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ABSTRACT

Low-lying islands in tropical regions are vulnerable to near-term sea-level
rise and hurricane-induced flooding, with substantial human impact. These
risks motivate researchers to elucidate the processes and timescales involved
in the formation, growth and stabilization of coastlines through the study of
Holocene shoreline dynamics. Little Ambergris Cay (Turks and Caicos
Islands) is a low-lying carbonate island that provides a case study in the
nucleation and growth of such islands. This study investigates the sedimen-
tology and radiocarbon chronology of the island’s lithified sediments to
develop a model for its history. The island’s lithified rim encloses a tidal
swamp populated by microbial mats and mangroves. Preliminary radiocar-
bon data supported a long-standing inference that the island is Holocene in
age. This study integrates petrographic, sedimentological and new radiocar-
bon data to quantify the age of the island and develop a model for its evolu-
tion. Results indicate that the ages of most lithified sediments on the island
are <1000 cal yr gr, and the generation and lithification of carbonate sedi-
ment in this system supports coastline growth of at least 5 cm/year. The lith-
ification of anthropogenic detritus was documented, consistent with other
evidence that in recent centuries the lithified rim has grown by rates up to
tens of centimetres per year. A unit of mid-Holocene age was identified and
correlated with a similar unit of early transgressive aeolianite described from
San Salvador, The Bahamas. It is proposed that this antecedent feature
played an important role in the nucleation and formation of the modemn
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island. Results extend an established Bahamian stratigraphic framework to
the south-western extreme of the Lucayan archipelago, and highlight the
dynamism of carbonate shorelines, which should inform forward-looking
mitigation strategies to increase coastal resiliency to sea-level rise. These
results inform interpretation of the palaecenvironmental record of carbonate
environments, underscoring their geologically rapid pace of lithification.

Keywords Carbonate sedimentology, Holocene, radiocarbon, Turks & Cai-

cos Islands.

INTRODUCTION

Global mean sea level is predicted to rise by as
much as a metre or more by the year 2100 (Hor-
ton et al., 2020). This projected sea-level rise
may enhance damage caused by hurricanes
(Strauss et al., 2021), increase the frequency and
magnitude of coastal flooding (Kirezd
et al., 2020) and cause land loss (Nicholls, 2011).
The populations, infrastructure and ecosystems
of low-lying, hurricane-prone regions are espe
cially vulnerable to these changes. Such
near-term trends — and their potential human
impact — call for the study of Holocene shore-
lines and the processes that contribute to their
nucleation, growth and stabilization, which
include early lithification, the impact of storms,
sediment supply and sediment delivery by
wind, waves and longshore currents. Motivated
these concerns, this study investigates a
Caribbean island, Little Ambergris Cay (Turks
and Caicos Islands), and leverages the carbonate
sedimentology and radiocarbon chronology of its
lithified rim to develop a model for island
nucleation and growth over the Holocene.

Little Ambergris Cay is an excellent location
to study the dynamics of a natural carbonate
Holocene shoreline. The cay is uninhabited, and
so anthropogenic modification of the environ-
ment is minimal. Preliminary radiocarbon data
(Orzechowski et al., 2016; Stein et al, 2023)
support the long-standing inference that Little
Ambergris Cay is Holocene in age (Dravis &
Wanless, 2017). Over the Holocene Epoch, sea
level in the Caribbean region has risen by tens
of metres (Khan et al., 2017). Meltwater input
from the Laurentide ice sheet drove rapid rela-
tive sea-level rise during the early Holocene at
rates as high as 10.9 + 0.6 m/ka, followed by
slower relative sea-level rise, driven by glacial
isostatic adjustment, at rates <2.4 + 0.4 m/ka
after about 7 ka (Milne et al., 2005; Milne &

Peros, 2013; Khan et al., 2017). For most areas
in the Caribbean, current sea level is thought to
be at or near its Holocene maximum (Khan
et al., 2017).

Many other carbonate islands across the Luca-
yan archipelago have grown by Holocene sedi-
ment accumulation and progradation on
Pleistocene antecedents (Peter & Gould, 1984;
Strasser & Davaud, 1986; Kindler & Hearty, 1996;
Maloof & Grotzinger, 2012; Dravis & Wan-
less, 2017; Kerans et al., 2019). Little Ambergris
Cay is unusual in that it appears to lack a lithi-
fied Pleistocene antecedent, recording instead
entirely Holocene island nucleation, growth and
lithification. For this reason, Little Ambergris
Cay provides a case study of the geological and
sedimentological processes that form carbonate
islands and sustain coastlines over geologically
short timescales. The history of the island may
highlight mechanisms capable of enhancing the
resiliency of coastlines and slowing or reversing
land loss at human timescales as both sea level
and the marine carbon cycle change in the com-
ing century.

GEOLOGICAL BACKGROUND

The Caicos Platform, located in the eastern
Caribbean (Fig. 1A) is a wind-dominated carbon-
ate platform (Wanless et al, 1989; Dravis &
Wanless, 2008, 2017). Strong, persistent trade
winds blow from the east year-round, driving
westward sediment ftransport (Trower et al.,
2018). Little Ambergris Cay, a wetland nature
reserve, sits approximately 2 km leeward of Big
Ambergris Cay, its larger, privately-owned sister
island (Fig. 1B).

Big Ambergris Cay is a 5 km long island run-
ning roughly north-south near the south-east
edge of the platform. It has been an important
study site for herpetologists (Gerber et al., 2020;
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Fig. 1. [A) Regional map with the Turks and Caicos platforms in black rectangle. (B) Satellite image of the Turks
and Caicos platforms. Big and Little Ambergris Cays marked with white rectangle. Imagery from Google Earth@.
(C) Orthomosaic imagery of Little Ambergris Cay in summer 2017. Locations and sections referenced in the main
text of this study are indicated with circled numbers. See Table 1 for coordinates of these sections and Supporting

Information for details of other sections.

Reynolds et al., 2020) and botanists (Hardman
et al., 2012) researching species endemic to the
Turks and Caicos Islands. Topography on Big
Ambergris Cay reaches up to 25 m or more
above sea level [Dravis & Wanless, 2017); its
bedrock geology has not been described in detail
but is presumed to be Pleistocene in age (Dravis
& Wanless, 2017). Little Ambergris Cay (Fig. 1C)
is about 6 km long and 1.6 km wide at its maxi-
mum. It is oriented east—west. The island is a
wetland nature reserve protected by the Depart-
ment of Environmental and Coastal Resources of
the Turks and Caicos Islands and the Turks and
Caicos National Trust. A 20 km long, linear ooid
shoal continues westward from the west tip of
the island (Lloyd et al., 1987; Dravis & Wan-
less, 2008, 2017; Rankey et al., 2008; Trower
et al, 2018). Little Ambergris Cay has lower
relief than Big Ambergris Cay; the highest point
on the island is only 4.5 m above sea level, with
an average elevation of 1.1 m (Stein et al,
2023).

The perimeter of Little Ambergris Cay consists
of a lithified rim locally breached by tidal chan-
nels, with a strandplain along the island’s
south-eastern shore (Fig. 1C) (Orzechowski et al.,
2016). The island’s interior is lower in elevation
than its rim, and it is inundated by tides daily
(Stein et al, 2023). This interior lagoon hosts
mangrove thickets and thick microbial mats. Pre-
vious investigations of Little Ambergris Cay have
focused on its ooid shoal (Rankey et al, 2008;
Duguid et al, 2010; Dravis & Wanless, 2017;
Trower et al., 2018), its mangrove and microbial
ecosystems (Trembath-Reichert et al., 2016;
Raven et al., 2019; Gomes et al, 2020; Ward
et al, 2020; Lingappa et al, 2022; Stein
et al., 2023), the taphonomy of its microbial mats
(Gomes et al., 2020; Present et al., 2021) and the
island’s response to Hurricane Irma (Jamison-
Todd et al, 2020; Lingappa et al., 2022). This
study builds on previous work (Orzechowski
et al., 2016; Stein et al., 2023) that confirmed the
island’s inferred Holocene age (Dravis &
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Table 1. MNames and coordinates of stratigraphic sec-
tions on Little Ambergris Cay documented in the
main text of this study. Details of additional strati-

graphic sections available in Appendix 51.

Mumber in Section

Map name Latitude Longitude
1 EN1-J18 N 21.304912° W 71.66529%
2 CL M 21.3057* W 7168843°
3 15-C2 N 21.30118° W 71.70218°
4 14-C2 N 21.30083% W r1.70178%
5 wcCz N 21.29989° W 71.70575%
5] BT N 21.297367* W 71.7245°
7 12-LIAC N 21.296132° W 71.725402°
& &/a LI1 N 21.29548° W 71.72497
9 WERE2 N 21.29311° W ri.r1223°
10 WEBBRO N 21.289831° W 71.70797
11 &/9 BB-5 N 21.2B658° W ri.70222°
12 &8/6 FA-3 N 21.284149° W 71.695115°
13 8/6 FA-2 N 21.284537* W 71.694621%
14 8/6 FA-4 N 21.285907° W 71.693341°
15 was N 21.295313* W 71.684439°
16 05-55 N 21.29341° W 71.68465%
17 12A-58 N 21.30093* W 71.66882°
18 10-55 N 21.30283* W 71.6657%

Wanless, 2017), adding sedimentological and
stratigraphic context along with new radiocarbon
dates to provide a more complete depositional
history of the island. Multiple lines of evidence
support nucleation and growth of the island over
the last millennium.

METHODS

Field campaigns took place during the summers
of 2016, 2017, 2018, 2019 and 2022, as well as
February 2023. During these campaigns, the lith-
ified sediments on the island were described
and photographed. Stratigraphic sections along
the perimeter of the island were measured, and
samples were taken for radiocarbon analysis
and petrographic characterization.

Stratigraphy and facies analysis

Stratigraphic sections of the lithified rim and
outcrops within the island interior were mea-
sured. The geographical coordinates of each sec-
tion were recorded, and the base of every
coastal section was within the modern intertidal
zone. A Jacobs staff or ruler was used to mea-
sure bed thickness, and the sedimentological
characteristics of the rock units were noted.
Over the course of the field seasons, dozens of
stratigraphic columns were measured. In the
main text of this study, findings are summarized
by presenting 18 sections (Table 1), representa-
tive of spatial and facies trends across the island
on both the north (Fig. 2) and south (Fig. 3)
coasts. Additional stratigraphic sections are
included in Table 51 and Appendix S1.

During the autumn following the 2017 sum-
mer field season, Hurricane Irma passed directly
over the island, exposing fresh outcrop in the
island interior in erosional scour pits (Stein
et al, 2017; Jamison-Todd et al., 2020). Hurri-
cane Fiona also passed near the island in
antumn 2022, Sections initially measured during
the 2016 to 2018 field seasons were revisited
during 2022 and 2023, given the possibility of
fresh exposures following hurricane erosion.
These field seasons also added multiple new
stratigraphic sections, especially along the
south-eastern shore and in the island interior.

Radiocarbon measurements

Sampling for radiocarbon focused on shell mate-
rial lithified within rock in stratigraphic context
(Table 2). Where shell material was not avail-
able, ooid grainstone was sampled instead. For
samples from section 10, WBEBRO, the facies of
the samples are well-documented, but their pre-
cise stratigraphic locations are not recorded. For
sample FA-4A from section 14, 8/6 FA-4, the
stratigraphic position of the sample within
the section is not known. These uncertainties
are reflected in the corresponding stratigraphic
columns (Fig. 3).

Individual shells were subsampled upon
return to home laboratories and then sent for
further analysis either at the University of Cali-
fornia Irvine Keck Carbon Cycle AMS facility
(UCIAMS; Beverly et al, 2010) or at the
Mational Ocean Sciences AMS [NOSAMS; Pear-
son et al., 1997). At both facilities, samples were
leached with dilute hydrochloric acid prior to
hydrolysis with 85% phosphoric acid before
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Fig. 2. Stratigraphic sections and calibrated mdiocarthon dates from the north side of Little Ambergris Cay. Both
foreshore and aeolian facies are present on the north side of the island, but the exposure of foreshore units is more
limited than sections from the south side of the island. See Table 1 for coordinates of these sections and Table 2
for details of radiocarbon data.
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Fig. 3. Stratigraphic sections and calibrated radiocarbon dates from the south side of Little Ambergris Cay. Fore-
shore facies are Enttar exposed on the south side of the island than the north. See Table 1 for coordinates of these
sections and Table 2 for details of radiocarbon data.
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measurement. Radiocarbon data are given as
fractions of the modern standard (F,) and as
uncalibrated radiocarbon dates following the
conventions of Stuiver & Polach (1977; Table 2).

To convert radiocarbon dates into calendar ages,
the radiocarbon dates must be calibrated. The rec-
ommendations of DiNapoli et al. (2021) were fol-
lowed for the calibration of ages presented in the
main text, and alternative approaches were also
considered (Table 52; Appendix 52; Reimer et al,
2020) as sensitivity tests. A reservoir age carrection
of AR = —230 + 131 years was first applied to all
samples. This AR value is the regional pooled aver-
age of radiocarbon ages across the Lucayan archi-
pelago (DiNapoli et al., 2021), to which the Turks
and Caicos Islands belong geographically. This
value is consistent within uncertainty with the two
closest reservoir ages offsets available in the
Marine Calibration database to Little Ambergris
Cay  (http://calib.org/marine/;  Reimer &
Reimer, 2001; DiNapoli et al., 2021): Cap Haitien
(—145 + 23 years) and Great Inagua
(—232 + 33 years), which are both co 180 km
away. Calibration was performed using the
Marine20 radiocarbon calibration curve [Heaton
et al., 2020) and the R package Bchron (Haslett &
Parnell, 2008). The credible age interval (95% con-
fidence interval) is reported in cal yr er (calendar
years before present, where 0 year gr = 1950 cx, by
convention; Godwin, 1962; Table 2).

The same approach was used to recalibrate pre-
viously published radiocarbon dates from Little
Ambergris Cay (Table 2): shells from sediment core
VC03 taken from the island’s interior [Stein
et al.,, 2023) and modem beach sand [Trower
et al, 2018). Additionally, radiocarbon data for
three samples of ooid sand from core VCO3 are pre-
gented here for the first time [Table 2). The sedi-
mentology of this core has been previously
described (Present et al, 2021). The credible age
intervals associated with these samples are
reported using the same process as described
above.

Petrographic characterization

Petrographic thin sections were made from sam-
ples of lithified sediments. Prior to sectioning,
samples were impregnated with epoxy under
vacuum because they were friable and weakly
cemented. Photomicrographs of these thin sec-
tions were made using a standard petrographic
microscope and plane-polarized light.

RESULTS

Key geomorphological features

Little Ambergris Cay’s interior is a tidal swamp
dominated by mangrove patches and microbial
mats, surrounded by a rim of lithified sedi-
ments. These sediments are occasionally
exposed as outcrop at the modern shoreline or
in erosional scours inland; elsewhere, they are
covered by unlithified sands and scrub vegeta-
tion (Fig. 52). Tidal channels connect the island
interior to the open platform, and the position
of some of these channels appears to have been
consistent over the last ca 150 years (Fig. 4). A
kilometres-long ooid shoal (Lloyd et al, 1987;
Dravis & Wanless, 2008, 2017; Rankey et al.,
2008; Trower et al., 2018) extends to the west
from the tip of the island. The island’s shape
and east-west orientation is aligned with the
dominant direction of the trade winds (Wanless
et al, 1989; Dravis & Wanless, 2008, 2017;
Trower et al., 2018). In general, the north coast
of the island includes thicker outcrop exposure
at the coastline (Fig. 2) and is higher topographi-
cally (Stein et al, 2023). The southern coast of
the island tends to have thinner outcrop expo-
sure (Fig. 2) and to be topographically lower.
The south-eastern shore of the island is domi-
nated by a strandplain covered by saubby vege-
tation. Hurricane Irma eroded portions of this
strandplain in 2017, exposing limited outcrop in
the island interior (Jamison-Todd et al., 2020).
An important exception to this overall pattern of
northern thick exposures and southern thin
exposures is the south-east-trending linear fea-
ture at the island’s southem extreme, which is
referred to as the southern lineament. The
southern lineament includes the thickest out-
crop exposures on the island.

Facies analysis

There are three facies present in the lithified
sediments of Little Ambergris Cay. All rocks
studied are limestone, and any post-depositional
tilting, deformation or compaction of strata, if
present, is subtle.

Facies 1: Fossiliferous, planar to seaward
dipping grainstone

Description. This facies is characterized by pla-
nar to seaward-dipping beds (Fig. 5A to H).

@ 2024 The Authors. Sedimentology published by John Wiley & Sons Ltd on behalf of
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report, 1869

colonial surveyor's

1961

Fig. 4. Historical documents show
that many features of Little
Ambergris Cay, such as the position
of tidal channels and the southern
lineament, have persisted since at
least the 19th century. Top: map
from a report by Colonial Surveyor
Wynns to Colonial Governor Grant
regarding the lease of Little
Ambergris Cay, 1869. From The
Mational Archives [UK). Middle:
archival aerial imagery of Little
Ambergris Cay in January 1961 from
the Mational Collection of Aerial
Photography (Edinburgh, Scotland).
Bottom: drone imagery collected in

aerial imagery,

appro, 400 m

A

drone imagery,
2:m7

2017.

Faint parallel lamination is sometimes visible. It
frequently contains shell material (Fig. 5E to H),
keystone vugs (Fig. 5F) and ripples (Fig. 5C). It
can also contain burrows. Grains are medium
sand-sized. Framework grains are predominantly
ooids, but skeletal grains, including Halimeda
plates, foraminifera and shell fragments, are also
present. Meniscus and pendant cements are
observed in petrographic thin section (Fig. 6A
and B). Strata belonging to this facies are gener-
ally more poorly sorted and coarser-grained than
those from facies 2. The skeletal material found
in facies 1 includes bivalves, gastropods, corals
and calcareous algae. In some locations,
shell-rich deposits are present in this umit
(Fig. 5G), although in other locations, fossils are
rare or absent (for example, at the north-eastern
edge of the island, at section 1, EN2-J18). Arcoid
bivalves are especially abundant; these are often
present, even in otherwise fossil-poor exposures
(Fig. 5H). They are typically found as intact, dis-
articulated valves, but in rare instances remain
articulated. Carbonate concretions associated

with mangrove prop roots occur in this facies
especially along the west end of the island
(Fig. 5E).

This facies is best preserved along the south-
ern coast of the island, especially the
south-western coast. At section 10, WBERO, at
least three packages of prograding deposits are
preserved. Sedimentary beds stack laterally sea-
ward (Fig. 5A and B). These packages include
the inflection point where planar bedding ‘rolls
over’ to seaward-dipping bedding (Fig. 5A and
B); other deposits with this rollover are found
elsewhere along the southern coast (Fig. 5D). On
the north coast of the island, it is more difficult
to identify this facies in outcrop; northern expo-
sures are less shell-rich, and the beds containing
this facies are often covered by rubble or not
exposed. On the north shore of the island, no
prograding deposits are preserved, and exposure
of this facies is often limited to the top of a bed
marked by scattered bivalves and occasional
keystone vugs. This facies is also preserved in
the island interior, both on the north side of the

@ 2024 The Authors. Sedimentology published by John Wiley & Sons Lid on behalf of
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plan view

€] 2 s
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Fig. 5. Key characteristics of the fossiliferous, planar to seaward dipping grainstone facies. (A)] At section 10,
WEBEBRQ, a series of deposits prograde to the south. Shells and keystone vugs characterize these deposits. Researchers
for scale, ca 1.8 m tall. (B) The inflection point in a prograding deposit where bedding dip direction changes from
horizontal to seaward dipping. The stacking, shingling pattern of the prograding deposits can be seen here. From sec-
tion 10, WBBRO. [C) Wave ripples on a bedding surface. From section 10, WBBRO. (D) Horizontal to seaward-
dipping grainstone overlain by low-amplitude aeolian deposits. View is landward. From south coast of island. (E)
Concretions along mangrove prop root casts within shell-rich bed from facies 1. Pen is 18.1 cm long. From south-
western-most point of the main part of Little Ambergris Cay, before the major western tidal channel, coordinates N
21.29434° W 71.71387°. (F) Both keystone vugs and burrows are present within the foreshore facies. Rock hammer for
scale, ca 30 cm long. From section 8, WBB2. (G] This facies includes a diverse faunal assemblage, including bivalves,
molluscs, green algae and coral. Arcoid shells are particularly abundant and can be found articulated, though rarely.
Dense, channelized fossil-rich deposits can be found perpendicular to the shore in some areas, Pen is 18.1 cm long,
Mear section 10, WBBRO. (H] The foreshore facies, where it is fossil-poor, is dominated by arcoid bivalves, Rock ham-
mer for scale. From section 3, 15-C2.
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Growth of a carbonate island 2129

Fig. 6. Photomicrographs of rock samples from Little Ambergris Cay. (A) Meniscus and pendant cements in facies
1, which is dominated by ooids. Geopetal structure (grains cupped in shell) in top-left corner of image, marked
with arrow. Way up is to the left. Sample collected near section 10, WBBRO. Plane-polarized light. (B) Meniscus
cements, ooids and a compound coated grain from facies 1. Sample collected near section 10, WBBRO. Plane-
polarized light. (C) Grains and cements from facies 2. Micritization of grains and meniscus cements visible. Sam-
ple collected near section 10, WBBRO. Plane-polarized light. (D) Sample of facies 2 from the southern lineament,
showing finer grain size, more cement formation and poorer preservation of grain internal structure than (F). Sam-
ple collected at section 14, 8/6 FA-4. Plane-polarized light. (E) Intergranular blocky cement within facies 3. Sam-
ple collected near section 10, WBBRO. Plane-polarized light. (F) Sample of facies 2 from a coastal section on the
lithified rim of Little Ambergris Cay, showing coarser grain size and fewer cements than (D). Sample collected at

section 3, 15-C2. Plane-polarized light.

island up a tidal channel (section 4, 14-C2) and
at scour pits eroded during Hurricane Irma (sec-
tion 15, WOS5; Fig. 7A).

Interpretation. Given its abundant shell mate-
rial, wave ripples and bedding relationships, it
is interpreted that this facies was deposited in
a foreshore environment. Where keystone wugs
are present, deposition within the upper swash
zone of a beach can be more precisely identi-
fied. The presence of carbonate concretions
associated with mangrove prop roots (Fig. 5E),
which are largely subaerial, support deposition

of this facies in shallow water. The meniscus
and pendant cements found within this facies
are consistent (Fig. 6A and B) with cementation
in the vadose zone. Where it is exposed, this
facies is always the lowest unit in a strati-
graphic section.

The rollover point preserved within packages
of this facies is interpreted as marking the tran-
sition between a flat-lying beach berm and
seaward-dipping beds, with seaward prograda-
tion and growth of the island recorded as lateral
shingling.

© 2024 The Authors. Sedimentology published by John Wiley & Sons Ltd on behalf of
International Association of Sedimentologists, Sedimentology, 71, 2118-2143
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Fig. 7. Other locations around the island. (A) Shell-rich beds exposed at section 15, WOS. Scour pits generated

during Hurricane Irma in 2017 expose shell-rich beds which are cap

d by aeolian dunes and terrestrial flora.

The location in this photograph is approximately 175 m from the modern coastline. The faunal assemblage pre-
sent is comparable to that observed in coastal exposures of shell-rich intertidal facies. Arrowheads point to shells,
Hammer for scale, ca 30 cm long, (B) Vertical opening-mode fractures run along the southern lineament, orented
with the overall south-west trend of the feature. Geologist for scale, ca 1.8 m tall. (C) Another location in the
southern lineament where vertical opening-mode fractures are visible. Geologist for scale, ca 1.8 m tall.

Facies 2: Trough cross-stratified, well-sorted
grainstone with root and stem casts
Description. This facies is marked by
decimetre-scale to metre-scale trough cross-
stratification and compound cross-stratification,
abundant root casts and traces, and pinstripe
lamination (Fig. 8). Rarely, it can contain
coarser-grained layers with rounded, granule to
coarse-sand-sized skeletal fragments. Grain size
more typically ranges from fine to very fine
sand. Ooids are the predominant grains in this
facies, though Halimeda plates are also present;
the grain composition is broadly similar to that
of facies 1, but with the absence of foraminifera.
This facies always occurs above facies 1 where
both are present and, in some locations, dune

forms are fully lithified as fossil bedforms and
can be seen prograding over beds of facies 1
(section 5, WC2).

This facies is best exposed along the north
coast of the island (Fig. 2) in coastal outcrops 2
to 3 m tall. It is also present, but thinner — typi-
cally a poorly exposed unit of a few decimetres
— along the southern coast (Fig. 3) and it under-
lies the strandplain at the south-east coast of the
island (Fig. 1; Fig. 52). A south-west-striking
feature located on the southern shore of the
island (Fig. 1) and documented by sections 12
(8/6 FA-3), 13 (8/6 FA-2) and 14 (8/6 FA-4)
(Fig. 3) is an important exception to this general-
ization (Fig. 8A to E). This location is referred to
as the southern lineament (Fig. 8E). Here,

@ 2024 The Authors. Sedimentology published by John Wiley & Sons Ltd on behalf of
International Association of Sedimentologists, Sedimentology, 71, 2119-2143
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, ”subaqueous
continuation

Fig. 8. Key characteristics and features associated with facies 2, trough cross-stratified, well-sorted grainstone
with root casts, on Little Ambergris Cay. (A) Large-scale trough cross-bedding, often larger than the outcrop. Pin-
stripe lamination also present. From the southern lineament on the southern coast of the island. At this location,
the scale of cross-bedding and height of outcrop is larger than seen elsewhere on the island. (B) Aeolianite with
root casts visible near top. Photograph taken near section 3, 15-C2. [C) Wind ripples on bedding surface at top of
dune. On north-east coast of island. h{]pa-l;rs consistent with the prevailing easterly wind direction on Little
Ambergris Cay. (D) The height of the aeolianites at the southern lineament is greater than seen elsewhere on the
island. Researcher is 183 cm tall. (E) The southern lineament continues subagqueously for more than a kilometre
to the south-east. Imagery from Planet (Global Quarterly Basemap, First Quarter 2023; imagery date 16 March
2023).
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2132 M. Cantine et al.

eroding pinnacles form a spur that extends into
the sea. The same facies exposed in other
coastal sections has a coarser grain size (Fig. 6C)
than at the southern lineament; rocks at the
southern lineament are also more indurated and
the internal structure of grains is more poarly
preserved (Fig. 6D and E). In contrast to the
largely east-west structure of the island, the
southern lineament has a clear north-east to
south-west linear trend. Satellite imagery of Lit-
tle Ambergris Cay shows that this feature
extends for more than a kilometre subaqueously
(Fig. 8E, imagery accessed from Planet
Team, 2022). The southern lineament also con-
tains opening-mode fractures which run parallel
to the overall trend of the feature and extend for
tens of metres. These fractures do not follow
bedding, nor do they widen towards the surface
ar show evidence for dissolution (Fig. 7B and
C). No displacement is observed across these
cracks.

Interpretation. This facies is interpreted as
reflecting aeolian reworking of ooid sand
sourced from nearby beaches and redeposition
in subaerial sand dunes up to several metres in
height. The ooid sand was reworked from beach
deposits. The southern lineament and its rela-
tionship to the coastal exposures of this facies
is discussed in greater detail in the section
Age and correlation of the southern lineament,
and suggest that differences in their outcrop
character, orientation, induration, grain size and
preservation are consistent with a separate aori-
gin for this feature, an interpretation further
supported by radiocarbon data.

Facies 3: Cobble to boulder rudstone
Description. Cobble to boulder rudstone, domi-
nated by occasionally imbricated clasts of ooid
grainstone within an ooid grainstone matrix
(Fig. 9A to D), make up this facies. The clasts
are sourced from facies 1 or 2. Clasts are coher-
ent, with clear edges, and angular. Shells,
including adult queen conch, are incorporated
in some localities. The lateral extent of any sin-
gle occurrence of this facies is typically limited
to a metre or two at most, and occurrences form
distinct metre-scale mounds and piles. Stratigra-
phically, this facies can occur at any level and
can extend to sea level. It is better cemented in
occurrences near the modern shoreline and
occurs on both the northern and southern
shores.

Most clasts incorporated into the rudstone are
carbonate grainstone clasts or shells, but some

have an anthropogenic origin. Human detritus
including glass bottles, exotic rock clasts,
hunted conch and metal fragments are incorpo-
rated into the cemented rudstone matrix.

Interpretation. This facies records the erosion,
transport and relithification of locally sourced
clasts. The structural coherence and clear edges
of the incorporated clasts indicate that they
were sourced from pre-existing sediments and
were lithified before erosion. The clasts’ size,
angularity and similarity to nearby rock all indi-
cate that these clasts were not transported far
before redeposition. Better cementation of this
unit in occurrences near the modemn shore
(Fig. 6F) is likely linked with processes of car-
bonate beachrock formation.

At section 12, 8/6 FA-3, a quartzite boulder is
incorporated into a conglomerate encrusting an
outcrop. Because there is no silicate rock
exposed in the Turks and Caicos Islands, this
boulder is likely anthropogenic debris, perhaps
related to historic or recent construction, ship’s
ballast, or prehistoric tool manufacture. How-
ever, the possibility of transport by non-human
mechanisms like kelp (Emery & Tschudy, 1941;
Garden & Smith, 2015) or driftwood (Emery,
1955) cannot be eliminated. The colourless,
bubble-free glass and externally threaded
screw-tops of bottles found in this facies indi-
cate that they were manufactured no earlier than
the 20th century (Lindsey, 2021). The presence
of these bottles demonstrates that lithification is
occurring over timescales of centuries or
decades, at most, on Little Ambergris Cay.

Field observations after Hurricane Irma in
2017 confirmed that hurricane-related waves
and storm surges contribute to the brecciation of
the lithified rim (Stein et al., 2017, 2023;
Jamison-Todd et al, 2020). Rather than being
formed in a single event, these localized con-
glomerates have probably been generated
throughout the island’s history.

Radiocarbon data

Consistent with previous reports indicating a
Holocene age for Little Ambergris Cay (Orze-
chowski et al., 2016; Dravis & Wanless, 2017;
Stein et al., 2023), all dates measured in this
study are Holocene. Ages for each sample are
shown as a continuous credible age interval
with a 95% confidence interval (Figs 2 and 3;
Table 2). No evidence for Pleistocene rock
exposed in outcrop on Little Ambergris Cay was
found in this study, and no shell samples from

@ 2024 The Authors. Sedimentology published by John Wiley & Sons Ltd on behalf of
International Association of Sedimentologists, Sedimentology, 71, 2119-2143

TR0 £ ] 0 O I 7 @ T 7 ) e e T o i i e OO AT e 0 S 0 o] ) OO O 4, U (0 DT e A 0T ot R AT B N ) S0 Py Y 8 R , 9y 0 [ 0 1 M) T LT U s, VT DpSOOGD T3 AT AR EMTO]Y - Euan | TRORETE &0 E0TE T TR/ 11100 P S AR QT o) Ay mog pe peoa o0 ‘L R0 160ESRE



Growth of a carbonate island 2133

L plan view

Fig. 9. Key characteristics of facies 3, cobble to boulder conglomerate, present on Little Ambergris Cay. (A) and
(B) Reworked boulders and cobbles in conglomerate. Rock hammer for scale, ca 30 cm long. (A) is a locality on
the north-west shore of the island; section 5, WC2 is the closest measured section. (B) is a locality on the south-
west shore of the island between sections 9 (WBB2Z) and 10 (WBBRO). (C) Some conglomeratic units contain
human debris, including glass bottles like this one, as well as metal fragments, asphalt and hunted conch shells.
The bottle’s extemnally-threaded lid and its transparent, bubble-free glass indicate a date of manufacture no earlier
than the 20th century. Location is the south-east shore of the island, coordinates N21.29988° W71.67142°. Pen for
scale is ca 15 cm long. (D) Some conglomeratic units are also fossiliferous. A juvenile queen conch is shown in a

conglomerate here. From section 10, WBBRO.

lithified sediments now exposed at the surface
are older than 1400 cal yr ep, regardless of what
calibration scheme is used (Table 2; Table 52).
The oldest samples are carbonate aeolianite
taken from the southern lineament, which return
calibrated credible age intervals in the mid-
Holocene, thousands of years older than any
other samples from the island.

Shells with stratigraphic context yield age
relationships consistent with the predicted
stacking or depositional order. In general, shells
sampled from the same bed yield overlapping
calibrated credible age intervals. Such an age
relationship supggests that deposition of the asso-
ciated bed is reasonably well-constrained by the
ages of the shells inside. The exception are
shells from section 15, WOS; the ages of these
shells are close but do not overlap. This shell-
rich, chaotic bed may record a high-energy event

that reworked and deposited both older and
contempaorary shells; the depositional age of the
containing unit is best constrained by the age
range of the younger shell.

Calibrated  credible age intervals for
radio-carbon samples from previous work on Lit-
tle Ambergris Cay (Table 2) are also included.
VC03 is a previously described sediment core
from the interior of the island (Present
et al., 2021; Stein et al., 2023). The stratigraphi-
cally lowermost dated shell in this core dates to
1944 to 2667 cal yr er, which is older than any
shell found in outcrop. In this core, dated sedi-
ments and shells obey stratigraphic superposition
with respect to samples of the same type, but coid
sands are anywhere from a few hundred to a thou-
sand years older than stratigraphically proximate
shells in the same section. Similar offsets between
sediment ages and shell ages are seen at section 2,

@ 2024 The Authors. Sedimentology published by John Wiley & Sons Lid on behalf of
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2134 M. Cantine et al.

CL. Ages from modern sand on the share of Little
Ambergris Cay from Trower et al. (2018) are re-
calibrated here using the age calibration scheme

described above [Table 2).

DISCUSSION

Accuracy and precision of radiocarbon data

Limited information on local marine reservoir
effects in the Ambergris system and on the Cai-
cos Platform more broadly limit the accuracy
and precision of radiocarbon ages presented in
this study. Firstly, no local radiocarbon reservoir
age correction exists for the Turks and Caicos
Platform, and prior work has shown large spatial
variability in AR across the Caribbean (DiNapoli
et al., 2021). Secondly, the necessity of a marine
reservoir correction in the Ambergris system
may not exist if local platform waters are in
equilibrinm with the atmosphere. To explore
these possibilities, radiocarbon ages under dif-
ferent sensitivity tests are also reported
(Table S2; Appendix 52). The issues explared in
the sensitivity test — local reservoir age correc-
tion and the equilibrium of Ambergris waters
with the atmosphere — have important implica-
tions for the accuracy and precision of this
study’s reported dates and future dates from the
Turks and Caicos Islands. Indeed, a scenario
assuming equilibrium between Ambergris waters
and the atmosphere shifts calibrated ages several
centuries older than reported in Table 2
(Table 52; Appendix 52). These concemns are
particularly relevant for archaeological, sea level
and palaeoclimatic studies, and can only be con-
clusively resolved by future work establishing a
reservoir age correction for the Caicos platform
or Ambergris system. Some lithified shell sam-
ples (current study) are <603 year 8P and there-
fore too young for calibration with the Marine20
calibration curve. Nevertheless, under all sensi-
tivity tests, the broad conclusion that all sam-
ples from Little Ambergris Cay are Holocene in
age remains robust.

Age, correlation and recent, rapid
progradation of Little Ambergris Cayv's
lithified rim

Shell ages from across the island help to estab-
lish a minimum age for the lithified rim of the
island (Figs 2 and 3; Table 2):

® The lower shell from section 11, 8/9 BE-5 on
the southern coast, is dated 578 to 1145 cal yr
EF.

® The younger shell preserved in situ in the
gouthern island interior at section 15, WOS,
dates the unit to no older than 283 to 807 cal yr
EF.

* The younger shell from the northern interior
at section 4, 14-C2, suggests deposition at 537 to
1081 cal yr ep.

Shell-bearing units may incorporate older
shells; thus these are most conservatively inter-
preted as maximum age constraints, still sup-
porting exclusively Holocene ages for exposed,
lithified sediments on Little Ambergris Cay.
Taken together, the above data is interpreted as
supporting deposition in a foreshore environ-
ment on both the northern and southern coasts
of the island by 500 cal yr er and perhaps as
early as 1000 cal yr er. Such a scenario is con-
sistent with the modern geometry of the island,
with an external rim of the island protecting a
low-energy, restricted interior lagoon. These
data support identification of the regional equiv-
alent of Little Ambergris Cay’s lithified sediment
rim, except for the southern lineament, as the
Hanna Bay Member of the Rice Bay Formation
(Fig. 10), an intertidal to aeolian unit that dates
to the late Holocene, described across the Luca-
yan archipelago (Mylroie & Carew, 1995; Kindler
& Hearty, 1996; Mylroie et al., 2008; Godefroid,
2011).

Multiple observations indicate that lithifica-
tion occurs rapidly on Little Ambergris Cay.
The presence of anthropogenic debris, includ-
ing pglass bottles, exotic rock fragments and
metal, within fully lithified rudstones (Fig. 9C)
demonstrates that lithification can occur on
human timescales. In some locations along the
coast, radiocarbon dates from lithified shells at
the modermn shoreline are also consistent with
recent deposition and lithification (Figs 2 and
3; Table 2). The rapid lithification of carbonate
beachrock over intervals of decades to years
has been documented elsewhere [Wiles
et al., 2018; Falkenroth et al, 2022) — even on
timescales of weeks to months [(McCutcheon
et al., 2016, 2017). Early synsedimentary vadose
lithification, evidenced by meniscus and pen-
dant cements in samples from the island
(Fig. 6A to E) stabilizes sediment on Little
Ambergris Cay, and has been observed else-
where in the Bahamian archipelago (Halley &
Harris, 19749).
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Fig. 10. Stratigraphic cormelation across the Holocene of the Lucayan archipelago, including Little Ambergris Cay.

Modified after Kerans ef al (2019).

Data from this study indicates lateral progra-
dation and growth of the island over the last
millennium. Age differences in shells found in
inland exposures compared to those found on
coastal exposures (for example, section 15,
WOS, versus section 16, 05-55; or section 4, 14-
C2, compared to section 3, 15-C2) show older
shells within the island interior and younger
ages on the modern shore, consistent with lat-
eral growth of Little Ambergris Cay. Sedimento-
logical evidence of this growth is preserved at
section 10, WBBRO, where prograding, shingling
foreshore deposits record the southward growth
of the island. Finally, this growth is also seen in
the observational record: comparison of aerial
imagery of Little Ambergris Cay from 1961 to
2016 documents progradation on the southern
shore of the island of about 20 m at its maxi-
mum (Fig. 11). The strandplain on the southern
shore of the island records the island’s accretion
and growth to the south, and it tapers north-
ward, from a maximum width of ca 500 to ca
50 m.

The implied rates of lateral progradation vary
between the southern and northermn shore. Sec-
tion 15, WOS, is located about 175 m inland
from the island’s modern southern shore. If
deposition of the shell-bearing unit exposed
there falls within the credible age interval of
the dated younger shell (Table 2), lateral pro-
gradation to the modern coastline averaged
between 22 and 62 cm/year. The oldest

constraints produced in a sensitivity test yield
rates close to 20 cm/year (Table S2). This range
is consistent with a comparison of aerial imag-
ery from 1961 and 2016 which suggests lateral
progradation on the southern shore at a maxi-
mum rate of about 35 cm/year. On the northern
shore of the island, section 4, 14-C2, is
exposed at a tidal channel about 60 m from the
modern shore. If the depositional age of this
unit is constrained by the younger of two dated
shells within it (Table 2), progradation has
averaged 6 to 11 cm/year. (Using the oldest
constraints produced in a sensitivity test yields
rates of 5 to 6 cm/year; Table 52.) These calcu-
lated rates of progradation are comparable or
an order of magnitude lower than rates of pro-
gradation determined for the Holocene Persian
Gulf (Lokier & Steuber, 2008). Both the strand-
plain on the south-east coast of the island and
the preservation of shingled foreshore packages
at section 15, WBBRO, are interpreted as
recording this southward progradation.

The island’s northern and southern shores
exhibit systematic differences in the exposure of
the lithified rim. On the north, erosion has
exposed the interiors of aeolian sand dunes 2 to
3 m in height. This is consistent with observa-
tions made in the wake of Hurricane Ike [2008),
when erosion was noted along the northern
shore of the island (Dravis & Wanless, 2017).
Lower rates of net progradation to the north may
reflect the impact of such erosion. In the south,
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modified after Stein et al. (2023)

A January 1961

B June 2016

foreshore units are exposed with less outcrop
exposure of aeolianites (except at the southern
lineament, which we argue below is a separate
case; Fig. 3). Aeolian facies are present on the
southern coast; the strandplain present on the
south-east coast of the island is made up of lith-
ified sand dunes, but they are not well-exposed
in outcrop.

The youngest shells are found along the mod-
ern coastline on both the northern and southern
coasts (Figs 2 and 3; Table 2). Older shells are
found within the island interior [Table 2). These
data support the conclusion that Little Amber-
gris Cay has grown by both northward and
southward progradation over the last millen-
nium. It is more difficult to detect a signal of
east-west growth in this dataset.

The recent growth and progradation of Little
Ambergris Cay conftrasts with recent work
showing shoreline retrogradation on Andros
Island in recent decades (Wu et al., 2021). Both
Little Ambergris Cay and Andros Island are
part of the Lucayan archipelago, and both have
experienced similar recent sea-level rise. Both
are lagoonal islands dominated by microbial
mats and mangrove thickets. The difference
between Little Ambergris Cay’s progradation
and the retrogradation of the Andros Island
shoreline is attributed to differences in sedi-
ment supply. The Ambergris system produces
abundant ooid sand, and sediment supply out-
paces sea-level rise; in contrast, local produc-
tion of mud on Andros Island is insufficient to
balance sea-level rise.

2 Fig. 11. Archival aerial imagery of
N Little Ambergris Cay in January
1961 from the National Collection
of Aerial Photography (Edinburgh,
Scotland). The same area of Little
Ambergris Cay in July 2016 is
shown below, with the

geareferenced 1961 shoreline traced
in yellow. Previously published in
Stein et al. (2023).

Age and correlation of the southern
lineament

Aeolianite sediment samples from the southern
lineament are dated to credible intervals of 5717
to 6346 cal yr Br and 4949 to 5634 cal yr ER:
thousands of years older than any shell sample
on the island (Fig. 3; Table 2). However, the
radiocarbon ages of aeolianite carbonate and
shells are not comparable without some caveats.
Firstly, radiocarbon ages from ooids are inevi-
tably averaged ages that do not correspond to a
specific precipitation event. The measurement of
several individual sand grains is required to pro-
duce a radiocarbon age and the resulting age is
therefore averaged across several grains. Sequen-
tial dissolution of oocids shows that different
layers have distinct radiocarbon ages, becoming
older towards the centre of the grain (Beaupré
et al., 2015). Therefore, even the radiocarbon age
of a single grain would average over the forma-
tion history of the grain. This time-averaging
characteristic of ooid radiocarbon ages is dis-
tinct from the radiocarbon age of a shell, which
corresponds to the lifespan of a single animal.
Secondly, radiocarbon dates from aeolianites
constrain precipitation of the carbonate grains in
a marine environment, not aeolian deposition
directly. It is possible that carbonate sand grains
might precipitate in a subaqueous shoal setting
and then spend substantial time in either sub-
aqueous and/or subaerial modes of transport,
before being buried in an aeolian dune.
However, only the timing of subaqueous
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precipitation can be dated by radiocarbon. By
contrast, when a shell is found in a peritidal
unit, one interpretation is that the death of the
biomineralizing organism provides an approxi-
mate equivalent for depositional age (although
reworking of shell material is always possible;
Flessa et al., 1993).

Interpretation of the southern lineament as the
most ancient feature on Little Ambergris Cay
must be tempered by these cautions. However,
other evidence is consistent with the suggestion
that the lineament is the oldest part of Little
Ambergris Cay.

Firstly, the overall geometry and trend of the
southern lineament contrast with all other fea
tures on the island. Its north-east — south-west
trend, which extends for more than a kilometre
subaqueously (Fig. 8E), is unlike any other lithi-
fied feature on the island. This trend does not
align with the dominant east to west direction
of wind or sediment transport (Fig 8E). Nor
does this trend align with sedimentary struc-
tures or bedding within the dunes; it appears to
be the result of erosion. Evidence for non-
aeolian deposition in the southern lineament
was not found in this study despite repeated
searching, although this may be due to extensive
erosion in the tidal range. The scale and size of
the dunes at the southern lineament are also dif-
ferent from smaller aeolian dunes elsewhere on
the lithified rim (compare Figs 2 and 3). The
grain sizes of sediment in these dunes, their
induration and the preservation of grain interior
structures are also distinct (Fig. 6D and E).
These chservations are consistent with different
arigins for these features. Limited exposures of
aeolian dunes on the southern coast of the
island also further highlight the distinctiveness
of the southern lineament.

Secondly, previous studies examining the
radiocarbon ages of carbonate sediment in
the Turks and Caicos Islands (Lloyd et al., 1987;
Trower et al, 2018) provide context for inter-
preting the radiocarbon ages of the southern lin-
eament aeolianites. Samples of modem
foreshore sand from the beaches of Little Amber-
gris Cay yield credible age intervals of 515 to
1049 cal yr er and 572 to 1133 cal yr Ep
(Table 2). At least in the modern system, then,
beach sand — which was the ultimate source of
sand for the aeolian system that deposited the
southern lineament — is substantially younger
than sediment from the southern lineament This
suggests that several thousand years have passed
since southern lineament sediment was beach
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sand, though it is noted that this time could
have been spent as either lithified or unlithified
sediment in an aeolian system. Another study of
Holocene aeolian dunes in the Turks and Caicos
Islands found that the radiocarbon ages of pro-
grading dunes obeyed stratigraphic superposi-
tion and were consistent with the dunes
recording  near-depositional ages  (Lloyd
et al., 1987). The single exception was in a sam-
ple with significant ingrowth of younger calcite
cement (Lloyd et al., 1987). Finally, results from
core VC03 and section 2, CL (Fig. 2), suggest
that where shells and ooid sand occur in strati-
graphic superposition, ooid sands will be con-
sistently older than associated shells by several
centuries — but not by thousands of years. This
indicates that aeclianite ages do track deposi-
tional age within a lag of a few centuries; and
dated sediment from an aeolian dune on the
north shore of the island at section 2, CL, is
dated at 491 to 1019 and 482 to 1008 cal yr ep
in age (Table 2) - not mid-Holocene. Taken
together, these data support the idea that the
southern lineament sediment is thousands of
years older than modern beach sand and that
the radiocarbon ages of aeclianites are not
widely decoupled from their depositional ages.
Therefore, the radiocarbon ages of the southern
lineament support its greater antiquity relative
to other features of Little Ambergris Cay.

The scale and extent of the southern linea-
ment dunes (Fig. 8B and C), and their modemn-
day fragmentary nature, imply the existence of
an ancient and more widespread aeolian dune
field. This ca 5000 cal yr er aeolian dune unit is
correlated with the North Point Member
described from San Salvador, an early transgres-
sive aeolian deposit, and elsewhere across the
Lucayan archipelago (Fig. 10). The North Point
Member dates to ca 3000 to 6000 year Ep; it
contains aeolian facies which extend to 2 m
below modern sea level, and no intertidal facies
(White & Curran, 1988; Hearty & Kindler, 1993;
Mylroie & Carew, 1995; Kindler & Hearty, 1996;
Mylroie et al.,, 2008). On San Salvador Island in
The Bahamas, it frequently occurs as sea stacks
(Mylroie & Carew, 1995, fig. 4). The southern
lineament exposures share these characteristics
with the North Point Member.

Why the eroding remnants of the southern lin-
eament have such a clear orientation apparently
decoupled from wind direction, sediment trans-
port or sedimentary structures within the dunes
remains an open question. No displacement or
tilting that strongly supports a structural
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explanation was observed. This feature has
likely been an important barrier to sediment
during the nucleation and growth of the modern
island. The prograding strandplain east of the
southern lineament suggests that this feature
currently promotes sediment deposition along
the southern coast of the island by acting as a
wave and sediment break.

Model for island growth and evolution

Observations are integrated here to articulate a
model for the nucleation, formation and growth
of Little Ambergris Cay. Historical documents
from 1961 and 1869 show that the island has
had its present form, a rim surrounding a tidal
lowland, since at least the 19th century (Fig. 4).
Previous interpretation of the Ambergris Cay
system noted that Little Ambergris Cay sits in
the lee of Big Ambergris Cay, and suggested that
the island formed as a tombolo, an accretion of
sand in the lee of a larger island (Dravis & Wan-
less, 2017; Stein et al., 2023). The intensity and
persistence of the trade winds on the Caicos
platform undoubtedly make them important in
any consideration of long-term landscape evolu-
tion, and the sedimentology and geochronology
of these units can now be integrated to deliver a
more detailed model for island growth and
evolution.

The geology of Big Ambergris Cay has not
been systematically described, but its high relief,
its well-developed system of caves, and the
extensive induration of exposed outcrop on
the island interior have been noted. All of these
features are consistent with an inferred Pleisto-
cene age (Dravis & Wanless, 2017) and the pres-
ence of Big Ambergris Cay is likely an important
boundary condition on the formation of Little
Ambergris Cay, given its upwind location. No
evidence has been found in outcrop for a Pleis-
tocene precursor of Little Ambergris Cay, so
island growth history starts in the early Holo-
cene, when Big Ambergris Cay had no sister
island (Fig. 12A) and the platform was exposed.
In the early to mid-Holocene, sea level trans-
gressed on the Caicos Platform and, as the plat-
form flooded, carbonate sediment was produced
locally and reworked by wind, creating the aeo-
lian deposit now exposed in the southern linea-
ment (Fig. 12B); the North Point Member (White
& Curran, 1988; Hearty & Kindler, 1993; Mylroie
& Carew, 1995; Mylroie et al, 2008) is its
regional, early transgressive aeolianite equiva-
lent on San Salvador. At the time of deposition,

c |after transgression

relict dunes
o

erosion of lithfied aeolianite
D [island nucleation (<1000 yr BP)

shoal

sadimeﬁlslhrary by wawves grows shoal
accumulation above sea level, anchored by
aeolianite

& [today

Little
Ambergris

<&

progradation of island

Fig. 12. Mlustrative model for growth of Little Amber-
gris Cay based on the data presented here.

sea level was lower (3 to 6 m in the Bahamas;
Khan et al., 2017) than modem. This dune field
was subsequently lithified and eroded, but part
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of it — what would become the southern linea-
ment — remained (Fig. 12C).

As sea level continued to rise and reached
close to its modemn level during the late Holo-
cene, sediment production within the Ambergris
Cay system increased (Fig. 12C). Shallow, wind-
agitated water and precipitation of aragonite
resulted in the development of the Ambergris
ooid shoal (Fig. 12D). Overall, the system is con-
trolled by the westward, wind-driven movement
of waves and sediment driven by the easterly
trade winds. As at other locations in the Luca
yan archipelago, shoal development results in
subaerial exposure of sediments (Harris, 1979)
which then cement subaerially, forming a pave-
ment or lithified surface. (Harris, 1979; Berkeley
& Rankey, 2012). It is hypothesized that the
antecedent topography of the southern linea-
ment assisted the stabilization of the island by
providing a sediment baffle to sediment being
transported westward (Fig. 12D). The eastern
gide of the island is wave-dominated, with fewer
tidal channels and longer sections of coastline;
the western side of the island exhibits more
tidal dominance. Multiple lines of evidence,
including radiocarbon data (Figs 2 and 3), aerial
imagery (Fig. 11) and sedimentological relation-
ships document the progradation of Little
Ambergris Cay along both its southern and
northern coasts to its form today (Fig. 12E).

Progradation along Holocene coasts is associ-
ated with a number of processes (Scheffers
et al., 2012; Tamura, 2012); it can be related to
the delivery of sediment by longshore currents,
waves and wind [Tamura, 2012); storms (Nott
et al., 2009; Scheffers et al, 2012; Dough-
erty, 2014; Masselink & Van Heteren, 2014); pos-
sibly changes in sea level (Scheffers et al., 2012;
Tamura, 2012; Rivers et al., 2020) and sedimenta-
tion supply (Tamura et al., 2012) and rate. The
seaward-dipping, shingling sediment packages
on the south-western coast of the island (Fig. 5)
record progradation of the beach face and, in
some locations, aeolian dunes prograde over fore-
shore sediments and reach the waterline. These
observations suggest that the progradation of the
island was caused by fair-weather wave delivery
of sediment to the shoreface, driven by easterly
trade winds along the Ambergris shoal system.

Tropical cyclones and storms are implicated
in the formation of beach ridges in other loca-
tions (Nott et al., 2009; Dougherty, 2014; Masse-
link & Van Heteren, 2014). Modelling and
observational study of the Great Bahama Bank
suggests that hurricanes are not required to

Growth of a carbonate island 2139

explain the facies pattern of that nearby
shallow-water carbonate platform (Lopez-
Gamundi et al., 2022). Detailed observations of
the island before and after a direct hit by Hurri-
cane Irma in 2017 (Jamison-Todd et al., 2020;
Lingappa et al., 2022; Stein et al, 2023) and
observations of dune scarps after Hurricane Ike
(Dravis & Wanless, 2017) suggest that storms are
important erosive events on the island and con-
tribute sediment to the island interior. Hurricane
Irma likely submerged most of the island
(Jamison-Todd et al, 2020) and left deposits,
now subaerially exposed, on the island. How-
ever, no new subaerial ridge on the island
strandplain was observed following hurricanes
Irma or Fiona; similar to the conclusions of
a study from South Joulters Cay (Harris &
Laya, 2022), these observations suggest that
although storms reshape the island and contrib-
ute to westward sediment transport, single storm
events are unlikely to play a major role in the
accretion of the island.

A sediment core collected from the island inte-
rior, VCO03, includes three dated gastropod shells
(Present et al., 2021; Stein et al., 2023) which may
yield additional insight into the birth of Little
Ambergris Cay (Table 2). The upper two shell
ages reparted from VCO03, 402 to 926 cal yr erand
574 to 1140 cal yr er, record deposition synchro-
nous with or post-dating initial intertidal deposi-
tion at the rim of the island. The units from
which they derive would then reflect deposition
in the interior of a rimmed island. The oldest
shell reported from VC03 dates to 1944 to
2667 cal yr er. There is no radiocarbon evidence
for foreshore deposition on the lithified rim of Lit-
tle Ambergris Cay during this interval, and it is
possible that this depth in the core records depo-
sition prior to development of the subaerially
exposed island rim. The age of this shell is
broadly concurrent with older dates from the
Hanna Bay Member (described in The Bahamas)
and could be interpreted as evidence for roughly
modern sea level near Little Ambergris Cay by
this time.

CONCLUSION

This study documents the recent and rapid
growth of Little Ambergris Cay. Radiocarbon
and sedimentological observations document
that early synsedimentary lithification occurs
rapidly on Little Ambergris Cay, and that such
stabilization may be an important element of
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island growth. Evidence that a precursor mid-
Holocene aeolian dune system, now eroded,
may have served as an important structural ante-
cedent for the modern island was found. This
precursor dune system is connected with the
North Point Member, previously described from
San Salvador. Other radiocarbon evidence sug-
gests that the island began growing during the
late Holocene Epoch. The ultimate accuracy of
reparted radiocarbon ages from the Ambergris
system, and the Turks and Caicos platforms
more broadly, requires establishing local marine
reservoir corrections and evaluating the equilib-
rinm of shallow, wind-swept waters with the
atmosphere. Such considerations can shift
the ages of samples by centuries, with important
implications for archaeological, sea level and
palaeoclimatic studies of the area. However,
they do not impact the broader conclusions that
exposed lithified sediments on the island are
Holocene in age, or that recent, dynamic, change
in Little Ambergris Cay’s Holocene shoreline
has occurred. It is concluded that Little Amber-
gris Cay’s progradation and growth is primarily
due to high sediment supply, low accommoda-
tion and sediment transport driven by easterly
trade winds. The dynamism of this island
should be considered in studies of the recent
past — not only by Earth scientists seeking to
reconstruct and interpret ancient shorelines, but
also by archaeologists and biologists interested
in reconstructing recent human and organismal
dispersal across islands, as well as modern com-
munities planning for the near future.
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Additional information may be found in the online
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Figure S1. Calibmted mdiocarbon ages with probabil-
ity distributions for all samples.

Figure 52. Map showing the distribution of lithified
sediments and cover on Little Ambergris Cay.

Table §1. Names and coordinates of all stratigraphic
sections on Little Ambergris Cay explored in this

study.
Table S2. All radiocarbon data and results of sensitiv-
ity tests explored in Appendix S2.

Table S3. Results from analysis of seawater samples
taken near Little Ambermgris Cay, discussed in Sup-
porting Information.

Appendix §1. Text describing sensitivity tests shown
in Table 52.

Appendix S2. Supplementary stratigraphic columns
and associated location map.
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