-level cycles is corroborated globally by a 
variety of Pleistocene sea-level proxies. Evi-
dence of sea-level cyclicity within the time span 
of the Belmont Formation includes the existence 
of multiple facies assemblages of which at least 
three include sea-level indicator facies at contra-
dictory elevations; a history of intergranular 
cement development, which attests to rework-
ing; and an encrusted exposure surface observed 
within subtidal shoreface deposits.

The two-phase Bermuda dune-building 
model proposed here differs from earlier ver-
sions, which can be respectively termed trans-
gressive and autogenic sediment-supply models. 
These early models were founded on interpreta-
tion of low-angle subparallel strata as a trans-
gressive beach, which is reinterpreted here and 
elsewhere as wind-ripple deposits of a dune 
stoss slope. These models also relied on low-
resolution marine facies analyses, which over-
looked the superposition of waterlain current 
and lagoonal deposits on truncated beach strata 
diagnostic of barrier development concomitant 
with a rising RSL. The new model has more 
in common with that of Sayles (1931), which 
invokes a falling RSL as a driver of advancing-
dune construction.

On most shorelines, globally, RSL is rising. 
Evidence from Bermuda’s Pleistocene coastal 
deposits indicates that while a rising RSL under 
certain circumstances was accompanied by 
beach progradation, as sediment supply dimin-
ished, there was marine flooding of the beach 
backshore and associated retrogradation. Even 
as RSL peaked the barrier-beaches that formed 
did not achieve the critical fetch (width) required 
to construct dunes of sufficient size to act as a 
buffer to beach erosion. This suggests that, other 
than where RSL is falling, sandy shorelines that 
may hitherto have benefited from positive sedi-
ment budget will ultimately succumb to marine 
flooding and coastal retreat.
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