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Abstract 63 

The Small Island Developing States (SIDS) of the Caribbean Region are vulnerable to natural 64 
hazards including earthquakes, tsunamis and tropical cyclones that can cause widespread 65 
devastation. Sedimentary archives of these hazards are often well-preserved in coastal lagoons; 66 
however, few studies in the Caribbean have adopted a multiproxy approach to their 67 
reconstruction. Here, we present a 1200-year multiproxy record of extreme washover events 68 
deposited within a coastal mangrove lagoon on the south coast of Jamaica. Manatee Bay 69 
lagoon is a permanent fresh-brackish water mangrove lagoon separated from the Caribbean 70 
Sea by a low-elevation carbonate beach. Fifteen sediment cores recovered along five shore-71 
normal transects contain ostracod-rich authigenic carbonate lake muds interspersed with beds 72 
of organic lake mud and mangrove peat. The cores contain evidence of multiple palaeo-73 
washover deposits that are readily distinguished by their sedimentology, geochemistry and 74 
microsfossil assemblages. Hypersaline conditions dominated the early part of the record (~800–75 
900 CE) and we infer a freshening of lagoonal waters and the subsequent expansion of the 76 
mangrove community following an extreme wave event that occurred some time before 77 
~1290–1400 CE. We constrain the primary historical-washover deposit to 1810–1924 cal CE (2σ; 78 
71% probability), a period characterised by extreme tectonic and meteorological events, which 79 
include the Great Kingston Earthquake of 1907 and a local episode of enhanced hurricane 80 
activity. While the balance of circumstantial evidence indicates the deposit was probably 81 
emplaced during the tsunami generated by the 1907 earthquake, we are currently unable to 82 
differentiate between tectonically- and meteorologically-driven washover events based on their 83 
sedimentological characteristics. 84 
 85 
Keywords: Late Holocene, ITRAX µ-XRF, ostracods, extreme washover events, mangrove 86 
lagoon, Jamaica. 87 
 88 

1. Introduction 89 

The Small Island Developing States (SIDS) of the Caribbean Region are vulnerable to a range of 90 
natural hazards that cause significant social and economic losses resulting from damage to 91 
infrastructure, homes and livelihoods, and the disruption of agricultural and tourist activities 92 
(Collymore, 2011). Extreme wave events associated with storm surges and earthquake-induced 93 
submarine landslides are among the most hazardous natural disasters that occur within the 94 
region (Prentice et al., 2010). In 2017, Hurricane Irma caused widespread devastation across 95 
the Caribbean becoming one of the strongest and costliest hurricanes on record in the tropical 96 
Atlantic. The island of Barbuda lost 95% of homes and infrastructure and experienced storm 97 
surges of at least 2.4 m above sea level. In Jamaica, the passage of hurricane Dean in 2007 98 
generated storm surge maximum heights of up to 4m and up to two-thirds of homes in 99 
Kingston suffered significant damage (Franklin 2008). Similar devastation was caused by the 100 
2010 MW7.0 earthquake in Haiti, which generated an underwater landslide that produced 101 
maximum tsunami heights (flow depth above sea level at tsunami arrival time) of 3m and runup 102 
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of 1-2m along the south coast of Haiti (Fritz et al., 2010; Lovett 2010; Calais et al., 2010; Hayes 103 
et al., 2010) and became a stark reminder of the severe impacts that geological hazards impose 104 
on the coastal communities of SIDS in the Caribbean (Hornbach et al., 2010).  105 
 106 
While the stochastic nature of tectonically-driven tsunamis generally precludes their prediction, 107 
the return-periods for tropical cyclone induced storm-surges are inherently more predictable 108 
due to the cyclicity of climatic phenomena. In an attempt to capture this cyclicity and to 109 
calculate the return periods of landfalling hurricanes, sedimentological studies aim to identify 110 
and count layers of beach sands washed into coastal lagoons during the passage of tropical 111 
cyclones (e.g. Liu and Fearn, 2000; Donnelly 2005, Donnelly et al., 2015; Donnelly and 112 
Woodruff, 2007, Elsner et al., 2008; Lane et al, 2011; McCloskey and Liu, 2012; Brandon et al, 113 
2013; Toomey et al. 2013; Denommee et al., 2014; Van Hengstum et al., 2014, and see Oliva et 114 
al., 2017, 2018; Otvos 2011) and, where appropriate, attempt to differentiate them from those 115 
deposited during tsunami events (e.g. Atwater et al., 2012; Engel & Brückner, 2011; Engel et al. 116 
2010, 2012, 2013; Goff et al., 2004, 2011; Ramírez-Herrera et al., 2012; Reinhardt et al., 2011). 117 
However, difficulties distinguishing between sand layers emplaced during storms and tsunamis 118 
often confound the attribution of washover events to either. Indeed, the false attribution of a 119 
sand layer to the passage of a hurricane when actually emplaced during a tsunami, would result 120 
in erroneous estimates of the frequency and return periods of storms.  121 
 122 
Jamaica has a long and well-documented history of exposure to extreme tectonic and 123 
meteorological events since Colonial settlement of the island in 1494 CE. These archival records 124 
are found in Spanish and British Colonial and post-Colonial archives as well as within the 125 
numerous coastal lagoons that punctuate the country’s coastline. The availability of both 126 
documentary and environmental archives of natural hazards in Jamaica facilitates the detection 127 
of extreme washover events and their attribution to tectonic or climatic causes. Here, we 128 
present sedimentological, palaeontological and geochemical evidence of lagoon sediments and 129 
extreme washover events deposited in a mangrove lagoon on the south coast of Jamaica.  In 130 
order to distinguish between events deposited during the passage of tropical cyclones and 131 
those emplaced during historically-documented tsunamis, we assess the spatial distribution of 132 
the washover events and compare their composition with that of a composite modern 133 
analogue washover fan emplaced in 2004 and 2007 by hurricanes Ivan and Dean, respectively. 134 

2. Background 135 

2.1. Natural hazards in Jamaica 136 

Jamaica is bounded by the Caribbean Plate to the South and Gonâve Microplate (Figure 1) to 137 
the North and lies within the Main Development Region (MDR) of Atlantic hurricane activity. It 138 
is affected by earthquake-generated tsunamis associated with the eastward migration of the 139 
Caribbean Plate relative to the North American Plate (Bryant 2014), and the passage of tropical 140 
cyclones through the region. Documentary evidence indicates that the Caribbean Region 141 
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experienced 85 tectonically-induced tsunamis between 1498 and 2006 CE (Harbitz et al., 2012). 142 
Jamaica alone has experienced twelve major earthquakes since 1667 CE (Wiggins-Grandison, 143 
2001) including the devastating MW 7.5 Port Royal earthquake of June 1692 and the MW 6.5 144 
Great Kingston earthquake of January 1907. The former reportedly caused the sea around 145 
Kingston Harbour to retreat 1.6 km and generated a tsunami wave with an estimated wave 146 
height of 1.8m (Tomblin and Robson 1977), while the latter produced wave heights up to 2.5m.  147 
 148 
Jamaica is centrally located within the Caribbean and experiences a seasonal sub-tropical 149 
maritime climate characterized by distinct wet and dry seasons. Temperatures remain constant 150 
with an annual average of ~27°C and range of 2–7°C and rainfall and storms are influenced by 151 
the seasonal migration of the Hadley Cell, which controls the relative influence of the 152 
Intertropical Convergence Zone (ITCZ). Twenty-five tropical cyclones made landfall in Jamaica 153 
from 1874-2019 the most recent being Hurricane Sandy, a category 1 hurricane whose eye 154 
passed over the study area in November 2012. The most destructive hurricanes to affect 155 
Jamaica include hurricanes Gilbert in 1988 (Cat 3, 1.5m storm surge, Clark, 1988), Ivan in 2004 156 
(Cat 4, 1.3-1.5m storm surge), and Dean (Cat 4, 3m storm surge) (Robinson & Khan, 2008) of 157 
which only Gilbert made direct landfall. Although hurricanes Ivan, Dean and Matthew (2016; 158 
Cat 4, 3 m storm surge southeast coast of Cuba, Stewart, 2017) did not make direct landfall in 159 
Jamaica, we observed that the associated storm surges resulted in the deposition of washover 160 
deposits along the southern coastline and following Hurricane Ivan (2004) and Dean (2007) the 161 
emplacement of distinct washover fans at the study site.  162 

2.2. Study area  163 

Manatee and Coquar Bays are situated within the Portland Bight Protected Area (PBPA) and are 164 
bounded to the north by the Hellshire Hills, a karstified ‘honeycomb’ limestone landscape set 165 
within the White Limestone Group of Jamaica (Miller 2004), and to the south by the Caribbean 166 
Sea (Figure 2a). Sea grass beds comprising primarily Thallassia testudinum occupy soft 167 
carbonate muds and sands within the bays and are protected to their south by a fringing reef, 168 
which bears the recent scars of the passage of tropical cyclones through the region as well as 169 
those of destructive fishing techniques (Aiken et al. 2002). Two permanent coastal mangrove 170 
lagoons overlie a coastal karst plateau and are separated from the Caribbean Sea by a narrow 171 
(~15-100m) beach comprising fine carbonate sands and a strand community of mixed 172 
xerophytic scrub and mangrove vegetation (Figure 2e). The westernmost coastal mangrove 173 
lagoon occupies an area of ~1.68 km2, spans both bays and extends ~0.84 km inland. Dense 174 
colonies of red mangroves (Rhizophora mangle) grow in clusters within the two lagoons 175 
whereas a more diverse mangrove forest comprising the red and black (Avicennia germinans) 176 
mangroves occupies the littoral zones of the lagoon complex with white (Laguncularia 177 
racemosa) and buttonwood (Conocarpus erectus) mangroves extending into well-drained areas 178 
beyond (Woodley, 1971). The halophyte and succulent pioneer species Batis maritima occurs 179 
along the open margins of the lagoon, and shoreline vegetation including Sesuvium 180 
portulacastrum, Salicornia perennis, the herbaceous vine Canavalia maritima and dune grasses 181 
including Cenchrus tribuloides are also prominent (Woodley, 1971).  182 
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 183 
A modern wedge-like washover fan comprising marine bioclastic sand forms an elongated lobe 184 
at the southeastern end of the Manatee Bay lagoon which represents the shortest distance 185 
between the sea and the lagoon (<100m) (Figure 2c, 2d). The fan presently extends ~150m 186 
north- northwestwards into the lagoon. Google Earth imagery taken on March 8th 2006 and 187 
November 29th 2007 shows this modern washover fan to be a composite unit most likely 188 
emplaced during the passages of Hurricanes Ivan in 2004 and Dean in 2007 (Figure 2b and 2c). 189 
Given their respective storm surge heights of 1.5m and 3m, respectively, the fan emplaced 190 
during Hurricane Ivan (Figure 2b) was thinner and less extensive spatially than that of Hurricane 191 
Dean (Figure 2c). Exploratory core samples of the washover fan revealed a thin band of 192 
authigenic carbonate muds separates the two washover fan deposits (Online Resource 5) 193 
confirming the occurrence of two separate storm surge events within the washover fan deposit 194 
Although the storm surge associated with Hurricane Matthew in 2016 produced washover fans 195 
at the study site, these were small and did not extend into the study lagoon. There is no 196 
evidence of a modern washover fan at the southwestern end of the lagoon in Coquar Bay. 197 
 198 
Rainfall in the Hellshire Hills is mostly restricted to the summer wet season (May-November) as 199 
the Intertropical Convergence Zone (ITCZ) influences the region. The southward migration of 200 
the ITCZ during the boreal winter enhances the effects of the Bermuda High and results in 201 
stronger NE tradewinds and generally arid conditions. Jamaica exhibits a clear response to El 202 
Niño Southern Oscillation on interannual timescales typically resulting in drier (wetter) than 203 
average conditions during an El Niño (La Niña). Freshwater input to the mangrove lagoons 204 
occurs through a combination of direct precipitation and groundwater flow from the 205 
surrounding limestone catchment. These waters mix with more saline lagoon waters resulting 206 
from saline intrusion, direct washover of sea water from the Caribbean Sea and evaporative 207 
concentration. Leaching of organic acids through the peat deposits of the surrounding 208 
mangrove ecosystem and the related dissolution of tannins and lignins results in the anoxic 209 
clear brown lagoonal waters that are typical of tropical mangrove lagoons (Burn and Palmer, 210 
2014). During the driest months, lake levels retreat and desiccation cracks appear around the 211 
perimeter of the lagoon.  212 
 213 
The chemistry of the mangrove lagoon waters varies seasonally in response to the changes in 214 
the balance between precipitation and evaporation and to variability in the production of 215 
humic acids by the surrounding mangrove plant community. Annual field visits between 2010 216 
and 2019 to the Manatee Bay mangrove lagoon were conducted to capture the seasonal 217 
variability in water chemistry. Average pH values of 8.5 reflect two competing influences: the 218 
basic properties of the underlying limestone geology and the local production of weak organic 219 
acids from decaying organic matter. Salinity levels varied significantly during the study period 220 
ranging from brackish water conditions (22.64‰) recorded in January 2013 a month after the 221 
passage of Hurricane Sandy (Cat 1) in November 2012, to marginally hypersaline conditions 222 
(36.94‰) in November 2014 during the two-year Caribbean-wide drought of 2014-2015, the 223 
latter value approaching the average salinity of the Caribbean Sea (~36‰). We observed a 224 
freshening of lagoonal waters in October 2017 (~10.81‰) following the La Niña event of 225 
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2016/2017 where above average rainfall and hurricane activity persisted across the Caribbean. 226 
In general, mangrove lagoons exhibit low oxygen levels because dissolved organic substances 227 
including tannins and lignins act as reducing agents removing oxygen from the water column. 228 
However, the western lagoon at Manatee Bay contains waters that are unusually-well 229 
oxygenated exhibiting dissolved oxygen levels ranging from 3.97 mgl-1 (68% saturation) during 230 
the drought period of 2014-2015, to 7.13 mgl-1 (99.1% saturation) in January 2013. Such 231 
changes likely reflect the changing seasonal production of oxygen by photosynthetically-active 232 
plants and algae combined with the occasional mixing of the water column caused by the 233 
passage of tropical cyclones.  234 

3. Methods 235 

3.1. Core recovery and chronology 236 

To capture the spatial distribution of washover events at Manatee Bay, we recovered fifteen 237 
short (~1m) sediment cores (MB-1 – MB-15) in October-November 2010 through ~0.4m of 238 
water along five shore-normal transects from the western lagoon using a Colinvaux-Vohnout 239 
drop-hammer modified piston corer (Colinvaux et al., 1999) (Figure 2d, 3). Two of the fifteen 240 
cores were taken directly from the modern washover fan (MB-4 and MB-5), which contains the 241 
modern analogue deposits that were emplaced during the passage of Hurricanes Ivan and 242 
Dean. Sediment cores were transferred to the laboratory and stored at 4°C before being split 243 
and described according to standard core-logging procedures (Schnurrenberger et al., 2003). 244 
Sub-samples were collected from seven sediment cores (MB-1, MB-2, MB-4, MB-5, MB-6, MB-245 
13, MB-14) at 1 cm intervals,  dried for 1 h at 60°C to establish water content, and analysed for 246 
loss-on-ignition at 550°C and 950°C for organic matter and carbonate contents, respectively 247 
(Dean, 1974). A total of six Accelerator Mass Spectrometry (AMS) 14C rangefinder dates were 248 
obtained from cores MB-1, MB-4, MB-7, and MB-12, from well-preserved and identifiable 249 
terrestrial plant macrofossils, bulk organic material and an articulated bivalve of the West 250 
Indian pointed venus (Anomalocardia brasiliana; Gmelin, 1791), a shallow marine/mangrove 251 
lagoon species (Table 1). Samples were treated using a base-acid-base treatment at the Beta 252 
Analytic Inc AMS facility in Miami and radiocarbon dates were calibrated using the online 253 
software package OxCal 4.2 (Ramsey, 2001). We used the Modeled Ocean Average Marine13 254 
curve to calibrate the conventional 14C date obtained from A. brasiliana, and that of IntCal13 255 
(Reimer et al., 2013) for terrestrial samples. Data points are weighted according to the 256 
calibrated probabilities and all dates are reported in calibrated calendar years CE (2σ error 257 
ranges) (Table 1).  258 

3.2. Geochemical analyses 259 

Seven sediment cores were selected to capture the geochemical variability of the different 260 
sedimentary units across the lagoon basin. The seven sediment cores (MB-1, MB-4, MB-5, MB-261 
6, MB-7, MB-12, MB-14) were scanned for X-ray fluorescence using the ITRAX™ micro (µ)-XRF 262 
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core scanner (Croudace et al., 2006) at Aberystwyth University equipped with a Mo X-ray tube, 263 
which was set to 45kV and 50mA. XRF scanning was performed at 1-mm resolution using an 264 
integration time of 15s per measurement. The raw geochemical data, measured in intensity 265 
counts per second (counts s-1), was normalised by dividing by the total scatter (sum of ITRAX-266 
derived Compton and Raleigh scattered intensities) to minimize the effects of water and 267 
organic matter in the sediment matrix (Davies et al. 2015; Kylander et al., 2011). Organic 268 
Carbon (OC) was estimated using the ratio of Compton (incoherent) and Raleigh (coherent) 269 
scattered intensities (Chagué-Goff et al., 2016; Guyard et al., 2007; Burnett et al., 2011; Jouve 270 
et al., 2013; Burn and Palmer, 2014), the fidelity of which was confirmed by comparison with 271 
the results of the loss-on-ignition analyses described above (Online Resource 1).  272 

3.3. Ostracod analyses 273 

Sediment core MB-7 was selected to characterise the ostracod assemblages of the lagoon 274 
because its location behind the beach barrier is better protected from the direct effects of 275 
washover events and contains clear examples of the principal units that are represented in the 276 
sediment record (Figure 5, Online Resource 2). The presence and abundance of ostracods are 277 
often good indicators of past salinities where populations are in situ and have not been 278 
transported. We evaluate these in situ ostracod assemblages to assess the salinity of the lagoon 279 
within each of the sedimentary units and to detect any rapid changes in salinity associated with 280 
the passage of tropical cyclones and/or tsunamis. Further, we assess the population structure 281 
of ostracod assemblages, which can provide insights into the extent of sediment reworking 282 
associated with a range of energy conditions within the lagoon (Onlines Resource 3 & 4). For 283 
example, fossil assemblages characterised by the presence of adults and a range of juvenile 284 
moult stages indicate an in situ population and relatively calm sedimentary environment. In 285 
contrast, the absence of juveniles within a given assemblage suggests that the assemblage has 286 
been subject to reworking (Whatley, 1988) within a turbulent setting such as during the 287 
passage of a storm or tsunami. To this end, we evaluate the ostracod assamblages to 288 
characterise the composition and levels of disturbance of ostracod populations of the lagoon 289 
during the passage of a hurricane. 290 
 291 
Four surface samples and eighteen samples from core MB-7, each of 1 cm3, were weighed and 292 
freeze-dried to disaggregate the sediment and remove the water. Samples were then washed 293 
gently with distilled water through 63, 125 and 250μm sieves to remove the fine fraction, and 294 
to separate adult and juvenile ostracod shells. Samples were subsequently dried overnight at 295 
40°C prior to re-weighing. Up to 300 specimens (both valves and carapaces) were isolated and 296 
picked from the coarsest fraction using a fine nylon brush under the incident light of a low-297 
powered (20×) binocular microscope. Fossil ostracods were sorted onto micropalaeontological 298 
slides and counted by species and moult stage. Well-preserved representatives of key species 299 
were cleaned using methanol, mounted on Scanning Electron Microscope (SEM) stubs, and 300 
gold-coated prior to photography using a Joel JSM-6480LV high performance analytical SEM in 301 
the Department of Earth Sciences, University College London. Identification of ostracods was 302 
based on the taxonomic descriptions of Sandberg (1964), Sars (1866), Keyser (1975) and Klie 303 
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(1933). The ostracod assemblages in core MB-7 were zoned using stratigraphically-constrained 304 
cluster analysis by incremental sum of squares (CONISS) with the ‘rioja’ package in R (Juggins, 305 
2017). 306 

4. Results  307 

4.1. The general depositional environment 308 

The depositional environment of Manatee Bay lagoon comprises predominantly micro-fossil-309 
rich authigenic carbonate lake muds that are punctuated by organic mangrove peat deposits 310 
exhibiting varying degrees of decomposition. Poorly decomposed woody fragments exhibit 311 
different degrees of decomposition within the carbonate lake muds leaving behind a patchwork 312 
of colour ranging from dark to pale yellowish brown within the sediment (Figure 4). The 313 
sequence is further punctuated by four stratigraphically distinct carbonate beach sand lenses 314 
(Washover Units 1-4), which vary in number across the basin and are readily distinguished by 315 
lithology, organic matter content (LOI) and geochemistry (ITRAX). Each of the sand lenses 316 
(Washover Units 2-4) contains a mixed-assemblage of fossil marine micro-fauna (beach sands) 317 
and lagoon-dwelling ostracod shells (Figure 4), with the exception of the modern washover fan 318 
(Washover Unit 1), which is devoid of ostracod shells. These sands are dominated by bioclastic 319 
fragments of the green alga Halimeda sp., marine foraminifera and coral fragments that are 320 
similar compositionally to the carbonate beach sands separating the southern margin of the 321 
lagoon from the Caribbean Sea. Here, we describe the sedimentary record based on its 322 
sediment geochemistry and ostracod assemblages, followed by a sediment description of the 323 
different stratigraphic and washover units (WU1-4) of the Manatee Bay lagoon. 324 

4.2. Geochemical interpretation of ITRAX µXRF elemental scans 325 

Sediment core scans of the most abundant elements Ca, Sr, Fe, Cl, and Br helped distinguish 326 
between detrital carbonates (washed-over beach sand lenses comprising marine bioclasts; Ca, 327 
Sr), authigenic carbonate (Ca/Sr), and marine organic matter (OC, Br, Fe) (Figure 5). Sr covaries 328 
with Ca and has been shown to have a strong affiliation with biogenic calcium carbonate phases 329 
(Bishop 1988, Murray & Leinen, 1993). The element is often associated with marine calcitic 330 
biota (Chagué-Goff, 2010; Rubio et al., 2000) and has been shown to be a proxy for marine 331 
inundation due to its higher concentration in seawater (Chagué-Goff, 2010; Goff et al., 2012). 332 
At Manatee Bay, high positive values (~60,000 cps) are associated with the carbonate beach 333 
sand lenses, which comprise fossil marine organisms including bioclasts of Halimeda sp., coral 334 
and mollusc fragments, echinoid spines, sponge spicules and reef benthic foraminifera (Figures 335 
4 and 5). To differentiate geochemically the authigenic lagoon carbonates from allochthonous 336 
beach sand lenses, we divide Ca counts by those of Sr (Ca/Sr), which removes the portion of the 337 
signal associated with beach sands and emphasizes that of authigenic carbonate production. In 338 
general, there is an association between higher Ca/Sr values, which also exhibit low levels of 339 
internal signal variability, and the ‘purer’ authigenic marl sediments, which is readily confirmed 340 
by comparison with the sediment lithology (Figure 5 – see bars). Indeed, a Ca/Sr ratio of ~ 4:1 is 341 
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typical for the purest authigenic carbonates that were precipitated out of the water column. 342 
Comparisons between the sediment lithology, the Sr and Ca curves, and the Ca/Sr ratio clearly 343 
shows detrital and authigenic forms of carbonate may be readily differentiated geochemically 344 
(Figure 5).  345 

 346 
The organic carbon (OC) content of sediment cores is estimated by dividing the Compton 347 

(incoherent) and Raleigh (coherent) scattered intensities on the basis that the amount of 348 
incoherent scattering increases for elements with a lower atomic mass such as carbon (Davies 349 
et al. 2015). Comparisons between LOI measurements and ITRAX-derived OC (Online Material 350 
1) confirm the latter may be used as a robust proxy for organic matter. Bromine’s propensity to 351 
form strong covalent bonds with organic matter has also enabled its use as a proxy for organic 352 
content (Kalugin et al. 2007), biological productivity (Gilfedder et al. 2011) and marine spray 353 
(storminess; Unkel et al. 2010; Turner et al. 2014). At Manatee Bay lagoon, positive Br 354 
excursions are strongly associated with mangrove peats (high OC) and we adopt the elements 355 
as proxies for marine organic matter (Figure 5). The absence of the terrigenous detrital 356 
indicators Si and Ti within the sediment, suggests that Fe counts, which often co-vary with 357 
those of Si and Ti, are not related to the influx of terrestrial material. Instead, we find a strong 358 
association between positive excursions of Fe and fragments of the sea grass Thallassia 359 
testudinum as well as mangrove leaves embedded within the sediment record (Figure 5). Iron-360 
enrichment is common in the leaves of Thallassia testudinum (Whelan et al., 2011) and 361 
Rhizophora mangle; consequently, we suggest that positive excursions in Fe record the rapid 362 
burial of iron-rich marine plants washed into the lagoon during storm surge and/or tsunami 363 
events. The lack of sedimentary indicators of redox processes (red colouring and iron and 364 
manganese concretions) that are typical at nearby Grape Tree Pond (Burn and Palmer, 2014), 365 
implies further that the temporal variability in Fe is not influenced significantly by the changing 366 
concentrations of oxygen within the lagoon.  367 

 368 
4.3. The Ostracod fauna of Manatee Bay Coastal Lagoon  369 

Overall, the fossil ostracod faunas of Manatee Bay lagoon are typical of carbonate, shallow-370 
water coastal environments across the Caribbean (Keyser and Schoning, 2000), which are 371 
characterised by significant seasonal variability in salinity ranging from fresh-brackish waters 372 
during the wet boreal summer, to hypersaline conditions during the winter dry season. Keyser 373 
(1977) showed that the salinity gradient has a strong control on the presence and abundance of 374 
different ostracods within coastal carbonate lagoons. Of the four principal ostracods described 375 
below, Heterocypris punctata thrives generally under fresher conditions with an optimum 376 
tolerance range of 3-7‰ and would be expected to flourish during the wetter boreal summer. 377 
Parapontoparta subcaerulea is an euryhaline species with an optimum salinity range of 8-14‰ 378 
that falls within the mesohaline category. In contrast, Cyprideis edentata and Perissocytheridea 379 
cribrosa are adapted to a broader range of salinities and are better able to tolerate hypersaline 380 
conditions (>36‰) than H. punctata or P. subcaerulea. Consequently, the presence and 381 
abundance of the above ostracods are a good indicator of past salinities within coastal lagoons 382 
across the Caribbean, but only if the populations are in situ and have not been transported. The 383 
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presence of adults and a range of juvenile moult stages within a fossil assemblage tends to 384 
confirm that the populations are in situ whereas the absence of juveniles suggest that the 385 
assemblage has been subject to reworking (Whatley, 1988). The second most important control 386 
on the ostracod fauna is substrate. In coastal lagoons of the Caribbean, C. edentata and H. 387 
punctata prefer a carbonate mud substrate, P. cribrosa is generally found on sandy muds, and 388 
P. subcaerulea is associated with shelly sands, peat and carbonate muds (Keyser, 1977).  389 

4.3.1. Modern Ostracod Assemblage 390 

Eight ostracod taxa were found in the surface authigenic carbonate sediments. The 391 
assemblages in each surface sample were strongly dominated by Cyprideis edentata (Klie, 1939) 392 
(>80%) with two other taxa, namely Heterocypris punctata (Keyser, 1975) and Perissocytheridea 393 
cribrosa (Klie, 1933), making up a smaller but significant component (<17%). Parapontoparta 394 
subcaerulea (Keyser, 1975), Loxoconcha sp. and 3 other unidentified taxa were found in small 395 
numbers. Specimens of C. edentata included valves and carapaces, with at least some of their 396 
carapaces containing soft parts, suggesting that the individuals had been living at or close to the 397 
time of collection. The specimens of Perissocytheridea cribrosa also included valves and soft 398 
parts, whereas the other species were represented only by valves. The population structure of 399 
the surface samples contains adults and 2-3 of the larger juvenile instars (A-1 to A-3) of C. 400 
edentata and H. punctata (Online Resource 4). Taken together, the presence of live ostracod 401 
specimens with a population structure containing juvenile instars indicates the assemblage is in 402 
situ and exhibits little evidence of sediment reworking.    403 
 404 
Cyprideis edentata (Klie 1939) (Figure 7, 1-4) 405 
 406 
The genus Cyprideis (Jones, 1857) is a holoeuryhaline (freshwater-hypersaline) and eurythermal 407 
ostracod genus commonly found in shallow, oligo-mesohaline water including marginal marine 408 
environments. It prefers the muddy to mixed mud-sand substrate of lagoons and estuaries 409 
(Sandberg, 1964) and is able to tolerate the highly fluctuating salinity conditions typical of 410 
coastal lagoon environments, which range from freshwater conditions during the summer rainy 411 
season to hypersaline conditions during the dry winter months. (e.g., Sandberg, 1964; Jahn et 412 
al.,1996; De Deckker et al., 1999; Meisch, 2000; Frenzel and Boomer, 2005; Gross et al.,2008). 413 
Sandberg (1964) and Keyser and Schoning (2000) suggested that Cyprideis edentata may be 414 
distinguished from other species of Cyprideis by the elongate, narrow, multiradiate Y-shaped 415 
external openings of the normal pore canals, which also characterize the specimens reported 416 
here. Although Medley et al. (2007) suggest that the pore canal shapes of Cyprideis are 417 
probably a function of the changing salinity of the lagoon and not necessarily species-specific, 418 
the large size of the specimens from Manatee Bay (Sandberg, 1964), coupled with the pore-419 
canal morphology, confirm their identification as C. edentata. The species has been reported 420 
occupying the hypersaline lagoons (recorded salinity 72-90‰) of the Netherlands Antilles 421 
(Aruba, Bonaire and Curacao) along the southern margin of the Caribbean Sea (Klie, 1939), 422 
Bermuda (Maddocks and Illiffe, 1986) and more recently from Lago Enriquillo of the Dominican 423 
Republic in the Greater Antilles (Medley et al., 2007). 424 
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 425 
Heterocypris punctata Keyser, 1975 (Figure 7, 5-8) 426 
 427 
Heterocypris punctata is a nektobenthic ostracod, which is generally found in warm (17-32.5 428 
°C), alkaline (pH 6.5-9.2) and oligo-mesohaline shallow waters (<1 m). Across the Caribbean, its 429 
optimum range is associated with authigenic carbonate muds produced within the seasonally 430 
fluctuating waters of coastal lagoons (Keyser, 1977; Burn et al. 2016); however, it has also been 431 
reported living among dense stands of aquatic macrophytes within the littoral zones of 432 
freshwater lakes of Central America (Perez et al., 2010).  Keyser and Schoning (2000) reported 433 
an optimum salinity range for this species of 2–7‰ (Keyser and Schoning, 2000); however, live 434 
specimens collected using grab and tow samples from the study site in Jamaica indicate this 435 
species’ tolerance range extends to ~22 ‰ (Codner, 2014).  436 
 437 
Perissocytheridea cribrosa (Klie, 1933) (Figure 7, 10-12) 438 
 439 
Perissocytheridea is a brackish-water genus that is a common inhabitant of coastal and 440 
mangrove lagoons across the Caribbean (Martens and Behen, 1994; Keyser, 1977; Malaize et al 441 
2011; Engel et al., 2012, 2013; Perez et al. 2013). P. cribrosa is a periphytal euryhaline ostracod 442 
that lives in warm (~16.5-34 °C) lagoonal environments with a reported salinity tolerance range 443 
of 5-48‰ (Keyser, 1977; Engel et al., 2012; Engel et al., 2013) and a preference for a sandy-mud 444 
substrate. While the species is well adapted to the full range of fresh to hypersaline conditions, 445 
it is often associated with other euryhaline genera including Cyprideis sp. and Thalassocypria sp. 446 
and exhibits a preference for high-conductivity, polyhaline waters (750μS/cm-55.3mS/cm; 447 
Perez et al., 2013, Keyser, 1977). Live specimens were recovered from surficial carbonate muds 448 
from Manatee Bay lagoon in January 2013. Spot measurements of water salinity were ~23‰ 449 
and conductivity ~36mS/cm (Codner, 2014).  450 
 451 
Parapontoparta subcaerulea Keyser, 1975 (Figure 7, 9) 452 
 453 
This nektobenthic euryhaline species favours lagoonal environments characterised by rapid 454 
changes in salinity (Keyser, 1975). It is found in neo-tropical zones such as littoral, lagoonal, 455 
estuarine, sea-grass, and mangrove-wetlands of the coastal areas and is often associated with 456 
compacted substrates rich in detritus and sand (Keyser, 1975) and occasionally mangrove peat 457 
(Keyser, 1977). The salinity range of P. subcaerulea is approximately 3 to 31.0 ‰ (Keyser, 1975) 458 
with the maximum abundance occurring between 8.0 and 13.8 ‰ and in water with pH ranging 459 
between 6.5 and 9.2 (Keyser, 1977). Live specimens were collected near clusters of red 460 
mangroves from Manatee Bay in January 2013 in mesohaline waters with a salinity of 23‰ and 461 
conductivity of 36 mS/cm (Codner, 2014).  462 

4.3.2. Ostracod Assemblage Zones 463 

The composition of the fossil ostracod assemblages of core MB-7 varies throughout the core 464 
but is commonly dominated by C. edentata (≤91%), H. punctata (≤65%) and P. cribrosa (≤95%) 465 
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and smaller proportions of Parapontoparta subcaerulea. (Figure 6). The first two of these 466 
species are typically represented by adult specimens and a range of juvenile moults, whereas 467 
for P. cribrosa and P. subcaerulea, populations are dominated by adults and A-1 valves (Online 468 
Resources 3 & 4). 469 
 470 
Five ostracod assemblage zones (OAZs) are identified in core MB-7, numbered OAZ-1 through 471 
OAZ-5 (Figure 5). It should be noted that the extent and boundaries of the zones may not be 472 
precise in all cases, owing to the variable stratigraphical resolution of the ostracod analyses. 473 
OAZ-1 (85-61 cm) is associated with the lower authigenic carbonate muds, has a high ostracod 474 
abundance and is dominated by adults and juveniles of C. edentata (Online Resource 3), with 475 
sporadic occurrences of H. punctata (adults and juveniles) and P. subcaerulea (adults only). The 476 
population structure of this unit is remarkably similar to that of the surface sediment samples 477 
(Online Resource 4) suggesting an in situ assemblage. OAZ-2 (60-55 cm) coincides with the 478 
sudden transition from authigenic carbonates to the lower organic lake muds and is marked by 479 
a significant reduction in the total ostracod abundance driven by a decrease in C. edentata. The 480 
unit is also characterised by a small rise in H. punctata compared with the preceding zone, and 481 
the introduction of P. cribosa. The population structure indicates these assemblages were 482 
found in situ (Online Resource 5). OAZ-3 (52-29 cm) spans the upper organic lake muds and 483 
overlying bioclastic sands and is characterised by a general rise in ostracod abundance, driven 484 
by a significant increase in H. punctata numbers to a maximum at 45cm, followed by a 485 
significant decrease, as well as a concomitant increase in the abundance of C. edentata and P. 486 
subcaerulia, which correspond with the bioclastic sand unit between 40-25cm. The only 487 
incidence of the marine ostracod genus Loxoconcha sp. also occurs within the sand unit at 488 
30cm. OAZ-4  (25-7 cm), which coincides with the upper unit of organic lake muds, is marked by 489 
a reduction in ostracod numbers, with assemblages dominated by C. edentata and H. punctata 490 
(adults and juveniles) as well as adults only of P. cribrosa. OAZ-5  (5-0 cm) coincides with the 491 
recent authigenic carbonates (Online Resource 3). Like the lower authigenic carbonate unit, it 492 
contains large numbers of C. edentata in the upper level and the lower level in this unit 493 
contains significant numbers of adults of P. cribrosa.  494 

4.4. The sedimentary units of Manatee Bay lagoon 495 

4.4.1. Authigenic carbonate muds 496 

The lowermost carbonate mud unit spans the entire lagoon and comprises authigenic 497 
carbonate lake muds the Munsell colour of which ranges from pinkish gray (5YR 7/3) within the 498 
western half of the basin to light yellowish brown (10YR 5/4) in the eastern half. This unit 499 
typically exhibits a sharp and distinct upper boundary and a low organic matter content (ca. 500 
10%; Figure 4) although it is punctuated with fine, fibrous root fragments up to several 501 
centimeters long. Well-preserved articulated bivalves of the polyhaline species Anomalocardia 502 
brasiliana occur alongside a range of cerithid gastropods. In core MB-7, the ostracod 503 
assemblage (OAZ-1) is dominated by the polyhaline species C. edentata (>87%), with lower 504 
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percentage abundance of the ostracods H. punctata (<8%) and P. subcaerulea (<8%;) (Fig 5). 505 
Note that the first two species are present as adults and juveniles, whereas mainly only adults 506 
of the third species were found (Online Material 3 & 4). The sediment geochemistry is 507 
characterized by low OC, Br and Fe counts which contrasts with an increase in the Ca/Sr to ~ 4:1 508 
as well as elevated counts of Ca, Sr and Cl. Measurements of radiocarbon activity from well-509 
preserved plant seeds (achenes) recovered from core MB-1, provide a calibrated age range for 510 
the base of this unit of 857-989 CE (89-90cm; 89% probability). Similarly, radiocarbon activity 511 
from a well-preserved bivalve shell from core MB-7 confirms the approximate age range for this 512 
unit with an overlapping calibrated age range of 771-900 CE (90cm; 86% probability; Table 1). 513 

4.4.2. Organic lake muds  514 

The sharp upper boundary of the authigenic carbonate unit provides the transition to the 515 
overlying organic lake muds, whose organic matter content ranges from >50% 516 
(Schnurrenberger et al., 2003) to lake muds with a reduced organic matter content of ~15-25% 517 
and average carbonate content of ~30-35%. ITRAX µXRF scans indicate elevated counts of Br, 518 
OC and Ca/Sr, and decreased levels of Ca, Sr and Cl (Figure 5). These lake muds are the most 519 
dominant unit within the lagoon sediment record occurring in all cores and often occurs as a 520 
gradational unit with subtle up-core changes in colour, carbonate and organic content (Figure 521 
5). The lagoon unit typically comprises brown (10YR/4/3) to dark grayish brown (10YR/4/2), 522 
authigenic muds grading up-core to yellowish brown authigenic muds. Fossil microfauna 523 
include an array of benthic foraminifera, charophyte oospores and incrustations and brackish 524 
water ostracods. The fossil ostracod assemblage is highly variable within this unit (Figure 6), 525 
although is typically  characterized by a higher abundance of H. punctata (ca. 9-65%) than the 526 
underlying carbonate unit and lower percentages of C. edentata (10-84%) and P. subcaerulea 527 
(≤6%). The polyhaline ostracod P. cribrosa comprises up to ~79% of the ostracod assemblage in 528 
contrast to its rarity in the underlying carbonate unit. In contrast, the bivalve A. brasiliana and 529 
cerithid gastropods are notably absent in the organic lake muds.  530 

4.4.3. Mangrove peat 531 

Mangrove peat accumulation occurs sporadically above the basal carbonate muds; however, it 532 
is not spatially continuous and exhibits significant variability in thickness and depth. It generally 533 
occurs toward the landward edge and some central areas of the mangrove lagoon, where 534 
dense mangrove communities thrive today (MB-1, MB-2, MB-8, MB-9, MB10, MB-11, MB-12, 535 
MB-13 (Figure 3). It comprises a coarse, very dark to reddish brown woody mangrove peat with 536 
distinct boundaries to over and underlying beds. The organic content (LOI550) is high (average 537 
55% but often exceeding 80%) and can be distinguished by the dominance of large (< 5cm) root, 538 
bark and leaf fragments of Rhizophora mangle that appear to diffuse red coloration into the 539 
surrounding sediment. Geochemically, the unit is characterized by low counts of Ca and Sr and 540 
high organic matter content (OC) and Br. Similarly, the carbonate content (LOI950) is lower than 541 
that of the underlying carbonate lake muds at ~21%.  542 
 543 
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4.4.4. Contemporary  authigenic carbonate muds 544 

The uppermost sediments of cores recovered beyond the modern washover fan are dominantly 545 
composed of authigenic carbonate muds (Figure 3). The thin (~ 5cm) mud unit varies in colour 546 
from light yellowish-brown (Munsell) to brown (Munsell) exhibiting average organic (LOI550) and 547 
carbonate (LOI950) contents of 36% and 34%, respectively. The unit appears disturbed, 548 
containing fragments of rafted leaves that probably originated from the surrounding mangrove 549 
communities as well as evidence of mixing with bioclastic marine sands. The percentage of sand 550 
within this unit varies spatially across the basin depending on the proximity to the beach barrier 551 
and modern washover fan (Washover Unit 1) with higher levels of sand mixed in the authigenic 552 
carbonate muds of cores MB1 and MB7 located closer to the barrier. In January 2013 during the 553 
boreal winter dry season, Codner (2014) collected surface-sediment and modern water samples 554 
from the contemporary authigenic muds and found evidence of live and fossil ostracods 555 
dominated by C. edentata (64%), H. punctata (30%) P. subcaerulea (2%) and P. cribrosa (4%). 556 
This assemblage was associated with average lagoon water salinity measurements of 23‰ and 557 
temperatures of 27.1°C. Biostratigraphic analyses of the fossil ostracod fauna found in the 558 
surface sediment sample (OAZ-5) from core MB-7 shows similar percentage abundance values 559 
of C. edentata and P. cribrosa; however, neither H. punctata nor P. subcaerulea were recorded 560 
at this level (Figure 5).  561 
 562 

4.4.5. Marine washover units 563 

Evidence of multiple palaeo-washover deposits is contained within 13 of the 15 sediment cores 564 
recovered from the lagoon (Figure 3). These occur at variable depths and may be identified 565 
stratigraphically using a combination of contact boundaries separating the over- and under-566 
lying sediment beds, changes in lithology, sediment geochemistry, bioclastic composition and 567 
rapid changes in the fossil ostracod assemblages.  568 
 569 
Washover Unit 1 – modern washover unit 570 
The surface of cores MB-4 and MB-5 (0-10cm depth) represent the modern washover fan and 571 
comprise white to light-grey white, beach and nearshore carbonate bioclastic sands comprising 572 
fine sands with no clasts or debris. These marine bioclastic sands drape over the underlying 573 
lagoon muds with a sharp and non-erosional contact (Figure 4), contain low levels of organic 574 
matter (<3%) and high carbonate content (>40%). They are readily distinguished by abrupt 575 
positive excursions in Ca, Sr and Fe and concomitant declines in organic matter and Br, (Figure 576 
5). This unit is dominated by bioclasts of Halimeda sp., echinoid spines, sponge spicules, reef 577 
benthic foraminifera and molluscan fragments with the ostracod fauna notably absent (Figure 578 
4). Beyond the modern washover fan Cores MB-1 and MB-6 contain a bioclastic sand unit at ~8-579 
10 cm depth (Figure 3) which we link to the modern washover fan unit (see discussion below). 580 
 581 
Washover Unit 2 – ~30-40cm depth 582 
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The most distinctive washover unit is well represented in sediment cores MB-1, MB-4 and MB-7 583 
between 30-40 cm depth (Figures 4 & 5). The unit is similar compositionally to its modern 584 
analogue counterpart (Washover Unit 1) and is characterized by lenses of fine carbonate sands 585 
with an average carbonate content of ~37%; however, with a slightly higher organic content of 586 
~15%.  It occurs as a 5-7cm thick, poorly sorted sandy lens of allochthonous marine bioclasts 587 
mixed with plant fragments, lagoonal ostracods and charophytes. The unit exhibits increased 588 
counts in Sr and Ca, a clear drop in Ca/Sr and significant decreases in the organic matter 589 
content as indicated by sudden decreases in the counts of Br and OC (Figure 5). It is 590 
characterized by rafted plant fragments including mangrove leaves and rolled-up blades of the 591 
sea grass Thallassia testudinum that occur within the upper and lower layers of the deposit and 592 
correspond with distinctive spikes in Fe counts (Figure 5). In core MB-7, Washover Unit 2 593 
exhibits a clear decrease in adults and juveniles of the fresh-braskish water species H. punctata, 594 
a corresponding increase in the polyhaline species C. edentata (adults and juveniles, Figure 6; 595 
Online Resource 3), and the the marine genus Loxoconcha sp. is introduced in the upper section 596 
of OAZ-3. Further, the fresh-brackish-water charophytes that are typical constituents of the 597 
authigenic marl sediments, are notably absent within this unit.   598 
 599 
Washover Units 3 & 4 600 
Washover Unit 3 occurs at the transition between the lowermost authigenic carbonate muds 601 
and the overlying organic lake muds at a depth of 40cm in MB-4 (Figure 4). The unit is similar 602 
compositionally to its modern analogue counterpart (Washover Unit 1) and it comprises light 603 
grey to brownish yellow silty sands, marine bioclasts and brackish water charophytes and 604 
ostracods (Figure 4). Its occurrence across the basin varies spatially and while there is some 605 
evidence of this unit in cores MB-1 and MB-7 at depths of 70cm and 60cm (Figure 3), 606 
respectively, there is no clear signature of a washover event observed in the XRF data (Figure 607 
5). However, the ostracod data in core MB-7 (Figure 6) indicate a rapid change in population 608 
dynamics from an assemblage dominated by C. edentata to one dominated by H. punctata and 609 
the introduction to the record of P. cribosa, which we argue may be indicative of a change in 610 
lagoon water chemistry associated with the passage of a storm (See discussion below).  611 
 612 
Washover Unit 4 also varies spatially and is detected in the XRF data of core MB-4 (Figure 5) by 613 
higher counts in Ca and Sr, a low Ca/Sr ratio, and low levels of Organic Matter. It occurs at the 614 
base of core MB-4 (Figure 4), MB-6, MB-13 and MB-15 (Figure 3) and its composition is similar 615 
to that of Washover Unit 3 comprising marine bioclasts, and brackish water charophytes and 616 
ostracods.    617 

5. Discussion  618 

5.1. Lagoon development over the last ~1200 years 619 

The lowermost unit of the Manatee Bay lagoon cores is characterised by authigenic lake muds 620 
deposited since ~800-900 CE (Table 1) that exhibit elevated counts of chlorine, a high Ca/Sr 621 
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ratio (Figure 5), contain high relative percentages of the salt-tolerant ostracod C. edentata 622 
(OAZ-1; Figure 6) with a documented salinity range of up to 72-90‰, and the bivalve A. 623 
brasiliana as well as cerithid gastropod shells. The latter two organisms are common in 624 
mangrove lagoons across the Caribbean and have adapted to withstand high salinities (15-80‰ 625 
for A. brasiliana; 15-44‰ for Cerithid gastropod shells; Reinhard et al. 2011). Reinhart et al 626 
(2011) found a similar combination of A. brasiliana and cerithid gastropod shells in sediments 627 
from a coastal lagoon in the British Virgin Islands and interpreted the assemblage as having 628 
been deposited under hypersaline and hypoxic conditions. Taken together, the evidence 629 
suggests these authigenic muds were therefore emplaced under marine to hypersaline 630 
conditions (up to ~44‰) where the evaporative concentration of salts dominated the 631 
depositional environment within the lagoon. Today, such conditions are observed annually at 632 
the end of the boreal winter dry season in March/April, where water levels subside, lake 633 
margins retreat somewhat and salinity increases. The absence of mangrove fragments and peat 634 
within this unit may be explained by extended periods of high lagoon-water salinity, which 635 
commonly reduces the hydraulic conductivity, leaf water potential, stomatal conductance and 636 
photosynthetic rates of Rhizophora mangle (Asbridge et al. 2018). Growth suppression and 637 
decreases in productivity, propagule production and seedling survival would subsequently 638 
result in the contraction of the mangrove forest across the lagoon. The thickness of this unit 639 
suggests the site was exposed to an extended deficit of effective moisture that corresponded 640 
broadly with the well-documented pan-Caribbean drought that took place during the Terminal 641 
Classic Period (800-1000CE) of the Mayan Civilization (Hodell et al. 2001; Evans et al., 2018). 642 
 643 
Overlying the authigenic carbonate unit is a spatially consistent sharp transition to organic lake 644 
muds and mangrove peats of variable depth and thickness, which corresponds with Washover 645 
Unit 3 across the basin and is characterized by the absence of A. brasiliana, a significant 646 
increase in the relative abundance of H. punctata (Figure 6; OAZ-2 and OAZ-3) and concomitant 647 
decreases in the abundances of C. edentata and P. subcaerulea. Although these units are poorly 648 
constrained by the available radiocarbon dates, dates recovered from Ruppia seeds at 45cm 649 
from core MB-7 and at 71cm depth from core MB-12 suggests the unit was deposited around 650 
~1290-1400 CE (Table 1) placing it broadly within the boundaries of the Medieval Climate 651 
Anomaly (MCA, ~800-1300CE; Trouet et al., 2009) and the transition period (1300-1450 CE) 652 
leading into the Little Ice Age (1450-1850 CE). However, taken together, the ostracod and 653 
geochemical (Figure 5) evidence suggests a sudden freshening of lagoonal waters from 654 
hypersaline (Figure 6; OAZ-1) to brackish-water (OAZ-2 and 3) conditions occurred at the time 655 
of the sharp transition, which cannot readily be explained by longer-term climate variability. 656 
Instead, changes in lagoonal dynamics are more likely to have been caused by the passage of a 657 
storm or, less-likely, an undocumented tsunami, which re-configured the geomorphology of the 658 
lagoon to better capture fresh water and decrease its salinity. Extreme wave events have been 659 
demonstrated to influence the geomorphology of coastal lagoons influencing the salinity and 660 
subsequent ecological dynamics (Atwater et al., 2012; Engel et al., 2012; 2013). This 661 
interpretation is supported further by the presence of Washover Unit 3 in cores MB-2, MB-4, 662 
MB5, MB-6, MB-9, MB-10, MB-11, MB-12 (Figure 3) and the influx of marine organic matter 663 
transported into the lagoon as a result of mechanical damage to the surrounding sea-grass, 664 
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mangrove and strand vegetation communities. The latter is characterized in the sediment 665 
record by sudden increases in counts of Br and Fe, across the lagoon (E.g. MB-1, MB-7; Figure 666 
5). Concomitant peaks of Fe probably represent the subsequent build-up of decaying plant 667 
fragments in the lagoon causing the sediment and decomposing roots to become anoxic, in turn 668 
decreasing the redox potential and increasing the concentration of iron-sulfides (pyrite) 669 
(Asbridge et al., 2018). 670 
 671 
A gradual decline in chlorine counts indicating a progressive freshening of the lagoon from the 672 
abrupt transition to the top of the sequence is captured in each of the sediment cores and is 673 
best represented in MB-7 (Figure 5). Chlorine counts peak at the abrupt transition (~ 60cm) and 674 
decline progressively towards the top of the sequence. While chlorine is often associated with 675 
organic matter in micro-XRF studies (Chagué-Goff et al., 2011), variation in the chlorine curve at 676 
Manatee Bay occurs independently from changes in the lithostratigraphy suggesting that it 677 
does not reflect adsorption onto organic matter but instead is a good geochemical indicator for 678 
salinity change. We argue that the salinity spike at the sharp transition between the underlying 679 
authigenic carbonate unit and the organic unit above reflects the influx of salt crystals during 680 
Washover Unit 3. Subsequent geomorphic changes to the lagoon enabled the progressive 681 
capture of fresh water and freshening of the lagoon, an interpretation that is supported by the 682 
rapid transition in the dominant ostracod taxa from the hypersaline-tolerant species C.edentata 683 
in OAZ-1 to the fresh-brackish-water ostracods H. punctata and P. cribosa in OAZ-2 (Figure 6). 684 
The increase in salinity due to sea-water inundation resulting from extreme wave events, 685 
negatively impacts mangrove ecosystem development and survival (Asbridge et al., 2018). 686 
Further, geomorphic change associated with extreme wave events and the subsequent 687 
development of enclosed hypersaline lagoons has been shown to lead to the demise of 688 
mangrove populations (Engel et al., 2012, 2013). Therefore, it is possible that the freshening in 689 
lagoonal waters at Manatee Bay that occurred above Washover Unit 3, is likely to have 690 
promoted the recovery and expansion of the mangrove ecosystem, which is reflected in the 691 
development of organic lake muds and mangrove peat layers within the sediment record across 692 
the lagoon (E.g. Figure 3; cores MB-1, MB-2, MB-8, MB-9 and MB-10 to MB-14). Such a recovery 693 
would have occurred in clusters explaining the variability in the depth and thickness of the 694 
organic layers as well as their spatial extent. 695 
 696 

5.2.  Recent hurricane activity and the modern washover fan 697 

Washover Unit 1 698 
 699 
Google Earth imagery taken between March 8th 2006 and Nov 29th 2007 highlights the 700 
emplacement of a composite modern washover fan following Hurricanes Ivan (2004) and Dean 701 
(2007) revealing that the barrier between the lagoon and the bay was breached by at least two 702 
washover events (Figure 2b,c). With the exception of the passage of hurricanes Ivan and Dean 703 
to the south of Jamaica in 2004 and 2007 (Franklin 2008; Brennan et al., 2009, Stewart, 2004), 704 
no other tropical cyclones can be invoked to explain the deposition of such a distinct lobate 705 
sediment fan structure that extended ~150m into the lagoon. Nor indeed, can it be explained 706 
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by the passage of a tsunami, of which the last such event was documented in 1907. A distinct 707 
bipartite sequence of marine sands separated by a thin band of authigenic carbonates at the 708 
top of the sediment record (Online Resource 5), supports the attribution of this unit to 709 
hurricanes Ivan and Dean. This unit comprises churned-up marine debris originating from the 710 
fringing reef and nearshore areas of Manatee Bay and beach sands that were washed into the 711 
lagoon across those narrow and vulnerable intervals of the beach barrier least protected by 712 
coastal mangrove communities. The thin bed of authigenic carbonate (Online Resource 5) 713 
separates the unit supporting the contention that at least two storms were responsible for its 714 
deposition. 715 
 716 
Direct sedimentological evidence for the modern washover fan is restricted to cores MB-1, MB-717 
4, MB-5 and MB-6 (Figure 3) suggesting not only that the geomorphic impact of the storm 718 
surges was limited spatially but also that the lagoon is otherwise well-protected by the fringing 719 
reef, beach barrier and extensive mangrove forests. However, the effects of wind-damage to 720 
the mangrove forest and the concomitant influx of marine and terrestrial organic matter 721 
combined with storm-surge and rainfall related changes in the salinity of the lagoon that are 722 
associated with extreme wave events (Asbridge et al., 2018), are also likely to have had a 723 
significant impact on the lagoon’s ecosystem functioning beyond those locations where 724 
geomorphological change is evident. For example, although there is no visible evidence of 725 
modern washover sands at the top of cores MB-1, MB-3 and MB-6, the significant positive 726 
excursions of Br and Fe clearly record the concurrent influx of marine organic debris, including 727 
strands of Thallassia testudium and mangrove fragments, into the lagoon (Figure 5). Further, 728 
cores MB-1 and MB-6 contain bioclastic sand layers at ~10cm depth, which we interpret as the 729 
modern washover fan. Thus, the extreme washover events associated with the passage of 730 
hurricanes Ivan and Dean manifest themselves as sandy layers in locations closest to the 731 
washover fan (Figure 2d, and authigenic and organic layers comprising marine debris beyond 732 
(Figure 3). 733 

 734 
5.3. Historical and Palaeo-washover deposits – tropical cyclone or tsunami? 735 

Since ~1200 years BP there have been just four extreme washover events that are recorded 736 
within the sediment record the most visible of which are represented in the sediment cores 737 
located closest to the beach berm. The presence of marine bioclasts within each of the sand 738 
lenses suggests they are allochthonous sediments of marine origin and we interpret these units 739 
as extreme wave deposits based on the following common sedimentary characteristics (Mamo 740 
et al., 2009; Peters and Jaffe, 2010; Switzer and Jones, 2008; Engel et al., 2016): (i) the presence 741 
of CaCO3-rich beach sands containing calcareous marine microfossils and supported by elevated 742 
counts of Ca and Sr, (ii) reduced abundance of in situ lagoonal ostracod and charophyte species 743 
and (iii) the presence of eroded marine organic fragments incorporated into the lower parts of 744 
the deposit and in some instances ‘rafted’ above the deposit or in the upper layers of the 745 
deposit (E.g. MB-7, Figure 5). At Manatee Bay, the rafted allochthonous deposits of marine 746 
organic matter are readily detected by their geochemical signature comprising elevated counts 747 
of Br and Fe.  748 
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 749 
Washover Unit 2 750 
The most distinct and spatially extensive event is represented in all cores at ~30-40cm depth 751 
constrained broadly by a calibrated radiocarbon date spanning 1691-1730CE (2σ; 24.3% 752 
probability) and 1810-1934CE (2σ; 71.1% probability; Table 1) the latter period representing the 753 
most likely age range given the > 70% probability that the radiocarbon date falls within this 754 
range. Interestingly, these calibrated age ranges span two periods of time within which Colonial 755 
and post-Colonial archives document the occurrence of devastating tsunamis. The first was 756 
associated with the MW 7.5 Port Royal earthquake of 1692 and the second with the MW 6.7 757 
Great Kingston earthquake of 1907 of which the former generated wave run-up heights up to 758 
1.8m that were accompanied by a sea withdrawal of ~1.6 km at Yallahs and the latter wave run-759 
up heights up to 2.5m and a 70-90m withdrawal of the sea at Kingston Harbour (Lander et al., 760 
2002; Taber, 1920).  761 
 762 
Given the proximity of the Manatee Bay lagoon to the epicenters of both earthquakes and the 763 
generation by each event of significant wave heights of 1.8m and 2.5m, it seems intuitive to 764 
surmise that both tsunamis would be represented within the sediment record, particularly 765 
when their wave heights are compared with those of Hurricanes Ivan (1.5m) and Dean (3m), 766 
which were associated with the emplacement of Washover Unit 1. However, we acknowledege 767 
this is not always the case (see Judd et al., 2017 for details). Although the presence of marine 768 
bioclasts alone does not enable the differentiation of palaeostorm and palaeotsunami deposits 769 
(Morton et al., 2007; Goff et al., 2012; Engel & Brückner, 2011; Switzer & Jones, 2008), 770 
Washover Unit 2 comprises marine bioclasts and ostracods (Loxoconcha sp.) that are mixed 771 
with lagoonal microfossils representing more salt-tolerant ostracod taxa (E.g. C. edentata) in 772 
OAZ-3 (40-25cm; Figure 6). Arguably, this combination is more likely to occur during the 773 
passage and return of a tsunami wave, given its erosive qualities, than during the emplacement 774 
of a storm surge washover deposit, which mixes less with the underlying lagoonal sediments 775 
(Switzer & Jones, 2008). Our suggested attribution of this event to an earthquake-driven 776 
tsunami is further supported by sedimentary evidence of rafted marine organic fragments (e.g. 777 
Goff et al., 2011), and associated peaks in iron counts that were incorporated into the lower 778 
and upper sections of the deposit and separated by marine sands. We interpret this signal to be 779 
a manifestation of the bi-directional flow of a tsunami wave and consequent erosion of the 780 
surrounding mangrove and strand vegetation. While some would argue that such a mixed 781 
assemblage may also be caused by post-depositional reworking and bioturbation in the lagoon 782 
(e.g. as seen by Rhodes et al., 2011; Szczuciński, 2012), the distinct upper contact boundary 783 
layers of the unit suggest that disturbance associated with these processes was minimal. 784 
 785 
The spatial distribution of washover deposits is often taken into account when attempting to 786 
differentiate between storm- and tsunami-induced events. The spatially-restricted lobate and 787 
wedge-like sedimentary structure of the Manatee Bay modern washover fan is typical of storm 788 
surge deposits that exhibit landward thinning and are rarely continuous across the lagoon. In 789 
contrast, washover deposits associated with tsunamis are generally described as sheet-like 790 
structures that are spatially consistent across the depositional environment (Engel et al., 2012; 791 
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Atwater et al., 2005; Reinhardt et al., 2012; Shanmugam et al., 2012). At Manatee Bay lagoon 792 
there are no continuous sandy layers and each of the historical and palaeowashover deposits is 793 
restricted to the same areas of the lagoon’s southeast quadrant that is most susceptible to the 794 
geomorphic effects of tropical cyclones. This would indicate a storm provenance for all such 795 
deposits. Moreover, the NOAA hurricane track archives and palaeohurricane reconstructions 796 
(Burn et al. 2015; Vecchi & Knutson, 2008, 2011) reveal that the period 1810-1924 CE was 797 
particularly active in which three major hurricanes passed within 35nm of Manatee Bay in 1886, 798 
1916 and 1917. Consequently, Washover Unit 2 may alternatively represent a more intense 799 
period of hurricane activity during the early 20th Century. Nevertheless, taken together, the 800 
sedimentary characteristics of this unit (mixed sediment assemblage, erosional underlying 801 
contact, and rafted organic material) as shown in sediment cores MB-1, MB-4 and MB-7 (Figure 802 
5), fulfil the basic criteria for a tsunami deposit following guidelines set out by Switzer and 803 
Jones (2008). Further, the unit is chronologically constrained to two windows of time (1691-804 
1730CE; 1810-1934CE) that coincide respectively with tsunami events associated with the 805 
historically well-documented Port Royal earthquake of 1692CE and the Great Kingston 806 
earthquake of 1907CE. Given the greater probability that the event occurred between 1810-807 
1934CE and the equivocal nature of the sedimentological evidence, we propose that this unit 808 
may either represent the first sedimentological evidence of the impacts of the 1907CE 809 
earthquake-driven tsunami or the period of intense hurricane activity that occurred in the early 810 
20th Century.   811 
 812 
Washover Units 3 & 4 813 
Washover Unit 3 occurs at the transition between the lowermost authigenic carbonate muds 814 
between 1290-1400CE and is discussed in detail in Section 5.1 above. Washover Unit 4 is found 815 
at the base of the sequence of cores MB-4 (Figure 4), MB-6, MB-13 and MB-15 (Figure 3) 816 
located towards the eastern margins of the lagoon. We provide an estimated age older than 817 
768-900 CE (87.5% probability; Table 1) based on the basal radiocarbon date recovered from 818 
the lowermost authigenic unit in core MB-7. The unit is similar compositionally to its modern 819 
analogue counterpart (Washover Unit 1) and its geochemical composition is similar to that of 820 
Washover Unit 3 and is readily differentiated from the overlying authigenic carbonate unit by 821 
elevated counts of Ca and Sr and a lower Ca/Sr ratio. Given the higher likelihood of the 822 
incidents of storms versus tsunamis and the lack of documentary evidence of a tsunami 823 
generated at that time, the unit was probably emplaced during the passage of a tropical 824 
cyclone; however, we do not preclude the possibility that this was a tsunami deposit. 825 
 826 
6. Conclusion 827 

Given the hazardous consequences of hurricanes and earthquake-generated tsunamis in the 828 
Caribbean, we set out to evaluate the timing, spatial distribution and composition 829 
(lithostratigraphy, geochemical scans and microfaunal contents) of washover events emplaced 830 
in the sediment record of Manatee Bay lagoon, in southern Jamaica. In an attempt to attribute 831 
the causes of historical and palaeo-washover layers to either the passage of tropical cyclones or 832 
tectonically-generated tsunamis, we compared their composition to that of a modern 833 
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composite washover fan deposited between 2004 and 2007 during the storm surges associate 834 
with the passages of hurricanes Ivan (2004) and Dean (2007). To the same end, we compared 835 
the timing of these events with historical records of storms and tsunamis such as the tsunamis 836 
generated by the devastating MW 7.5 Port Royal earthquake of June 1692 and the MW 6.5 Great 837 
Kingston earthquake of January 1907. We found evidence of four washover events, which are 838 
characterised broadly by the influx of beach and nearshore bioclastic carbonate sands and 839 
marine organic fragments, recorded within the lagoon during the last ~1200 years. Of these, we 840 
argue that Washover Unit 2 not only fulfils the basic criteria for a tsunami deposit but also 841 
corresponds to the window of time that encapsulated both the 1692 Port Royal Earthquake and 842 
1907 Great Kingston earthquakes, with the range of calibrated radiocarbon ages favouring the 843 
latter event with a 71% probability. However, the sedimentological, geochemical and 844 
microfaunal evidence are equivocal and may equally represent a sand lens emplaced during a 845 
storm surge associated with the passage of a tropical cyclone. The remaining Washover Units 3 846 
(1290-1400 CE) and 4 (before 768-900 CE) are similar compositionally to their modern analogue 847 
counterpart (Washover Unit 1) and, given the lack of historical evidence for the occurrence of 848 
tsunamis in Jamaica during those times, were most likely emplaced during the passage of 849 
tropical cyclones. 850 
 851 
While our approach was unable to attribute a specific cause to the historical and palaeo 852 
washover events, our multiproxy approach shows promise for the detection of extreme 853 
washover events that are not clearly visible within the sediment record (See section 5.1 above). 854 
Indeed, reconstructions of hurricane activity based on Loss-on-Ignition or grain-size analyses 855 
alone, have been shown to underestimate the return period of tropical cyclones (e.g. Donnelly 856 
and Woodruff, 2007; Woodruff et al., 2008) in turn hampering assessments of the natural 857 
return periods of tropical cyclones. Given that marine incursion events are often associated 858 
with rapid changes in salinity (Engel et al., 2012, 2013), whether it be a freshening of an already 859 
hypersaline lagoon or an increase in salinity in a fresh-brackish water lagoon, the improved 860 
detection of these rapid changes using a combination of geochemical and microfaunal analyses 861 
is likely to improve estimates of the natural return periods of tropical cyclones recovered from 862 
tropical lagoon settings across the Caribbean and beyond.    863 
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Fig. 1 The tectonic plate boundaries of the Caribbean Region and surrounding areas. The plate 1283 
boundaries are redrawn from Muhs et al. (2017). The location of the study areas, Jamaica is 1284 
shown (red box). EPGFZ: Enriquillo-Plantain Garden fault zone, WFZ: Walton fault zone , GMP: 1285 
Gonâve Microplate. Figure created in Adobe Illustrator 2019. 1286 
 1287 
Fig. 2 Location map of Manatee Bay. Maps showing: (a) the location of Manatee Bay in Hellshire 1288 
Hills on the southeast coast of Jamaica, (b) an aerial Google Earth satellite image dated 1289 
03.08.2006 showing the location and extent of the washover fan prior to Hurricane Dean, and 1290 
likely emplaced by Hurricane Ivan (c) an aerial Google Earth satellite image dated 29.01.2010 1291 
showing the location and extent of the washover fan which was emplaced following Hurricane 1292 
Dean, (d) the location of the piston sediment cores recovered from the Manatee Bay lagoon in 1293 
October-November 2010, and the location of the modern washover fan in c, d, and e (red box), 1294 
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(e) an oblique view looking south east over the modern washover fan which is located at the 1295 
eastern edge of the lagoon. Image taken November 2010. Figure created in Adobe Illustrator 1296 
2019 1297 
 1298 
Fig. 3 Diagram illustrating the location of cores recovered across transects. Sedimentary logs for 1299 
each core are shown highlighting the location of the Washover Units as well as the location of 1300 
radiocarbon dated samples presented in calendar years BP (cal YBP). Figure created in Adobe 1301 
Illustrator 2019 1302 
 1303 
Fig. 4 Core image, log and sediment description of sediment core MB-4. The four Washover 1304 
Units (1-4) are distinguished based on the composition of the sediment specifically carbonate 1305 
and organic content, Munsell color, skeletal constituents, ostraocods. Figure created in Adobe 1306 
Illustrator 2019 1307 
 1308 
Fig. 5 Core image, log and sediment description of sediment cores MB-1, MB-4, and MB-7 1309 
plotted alongshore the full µ-XRF scans for strontium (Sr), calcium (Ca), the ratio of sedimentary 1310 
calcium to strontium (Ca/Sr), organic carbon (inc/coh), bromine (Br), iron (Fe), chlorine (Cl). All 1311 
elemental profiles are presented as normalized units and organic carbon was measured using 1312 
the ratio of Compton and Raleigh scattered intensities. Figure created in Adobe Illustrator 2019 1313 
 1314 
Fig. 6 Ostracod Assemblage Zones (OAZ) 1-5 for Core MB-7 as determined using 1315 
stratigraphically-constrained cluster analyses. Ostracod counts represent the number of 1316 
specimens (valves and carapaces) counted per 1cm3 at each sampled depth. 1317 
 1318 
Fig. 7 SEM images of ostracod specimens from Manatee Bay. L = length, H = height (both in 1319 
mm); RV = right valve, LV = left valve. Arrows point in anterior direction. (1-5) Cyprideis 1320 
edentata, (1) male external lateral view of RV, L=1.024, H=0.53. (2) male external lateral view of 1321 
LV, L=1.091, H=0.573.  (3) female external lateral view of LV, L=0.974, H=0.563) X 110, (4) 1322 
female, dorsal view of carapace, L=1.011, H=0.502. (5-8) Heterocypris punctata, (5) internal 1323 
lateral view of LV, L=1.294, H=0.796. (6) external lateral view of RV of A-1 instar, L=1.128, 1324 
H=0.68. (7)  external lateral view of LV of A-4 instar, L=0.669, H=0.407. (8) Dorsal view of 1325 
carapace of A-3 instar, L=0.777, H=0.36. (9) Parapontoparta subcaerulea Carapace, RV visible, 1326 
L=0.584, H=0.299. (10-12) Perissocytheridea cribrosa, (10) external lateral view of female LV, 1327 
L=0.507, H=0.29. (11) female, dorsal view of carapace, L=0.52, H=0.282) X 220. (12) male 1328 
external lateral view of LV, L=0.538, H=0.272 1329 
 1330 
Table 1 Radiocarbon dates for the last 1200 calibrated years from the Manatee Bay sediment 1331 
record. Dates marked in bold are more strongly weighted in the age depth model 1332 
 1333 
 1334 
 1335 
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Online Resource 1 Core MB-4 image, log and plots of LOI950 (% carbonates), LOI550 (% organics) 1336 
and ITRAX-derived organic carbon counts (Compton (incoherent) and Raleigh (coherent) 1337 
scattered intensities) and Bromine (Br) counts. 1338 
 1339 
Online Resource 2 Core image, log and sediment description of sediment core MB-7 based 1340 
on the composition of the sediment specifically carbonate and organic content, Munsell color 1341 
and 1342 
skeletal constituents.  1343 
 1344 
Online Resource 3 Ontogeny of the four main ostracod species from each of the sampled 1345 
depth ranges in core MB-7 illustrating the Ostracod Assemblage Zones (OAZ) 1-5. Counts 1346 
represent the number of specimens (valves and carapaces) counted for each species and moult 1347 
stage (A – A-5) within a 1 cm3 sample.  1348 
 1349 
Online Resource 4 Ontogeny of the four main ostracod species from surface samples from 1350 
core MB-7. Counts represent the total number of specimens (valves and carapaces) counted for 1351 
each species and moult stage (A – A-5) within a 1 cm3 sample. 1352 
 1353 
Online Resource 5 Image of exploratory core samples of the washover fan revealing a thin band 1354 
of authigenic carbonate muds separateing the two washover fan deposits at the top of the 1355 
core. 1356 
 1357 
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Lab code Core Material Depth (cm) δ13C (‰) Age (14C yr BP) 2σ Calibrated cal AD Probability (%) 

Beta - 300722 MB-1 Articulated bivalve 90 -6.8 1100 +/- 30 BP 886-1013 95.4 

Beta - 300723 MB-4 Bulk organics 34 -25.4 70 +/- 30 BP 1691-1730 24.3 
1810-1924 71.1 

Beta - 336501 MB-7 Ruppia achenes 39-40 -22.0 620 +/- 30 BP 1292-1401 95.4 
Beta - 336502 MB-7 Ruppia achenes 86-87 -18.7 1180 +/- 30 BP 730-736 0.7 

768-900 87.5 
920-951 7.2 

Beta - 336503 MB-12 Mangrove leaf fragments 72 -27.4 620 +/- 30 BP 1292-1401 95.4 

Table 1
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