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Introduction and aims

The increase in intensity and destructiveness of hurricanes 
over the past few decades has been subject of discussions 
in a number of publications (e.g., Goldenberg et al. 2001; 
Emanuel 2005; Webster et al. 2005). The underlying causes 
for this phenomenon are not entirely clear; however, North 
Atlantic hurricane activity has been linked to increasing 
sea surface temperatures (SSTs) (Emanuel 2005; Hoyos 
et al. 2006; Saunders and Lea 2008; Donnelly et al. 2015), 
with an increase in frequency (Webster et al. 2005) and an 
increase in intensity of the strongest events (Elsner et al. 
2008). The increase in SSTs since the late nineteenth cen-
tury has been related to the sensitivity of Atlantic hurricanes 
to increasing atmospheric concentrations of greenhouse 
gasses (e.g., Emanuel 2005; Webster et al. 2005; Santer 
et al. 2006; Gillett et al. 2008; Knutson et al. 2010), inter-
nal climate variations (Goldenberg et al. 2001; Zhang and 
Delworth 2006, 2009) and reduced aerosol or dust forcing 
(Mann and Emanuel 2006; Evan et al. 2009). Simulations 
and modeling have yielded variability and uncertainties 
of hurricane activities, which may be associated with dif-
ferent model predictions (Emanuel et al. 2008). However, 
most studies agree that there will be century-scale increases 
in Atlantic tropical cyclone activity (e.g., Mann and Ema-
nuel 2006; Holland and Webster 2007) and an increase in 
intensity and frequency of high-magnitude storms and a 
decrease in overall frequency of hurricanes by the end of 
the twenty-first century (Bender et al. 2010; Knutson et al. 
2010).

As the most active area for tropical hurricanes in the 
North Atlantic (Donnelly 2005), the Caribbean is an area 
of interest for paleotempestology studies. The Belize 
coast, located in the western Caribbean, is vulnerable to 
hurricanes. The hurricane data (HURDAT), maintained 
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by the National Oceanic and Atmospheric Administration 
(NOAA), provides Atlantic hurricanes and tropical storms 
recorded since 1851 (Fig. 1; Table 1). The terms major hur-
ricane and intense hurricane refer to storms of category 3 
or higher, according to the Saffir–Simpson scale. Storms 
affected northern and southern Belize more frequently than 
central Belize during recorded history. Density of storm 
tracks is highest in northern Belize and storm tracks typi-
cally run northwestward (Fig. 1). Since 1864, five major 
hurricanes of category 3 or higher and 14 hurricanes of cat-
egories 1 and 2 made landfall on the Belize coast. Major 

hurricanes include an unnamed hurricane in 1931, Janet in 
1955, Hattie in 1961, Greta in 1978 and Iris in 2001. The 
major hurricane Keith, which struck Belize in 2000, weak-
ened over the offshore Belize atolls and made landfall as a 
tropical storm. Major hurricanes Hattie and Greta impacted 
the study area in the vicinity of Mullins River Beach and 
Colson Point. Two hurricanes struck the Belize coast close 
to the study area, an unnamed in 1906 and Richard in Octo-
ber 2010. 

Paleotempestology is an approach for assessing hurri-
cane landfall probabilities by means of geological records 
of past hurricane strikes (Liu 2004). Storm records can 
be used to identify changes in hurricane climatology over 
the past years, also for the unrecorded time before 1851. 
Extending the historical and prehistoric record of tropical 
cyclone activity would support the ability to predict activity 
changes, including characteristics such as frequency, track, 
intensity and size that may occur in the future (Murnane 
2004). Several geologic proxies have been used in pale-
otempestology. These include sediment-based proxies such 
as overwash deposits, wave- or flood-generated structures 
or deposits (tempestites) as well as micropaleontological 
proxies such as microfossils, and climatic proxies such as 
tree rings, oxygen isotherms from speleothems and corals 
(Liu 2004, and references therein). Paleohurricane records 
have mainly been generated by means of identification 
and analysis of overwash sand layers in sediment cores 
obtained from coastal wetlands, typically from coastal 
lakes, lagoons and marshes along the Atlantic U.S. coast 
(e.g., Donnelly et al. 2001a, b, 2004; Scott et al. 2003), 
the Gulf of Mexico (Liu and Fearn 1993, 2000a, b; Liu 
2004; Lane et al. 2011; Brandon et al. 2013) and the Carib-
bean (Donnelly and Woodruff 2007; McCloskey and Kel-
ler 2009; Malaizé et al. 2011; McCloskey and Liu 2012). 
These records provide evidence of hurricane strikes dating 
back up to several thousand years and imply alternating 
periods of intense and reduced hurricane activity (e.g., Liu 
and Fearn 1993; Donnelly and Woodruff 2007; McCloskey 
and Liu 2012). However, storm records may be inconsist-
ent among different regions (e.g., Mann et al. 2009). Stod-
dart (1962) and High (1969) documented geomorphologi-
cal and sedimentological effects of hurricanes on Belize 
reefs and cays. Gischler et al. (2008, 2013) and Denommee 
et al. (2014) used coarse-grained layers intercalated in the 
muddy, annually laminated deposits of the offshore Blue 
Hole (Lighthouse Reef) to develop highly resolved storm 
records reaching back some 1.4 kyrs. But up to now only 
few studies have presented paleohurricane records obtained 
from the Belize coast (McCloskey and Keller 2009; 
McCloskey and Liu 2012). Aim of this study was to iden-
tify storm deposits in cores from the central Belize coast, to 
figure out active and quiet periods and to assess the results 
in comparison with other records in order to evaluate the 

Major Hurricane
Hurricane
Tropical Storm
Tropical Depression

Iris

Hattie

Greta

Unnamed

Janet

N

Guatemala

18
°

17
°

18
° 3

0’
17

° 3
0’

16
°

16
° 3

0’

88°88° 30’89°

Maya Mountains

Mexico

C
EN

T
R

A
L 

 S
.  L

.

Gulf of
Honduras

ML
MRB

CP

SLG
ua

te
m

al
a

N
O

RT
H

ER
N

   S
.   

L.

SOUTHERN 

    
    

    
    

    
    

    
  S

HE
LF

 LA
G

O
O

N

Ba
rr

ier
 R

ee
f

Caribbean Sea

Turne�e

Lighthouse

Glovers

Chetumal
Bay

Mexico

CBi
Dangriga

Belize City

10 km

Fig. 1  Location map of Belize showing coring sites along the cen-
tral coast of Belize. The inset map in the upper left shows the loca-
tion of Belize in the Caribbean region (map after Montaggioni and 
Braithwaite 2009). Asterisks mark the localities Manatee Lagoon 
(ML), Colson Point Lagoon (CP), Commerce Bight Lagoon (CBi) 
and Sapodilla Lagoon (SL). Lines indicate approximate storm tracks 
recorded since 1851. Storm type refers to strength of storms dur-
ing landfall at the coast. Storms are listed in Table 1. Source: U.S. 
National Hurricane Center (NOAA 2015)
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Table 1  Storms that struck 
the Belize coast recorded since 
1851

Year Date Name Area of Belize Type (at landfall) Wind (kt; max.) Category

1864 Aug 26–Sep 1 – Northern Belize Hurricane 70 1

1870 Oct 30–Nov 30 – Northern Belize Hurricane 70 1

1892 Oct 5–16 – Northern Belize Hurricane 85 2

1893 Jul 4–7 – Northern Belize Hurricane 85 2

1898 Sep 12–22 – Northern Belize Tropical Storm 50 –

1898 Oct 27–Nov 4 – Northern Belize Tropical Storm 51 –

1904 Sep 28–Oct 4 – Northern Belize Tropical Storm 70 –

1906 Oct 8–23 – Northern, Central B. Hurricane 105 3

1916 Aug 27–Sep 2 – Northern Belize Tropical Storm 70 1

1917 Jul 6–14 – Central Belize Tropical Depression 45 –

1918 Aug 22–26 – Southern Belize Hurricane 90 2

1921 Jun 16–26 – Northern Belize Tropical Storm 80 1

1924 Jun 18–21 – Northern Belize Tropical Storm 40 –

1926 Oct 3–5 – Southern Belize Tropical Depression 35 –

1931 Jul 11–17 – Northern Belize Tropical Depression 60 –

1931 Aug 10–19 – Central Belize Tropical Storm 50 –

1931 Sep 6–13 – Northern Belize Major Hurricane 115 4

1931 Sep 8–16 – Northern Belize Tropical Storm 85 2

1931 Nov 11–16 – Northern Belize Tropical Storm 45 –

1932 Sep 25–Oct 2 – Southern Belize Tropical Storm 125 –

1932 Oct 7–15 – Northern Belize Tropical Storm 60 –

1933 Jul 14–24 – Northern Belize Tropical Storm 45 –

1933 Sep 16–25 – Northern Belize Tropical Storm 140 4

1934 Jun 4–18 – Southern Belize Tropical Storm 85 2

1938 Oct 10–17 – Northern Belize Tropical Storm 50 –

1940 Sep 18–25 – Northern Belize Tropical Storm 45 –

1941 Sep 23–30 – Southern Belize Hurricane 105 3

1942 Sep 15–22 – Central Belize Tropical Storm 45 –

1942 Nov 5–11 – Northern Belize Hurricane 85 2

1943 Oct 20–23 – Southern Belize Tropical Storm 40 –

1945 Aug 29–Sep 1 – Northern Belize Tropical Storm 50 –

1945 Oct 2–5 – Southern Belize Hurricane 85 2

1954 Sep 24–27 Gilda Central Belize Tropical Storm 60 –

1955 Sep 21–30 Janet Northern Belize Major Hurricane 150 5

1956 Sep 21–25 Flossy Northern Belize Tropical Depression 80 1

1960 Jul 10–16 Abby Southern Belize Hurricane 85 2

1961 Jul 20–24 Anna Central Belize Hurricane 100 3

1961 Oct 27–Nov 1 Hattie Central Belize Major Hurricane 140 5

1964 Nov 5–10 – Northern Belize Tropical Depression 35 –

1969 Aug 29–Sep 4 Francelia Southern Belize Hurricane 100 3

1971 Sep 5–18 Edith Northern Belize Tropical Storm 140 5

1971 Nov 12–22 Laura Southern Belize Tropical Storm 60 –

1974 Sep 14–22 Fifi Southern Belize Hurricane 95 2

1977 Oct 16–19 Frieda Northern Belize Tropical Depression 40 –

1978 Sep 13–20 Greta Central Belize Major Hurricane 115 4

1980 Sep 20–26 Hermine Northern Belize Tropical Storm 60 –

1993 Sep 14–21 Gert Northern Belize Tropical Storm 85 2

1999 Oct 28–Nov 1 Katrina Northern Belize Tropical Depression 35 –

2000 Sep 28–Oct 6 Keith Northern Belize Tropical Storm 120 4

2001 Aug 14–22 Chantal Northern Belize Tropical Storm 60 –
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suitability of barrier–lagoon complexes for paleotempestol-
ogy reconstructions.

Study area

Belize (16°S to 18°30′S; 87°30′W to 89°30′W) is situated 
in Central America, in the southeastern area of the Yuca-
tán Peninsula, to the east bordered by the Caribbean Sea 
(Fig. 1). The climate is subtropical (Wright et al. 1959) and 
lies within the trade wind belt with prevailing easterly and 
northeasterly winds. The coast of Belize is a wave-domi-
nated, semidiurnal microtidal area with a tidal range of 
15–30 cm (Kjerfve et al. 1982). Annual rainfall increases 
from north to south from 124 to 380 cm, respectively 
(Purdy et al. 1975), reflecting mainland topography. Pre-
cipitation is highest during the summer (July–September). 
Drainage density is particularly high along the coast east 
of the Maya Mountains (High 1975); however, there are no 
systematical data available on river discharge. Mean sea 
surface temperatures of the shelf range from 28.9 °C during 
summer to 26.2 °C during winter (e.g., Purdy et al. 1975). 
Surface water salinity decreases from ca. 35 ‰ at the shelf 
margin to ca. 18 ‰ near the coast, and northward into Che-
tumal Bay and southward into the Gulf of Honduras (Purdy 
et al. 1975). Sedimentary facies of the shallow northern 
shelf are carbonate-dominated. The deeper southern shelf 
harbors a mixed system and is characterized by a siliciclas-
tic to carbonate transition with an eastward increase in car-
bonate content (Pusey 1975; Scott 1975; Purdy et al. 1975; 
Purdy and Gischler 2003). The coast of Belize, which has 
low relief, is dominated by barrier–lagoon complexes (High 
1966). The coastal lagoons are usually extensively fringed 
by the red mangrove Rhizophora mangle. The major pro-
cesses supplying sediment to coastal environments include 
river transport, shore erosion, southerly longshore currents, 
tides, washovers and wind (Nichols and Boon 1994). Sedi-
ments delivered to the coast from the sea are mainly trans-
ported by longshore and tidal currents. Material from the 
hinterland is transported into coastal lagoons by creeks. 

The main sediment sources are the Maya Mountains and 
surrounding areas, where Paleozoic igneous, metamorphic 
and siliciclastic rocks and Cretaceous to Tertiary carbon-
ates crop out. The coastal lowland is largely composed of 
unconsolidated Quaternary detrital sediments. A minor 
contributor is the offshore marine realm.

Today, muddy substrate and low current velocities pre-
dominate in the coastal lagoons selected for this study. 
Salinity in the lagoons, which hardly get deeper than 
about 1 m, is brackish and ranges from 4 to 27 ‰ (Ado-
mat and Gischler 2015). (1) Manatee Lagoon is more than 
10 km long and part of an even larger coastal lagoon sys-
tem that is separated from the Belize shelf by an up to 
2-km-wide swampy area with mangroves, bordered by 
a sand ridge with palm tree and palmetto vegetation and 
a seaward beach (Fig. 2a). The lagoon is connected with 
the sea by Manatee River. Quashi Trap Lagoon is a 2-km-
long, shallow basin between Manatee Lagoon and the 
Belize shelf and connected to Manatee Lagoon by a shal-
low, ca. 500-m-long channel. (2) The Mullins River Beach 
area includes a swampy area bordered on the seaside by 
a sandy beach ridge (Fig. 2b). Much of the vegetation of 
the backshore area has recently been cleared for construc-
tion and connected with the Northern Highway to the west 
by an artificial causeway. (3) Colson Point Lagoon has a 
complex outline and is about 2 km wide (Fig. 2c). It is fed 
from the west by Big Creek and connected to the sea to 
the north by a complex system of strongly meandering and 
bifurcating creeks. A ca. 500-m-wide mangrove area sepa-
rates the lagoon from the Belize shelf toward the east. (4) 
Commerce Bight has a more or less circular outline with 
an approximate diameter of 1.3 km and a pronounced tidal 
delta in the south (Fig. 2d). To the south, a ca. 2-km-long, 
small creek connects the lagoon basin with the adjacent 
Belize shelf. The width of the densely vegetated sandy 
ridge separating the lagoon from the sea is ca. 100 m. (5) 
Sapodilla Lagoon is an elongated, ca. 3-km-long lagoon 
with a ca. 135-m-wide inlet in the northeast that connects 
to the Belize shelf (Fig. 2e). It is separated from the shelf 
by a ca. 200-m-wide spit densely vegetated by mangroves. 

Tracks of storms are shown in Fig. 1

Source U.S. National Hurricane Center (NOAA 2015)

Table 1  continued Year Date Name Area of Belize Type (at landfall) Wind (kt; max.) Category

2001 Oct 4–9 Iris Southern Belize Major Hurricane 125 4

2008 May 31–Jun 1 Arthur Northern Belize Tropical Storm 40 –

2010 Jun 25–Jul 2 Alex Northern Belize Tropical Storm 95 2

2010 Sep 23–26 Matthew Southern Belize Tropical Storm 50 –

2010 Oct 20–25 Richard Central Belize Hurricane 85 2

2011 Aug 19–22 Harvey Central Belize Tropical Storm 55 –

2013 Jun 17–20 Barry Southern Belize Tropical Depression – –
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The lagoon is fed by Cabbage Haul Creek entering at the 
southwestern lagoon margin.

Methods

Fieldwork took place in July and August 2011. A port-
able vibracorer (Lanesky et al. 1979) and 5.9-m-long alu-
minum tubes with a diameter of 7.5 cm, equipped with a 
copper core catcher, were used for coring. The five coring 

sites are located along the central Belize coast (Figs. 1, 2; 
Table 2). A total of 26 cores with a total length of 73 m 
were obtained. Core length ranged from 1.1 to 5 m. Com-
paction of sediment ranged between 0 and 65 %, with an 
average of 23 %. In the following, core depths are cor-
rected for compaction by multiplying thicknesses of all 
sediment types with the compaction factor obtained from 
core depth and penetration depth (Table 2). One compac-
tion factor was calculated for each core. In the laboratory, 
core tubes were cut in halves lengthwise using an angle 

Fig. 2  Aerial photographs 
showing coring sites (satellite 
images from Google Earth). 
a Manatee Lagoon (Quashi 
Trap Lagoon). b Mullins River 
Beach. c Colson Point Lagoon. 
d Commerce Bight Lagoon. e 
Sapodilla Lagoon
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grinder and knife. Photograph documentation and core 
description were carried out, including descriptions of 
lithology, thickness, sedimentary structures and sedimen-
tary contacts. Potential event deposits were identified by 
visual examination of cores and based on sediment tex-
ture (sieve analysis). Sediment was washed through 2- and 
1-mm, and 500-, 250-, 125- and 63-µm sieves for grain size 
analysis and to isolate shells from the sediment. Samples 
of organic matter, bivalve shells and corals were selected 
to date possible event deposits. Age-dating was undertaken 
by Beta Analytic Inc., Miami, Florida, using accelerator 
mass spectrometry (AMS). Radiocarbon ages were con-
verted to calendar years using Intcal09 (Talma and Vogel 
1993). Calibrated ages are given with a 2 σ error range. For 
calibration of carbonate shells, the Marine09 database was 
applied, and for peat and organic sediments, the Intcal09 
database was applied. The variables used in the calculation 
for marine reservoir effect correction of carbonate shells 

are Delta-R = 120 ± 27 and Glob res = −200 to 500. A 
complete list of the radiocarbon ages is shown in Table 3.

Results

Sediments

Holocene and Pleistocene sediments were recovered in 
the vibracores (Adomat and Gischler 2015). Facies suc-
cessions and distribution do not show uniform patterns but 
strong local variation. Sediments comprise Holocene peat 
and peaty sediment, mud, sand and poorly sorted sedi-
ments. Pleistocene soils form the basement of Holocene 
sediments. Coastal lagoon evolution started around 6 kyrs 
BP. Lagoon cores are predominantly composed of mud and 
peat units with mangrove roots and occasional shell con-
centrations. From north to south, the major characteristics 

Table 2  List of all cores drilled at Manatee Lagoon (ML), Mullins River Beach (MRB), Colson Point Lagoon (CP), Commerce Bight Lagoon 
(CBi) and Sapodilla Lagoon (SL)

a Elevation estimated

Core Coordinates Water depth (cm) Core length (cm) Penetration depth (cm) Compaction (%)

Latitude Longitude

ML 1 N 17°13′50.3″ W 88° 18′13.5″ 40 122.5 349 64.90

ML 2 N 17° 12′41.5″ W 88° 18′46.2″ 57 452 478 5.44

ML 3 N 17° 12′41.8″ W 88° 18′53.3″ 93 274 302 9.27

ML 4 N 17° 12′41.0″ W 88° 19′03.2″ 73 437 464 5.82

ML 5 N 17° 12′39.8″ W 88° 18′13.8″ 100 432 500 13.60

MRB1 N 17° 07′11.4″ W 88° 18′00″ 81 394 499 21.04

MRB2 N 17° 07′11.6″ W 88° 18′02.2″ +100a 344 456 24.56

MRB3 N 17° 07′10.5″ W 88° 18′05.5″ 0 269 305 11.80

MRB4 N 17° 07′10.6″ W 88° 18′06.6″ 0 297 366 18.85

CP 0 N 17° 03′37.6″ W 88° 15′11.8″ 58 318 338 5.90

CP 1 N 17° 03′25.7″ W 88° 15′22.2″ 64 261 343 23.90

CP 2 N 17° 03′04.3″ W 88° 15′48.1″ 88 168 257 34.60

CP 3 N 17° 03′12.9″ W 88° 16′13.6″ 72 264 360 26.70

CP 5 N 17° 03′27.1″ W 88° 16′26.8″ 57 99 109 9.17

CP 6 N 17° 03′15.3″ W 88° 14′37.9″ 50 206 307 32.90

CBi 1 N 16° 54′04.5″ W 88° 16′55.9″ 78 244 285 14.40

CBi 2 N 16° 54′08.2″ W 88° 17′17.0″ 102 228 251 9.20

CBi 3 N 16° 53′55.3″ W 88° 17′42.2″ 76 179 179 0.00

CBi 4 N 16° 53′18.6″ W 88° 17′22.7″ 56 154 286 46.20

CBi 5 N 16° 53′18.1″ W 88° 17′21.6″ 12 220 458 51.90

SL 1 N 16° 45′52.4″ W 88° 18′47.7″ 109 271 366 26.00

SL 2 N 16° 45′52.5″ W 88° 18′58.3″ 96 238 384 38.00

SL 3 N 16° 45′50.8″ W 88° 19′08.0″ 78 325 453 28.26

SL 4 N 16° 45′22.0″ W 88° 19′05.8″ 69 256 386 33.68

SL 5 N 16° 46′30.4″ W 88° 18′01.9″ 94 457 489 26.18

SL 6 N 16° 45′48.4″ W 88° 18′43.7″ 109 388 440 11.80
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of the sedimentary successions are as follows: In Mana-
tee Lagoon, the Pleistocene basement dips toward the sea 
and is overlain by mud with shell concentrations (Fig. 3). 
Silt to fine sand and muddy sand occurs in the most sea-
ward lagoon core. Cores from the marginal area show bar-
rier sand, which overlie mud to fine sand. At Mullins River 
Beach, mud predominates, which may have been deposited 
in a reed swamp (Fig. 4). In some core sections, sand and 
laminated sediment were observed. Holocene sediments 
from Colson Point Lagoon predominantly comprise mud 
with shell concentrations, which is intercalated by man-
grove peats and peaty sediments (Fig. 5). The underlying 
Pleistocene deposits exhibit considerable relief. In Com-
merce Bight Lagoon, mud overlies muddy sands (Fig. 6). In 
the backbarrier core, sand alternates with silt to fine sand. 
The channel deposits comprise largely medium to coarse 
sand, which overlie micaceous silt to fine sand. Sediments 
from Sapodilla Lagoon consist of thick lagoonal muds and 

Holocene basal peats and peaty sediments (Fig. 7). Close 
to the river mouth (SL4) and the tidal inlets (SL5, SL6), 
coarse-grained sediments occur.    

Possible storm deposits and radiocarbon dating

Possible storm deposits have been identified in 18 cores 
from the five localities. These include sand layers marine 
fauna, shell concentrations, hiatuses and reversed ages 
(Tables 4, 5). Radiocarbon dating of the sand layers has 
proven difficult because no appropriate material for radio-
carbon dating was found. To obtain an approximate age of 
the sand deposits, organic matter from the top of the under-
lying sediments was selected for dating. This way, four of 
five sand layers have been dated. Further radiocarbon ages 
have been obtained from five corals and from bivalves from 
15 of 17 shell concentrations. The basal concentration in 
CP6 and the concentration in CBi3 were not age-dated. 
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Articulated bivalve shells and corals preserved in situ 
potentially to be used for dating were not available.

Manatee Lagoon

In cores from Manatee Lagoon, seven shell concen-
trations were observed in the lagoonal cores ML2, 
ML3 and ML4 (Figs. 3, 8a). Mollusk fauna within 
the lagoonal shell concentrations mainly comprise the 

bivalve Anomalocardia cuneimeris and cerithid gastro-
pods (Adomat et al. 2016). Besides Manatee Lagoon, 
lagoonal shell concentrations were also found in cores 
from Colson Point, Commerce Bight and Sapodilla 
Lagoon. Based on statistical analyses, seven assem-
blages were distinguished for these lagoonal concentra-
tions. Assemblage A1 comprises mainly A. cuneimeris 
and C. eburneum. In A2 and A3, the dominant species 
is A. cuneimeris. Assemblage A4 is a C. pliculosa/A. 
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cuneimeris assemblage with the former being the most 
abundant species. Assemblage A5 is an almost monospe-
cific assemblage, with of C. pliculosa and A. cuneimeris 
as dominant species. A6 comprises largely A. cuneimeris. 
A7 is an A. cuneimeris/C. pliculosa assemblage with 
the former being more abundant. Contacts between the 
shell concentrations and the under- and overlying sedi-
ments vary from sharp to gradational. The matrix of the 
lagoonal shell concentrations is fine-grained throughout 
and includes gray mud to fine sand. The shell concentra-
tion in the marginal marine core ML5, found at the base 
of a sand deposit close to the core top, contains marine 
mollusk fauna and shows a bioclast-supported fabric and 
a sharp contact to the underlying mud layer. One hia-
tus was found in core ML3 with a relatively old age of 
3610 ± 90 cal yr BP close to the core top. Hiatuses are 
indicated by relatively old radiocarbon ages at or close to 
core tops. The striking age reversal in core ML2 is pre-
sumably due to diagenetic alteration of the dated mollusk 
shells, thereby producing a relatively young age at the 
base of the Holocene section.

Mullins River Beach

A distinct sand layer was found in two cores from Mullins 
River Beach (Figs. 4, 8b, c). It extends for at least 62 m; 
from core MRB1 obtained about 57 m offshore to core 
MRB2 collected about 5 m west of the coastline (Fig. 2b). 
Thickness of the sand layer decreases landward. The sam-
ples yielded radiocarbon ages of 7875 ± 85 cal yr BP in 
MRB1 and 7890 ± 30 cal yr BP in MRB2 (Table 4). In the 
remaining two cores of the transect, MRB3 and MRB4, a 
similar sand layer could not be identified.

The 51-cm-thick sand layer in core MRB1 was found 
at a corrected core depth of 232–283 cm. The medium to 
very coarse sand is inversely graded and its color ranges 
from light olive brown to yellowish brown. Like the grain 
size, the content of the most abundant mineral, quartz, 
increases upwards from 76 to 89 %. In contrast, the sec-
ond most common mineral, microcline, decreases upwards 
from 19 to 4 %. No shell material was found in the sand. 
The contacts to the underlying and overlying deposits are 
sharp. The sand layer is overlain by an alternation of gray 
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level. Abbreviations highlight deposits, which are interpreted to be 
related to hurricanes. SC shell concentration. Dashed rectangles in 
CP1 and CP6 highlight core sections shown in Fig. 8
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mud and silt of about 120 cm thickness. The lamination in 
the lower 27 cm of this deposit is regularly spaced; further 
upcore the lamination is less regularly spaced.

The 1-cm-thick sand layer in core MRB2 was found at a 
corrected core depth of 394 to 395 cm and consists of light 
yellowish brown medium to coarse sand. The quartz and 
microcline content of the sand layer is 53 and 9 %, respec-
tively. Furthermore, this sand shows an andalusite content 
of 34 %, which is high compared with beach sands at the 
core top with less than 3 % andalusite and an andalusite 
content of the same-aged sand layer in core MRB1 of less 
than 6 %. The sand layer also lacks shells. Both contacts, 
to the underlying organic-rich gray mud to silt and to the 

overlying gray mud, are sharp. The overlying mud contains 
a 2-cm-thick silt layer. This deposit is similar to a deposit 
overlying the sand layer in core MRB1. In core MRB2, the 
planar laminated unit of gray mud and silt is about 41 cm 
thick and thus, like the sand layer, this deposit also shows 
landward thinning. It is overlain by another sand layer, a 
65-cm-thick micaceous silt to fine sand deposit, which 
shows a sharp but wavy lower contact and gradually merges 
into laminated fine-grained sediments. The lower portion of 
this micaceous silt to fine sand contains rip-up clasts from 
the underlying gray mud (Fig. 8b). The micas observed in 
these deposits are flaky and have larger grain sizes than the 
surrounding components.
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section shown in Fig. 8
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Colson Point Lagoon

As in Manatee Lagoon, shell concentrations are common 
in cores from Colson Point Lagoon. Ten shell concentra-
tions were observed in the cores CP0, CP1, CP2, CP3 and 
CP6, of which eight have been interpreted as possible storm 
deposits (Figs. 5, 8d). Faunal composition is similar to that 
of the lagoonal concentrations in Manatee Lagoon. The two 
basal shell concentrations in core CP6, which was collected 

in the marginal marine area, have probably been deposited 
in a lagoon environment (Adomat et al. 2016). These two 
shell concentrations in core CP6 are graded. In contrast to 
the basal concentrations, the two shell concentrations further 
upcore represent marginal marine deposits. In core CP2, a 
hiatus was found, showing an age of 2070 ± 90 cal yr BP 
close to core top. In core CP6 from the marginal marine 
area east of Colson Point, a sand layer of 3 cm thickness is 
interbedded with mangrove peat (Fig. 8e).
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Table 4  Characteristics and radiocarbon dates of possible overwash deposits including sand layers, marine fauna, hiatuses and reversed ages

a Vague due to sediment loss

? Unreliable radiocarbon age

Core Corrected thickness (cm) Type Sediment Lower contact Upper contact Sediment structures

MRB1 51 Sand layer Medium to very coarse sand Sharp, planar Sharp, planar Inverse grading, landward 
thinning, overlain by lami-
nated fine-grained sediments

MRB2 1 Sand layer Medium to coarse sand Sharp, planar Sharp, planar Landward thinning, overlain 
by laminated fine-grained 
sediments

MRB2 27 Sand layer Silt to fine sand Sharp, wavy Gradational Rip-up clasts at base, mica-
ceous, overlain by laminated 
fine-grained sediments

CP6 3 Sand layer Medium to coarse sand Sharp, planar Sharp, planar Sandwiched between man-
grove peat

SL5 32 Sand layer Fine sand Sharp, wavya Sharp, planara Overlain by laminated fine-
grained sediments

CBi1 248 Marine fauna Coral fragments, coarse to 
very coarse sand

Gradational Gradational Overlying sands partially 
normally graded

CBi4 11 Marine fauna Coral fragments, brackish to 
marine mollusks, coarse to 
very coarse sand

Gradational Gradational None

CBi5 447 Marine fauna Coral fragments, marine  
mollusks, coarse to very 
coarse sand

Gradational Gradational None

ML3 0–21 Hiatus Mud overlying shell conc. Gradational None None

CP2 0–11 Hiatus Mud overlying shell conc. Gradational None None

CBi2 0–52 Hiatus Mud overlying muddy peat Gradational None None

CBi5 323–438 Reversed age Change from silt to fine sand 
to medium to coarse sand

Sharp, wavy Gradational None

Core Dated material Conventional age (yr BP) Calibrated age (cal yr BP, 2 σ 
range)

Calibrated age (cal yr BP) BETA no.

MRB1 Organic matter of underlying 
organic mud

7050 ± 40 7960–7790 7875 ± 85 345343

MRB2 Organic matter of underlying 
organic mud

6950 ± 40 7920–7900, 7860–7680 7910 ± 10, 7770 ± 90 345346

MRB2 Organic matter within sand  
deposit

6160 ± 30 7160–6950 7055 ± 105 345345

CP6 Underlying mangrove peat 4550 ± 30 5320–5270,5220–5220,
 5180–5120,5110–5060

5295 ± 25, 5220,
 5150 ± 30, 5085 ± 25

307047

SL5 No age No age No age No age No age

CBi1 Coral fragment 4850 ± 30 5050–4840 4945 ± 105 317594

CBi4 Coral fragment 2130 ± 30 1680–1490 1585 ± 95 317600

CBi5 Three coral fragments from vari-
ous core depths

1. 1500 ± 30 1. 990–860 1. 925 ± 65 1. 317602

2. 3130 ± 30 2. 2850–2710 2. 2780 ± 70 2. 317603

3. 2220 ± 30 3. 1780–1570? 3. 1675 ± 105? 3. 317604

ML3 Bivalve shell 3820 ± 30 3700–3520 3610 ± 90 348285

CP2 Bivalve shell 2560 ± 30 2160–1980 2070 ± 90 307041

CBi2 Organic matter 4080 ± 30 4800–4760, 4690–4680,
 4646–4520, 4470–4450

4780 ± 20, 4685 ± 5,
 4580 ± 60, 4460 ± 10

348278

CBi5 Two coral fragments 1. 3130 ± 30 1. 2850–2710 1. 2780 ± 70 1. 317603

2. 2220 ± 30 2. 1780–1570? 2. 1675 ± 105? 2. 317604
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Commerce Bight Lagoon

Different possible storm deposits occur in cores from Com-
merce Bight Lagoon (Fig. 6). At the top of the lagoonal 
core CBi3, a shell concentration, dominated by A. cuneim-
eris and cerithids, was found. In the lagoonal core CBi2, 
a hiatus with an age of 4625 ± 175 cal yr BP in 50 cm 
core depth was observed. The backbarrier core CBi1 
shows medium to very coarse sand deposits and marine 
fauna that is represented by fragments of the branched 
coral Porites porites. The coral fragments and few mol-
lusk fragments are embedded in a ca. 5-cm-thick bed 
within medium to very coarse sands (Fig. 8f). Underlying 
and overlying sediments comprise mainly quartz sands 
without shells and are partially graded and sporadically 
intercalated with fine-grained sediments. No datable mate-
rial was found in these sands. One coral yielded an age of 
4945 ± 105 cal yr BP (Table 4). The peat layer, which is 

located about 12 cm below the coral-bearing sand deposit, 
was dated to 4967 ± 90 cal yr BP. Only in the uppermost 
20 cm of the backbarrier core, normal lagoon sediments of 
dark mud with brackish shells were found. P. porites frag-
ments were also found in cores CBi4 and CBi5 from the 
tidal channel of Commerce Bight, where they occur in fine 
to coarse sands, together with dispersed brackish to marine 
and marine mollusk shells, respectively. In the lower sec-
tion, core CBi5 exhibits an age reversal with older deposits 
overlying deposits of younger age.

Sapodilla Lagoon

At the base of Holocene sediments, the lagoonal core SL1 
shows a shell concentration with abundant specimens of A. 
cuneimeris and cerithids. The shell concentration in core 
SL5 is not interpreted to be storm generated. Core SL5 
contains a 32-cm-thick sand layer, which is overlain by 

Fig. 8  Close ups of selected cores showing possible storm depos-
its. Numbers indicate rounded calibrated radiocarbon ages in kyrs 
BP. Note that the tape measure indicates uncorrected core depths. 
Location of cores is shown in Fig. 2. a ML3; Lagoon shell concen-
tration (SC) overlying Pleistocene soil. b MRB2; Sand layer (S) 
with sharp contacts, overlain by laminations (L) of mud and silt. At 
top of the core micaceous sand layer with sharp lower contact and 
rip-up clasts (R). c MRB1; Upward coarsening sand layer (S) with 
sharp contacts, overlain by a planar lamination (L) of mud and silt. 

The thickness of the sand layer decreases landward from MRB1 to 
MRB2. d CP1; Lagoon shell concentration (SC) between Pleistocene 
soil and lagoonal mud. e CP6; Sand layer (S) in the basal portion of 
the mangrove peat. Bioturbation is recognizable in the upper portion 
of the peat and the lower lagoon shell concentration underlying the 
peat. Marine fauna with corals in the upper shell concentration over-
lying the peat. f CBi1; Coral fragments (MF) embedded in medium to 
coarse sand. g SL5; Sand layer (S), overlain by planar lamination (L). 
Fine sand was lost during cutting the core tube
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more consolidated fine-grained sediments with planar lami-
nation (Fig. 8g). Sediment structures could not be identified 
due to sediment loss during cutting the core.

In summary, the following deposits have been inter-
preted to be related to storm events: (1) five sand layers, of 
which three occur in two cores from Mullins River Beach, 
one in a core from Colson Point and one in a core from 
Sapodilla Lagoon; additionally, multiple sand deposits 
occur in the backbarrier and in the two tidal channel cores 
from Commerce Bight Lagoon. (2) Marine fauna identi-
fied in sands from the lower section of the backbarrier 
core and from two channel cores from Commerce Bight 
Lagoon (3) Sixteen lagoonal shell concentrations and one 
marginal marine shell concentration found in eleven cores 
from Manatee, Colson Point, Commerce Bight and Sapo-
dilla lagoons. (4) Three hiatuses occurring in lagoon cores 
from Manatee, Colson Point and Commerce Bight lagoons, 
and one reversed age in one core from Commerce Bight 
Lagoon.

Discussion

Interpretation of possible storm deposits

Sand layers

Overwash deposits in coastal lagoons are reported as grain 
size anomalies or sand layers in the fine-grained back-
ground sedimentation (e.g., Liu and Fearn 1993, 2000a; 
Lane et al. 2011). During overwash, storm surge and waves 
overtop the barrier crest and transport sediments landward. 
Overwash deposits consist of locally derived material from 
foredune, beach and nearshore environments and are typi-
cally well to poorly sorted fine to coarse sands (Donnelly 
and Webb 2004). In the study area, coarse-grained sedi-
ments are limited to the shoreface and foreshore, beach, 
barriers, barrier islands and barrier spits, whereas fine-
grained facies were deposited in lagoon basins, tidal flats 
and marsh areas (Adomat and Gischler 2015). Thus, we 
interpret the sand layers in cores MRB1, MRB2, CP6, 
SL5 to have been deposited during high-energy events. At 
the Mullins River Beach location, the beach separates the 
marsh environment from the sea. There is no evidence for 
the existence of a barrier or beach during time of deposition 
of the sand layer, but the geomorphological setting of this 
site has changed in the past. The absence of mollusk shells 
in the muddy sediments, compared with muds from the 
other locations, suggest that a lagoon did not develop dur-
ing the Holocene. Rather, a salt marsh or reed swamp envi-
ronment persisted at this location (Adomat and Gischler 
2015). Due to retrogradation of facies during Holocene 
sea-level rise, which is indicated by marine shells overlying 

lagoon shells in core CP6, it can be assumed that at Colson 
Point, the barrier had a more seaward position in the past, 
and at Mullins River Beach, a beach existed further sea-
ward during early stages of coastal development. The bar-
rier and the beach probably served as source for washover 
sands. At site SL5, the sand spit may have served as source 
for washover sands. More radiocarbon ages would be nec-
essary to clarify whether or not the spit already existed 
during the time of deposition of the sand layer. Some sand 
deposits in the cores have not been interpreted as storm 
deposits, because they lack typical textural and composi-
tional indications. Deposition of coarse-grained layers may 
be explained by other mechanisms such as riverine floods, 
eolian processes, sediment winnowing and tidal processes 
(Otvos 1999, 2002; Wallace et al. 2014). A landward retreat 
of barriers due to rising sea level and marine transgression 
may be an alternative explanation for these sand deposits.

Several diagnostic criteria suggest storm origin of the 
sand layers in cores MRB1, MRB2, CP6 and SL5. The 
gradual upward coarsening of the sand deposit in MRB1 
indicates deposition during a high-energy event. Gener-
ally, upward-fining trends of hurricane overwash deposits 
are observed, but inverse grading was also found in some 
places (Morton et al. 2007; Williams 2010). Spiske and 
Jaffe (2009) observed normal grading during setup and 
inverse grading during return flow and attributed them to 
decelerating and accelerating flow, respectively. Accord-
ing to Ferm et al. (1972), transgressive backbarrier deposits 
are generally coarsening upward sequences. The landward 
fining of the sand layer from core MRB1 to core MRB2 
indicates marine rather than fluvial origin (Switzer and 
Jones 2008, and references therein). The landward thinning 
of the deposit is indicative of overwash deposits (Liu and 
Fearn 2000a; Liu 2004), but thickness is dependent on local 
topography (Peters and Jaffe 2010). The unimodal but pre-
dominantly poor sorting suggests deposition during a storm 
event. Generally, storm deposits have a unimodal particle 
size distribution, whereas a bimodal (e.g., Goff et al. 2001, 
2004; Switzer and Jones 2008) and polymodal (e.g., Mor-
ton et al. 2008; Spiske and Jaffe 2009) grain size distribu-
tion is considered as being indicative of tsunami deposits. 
Modality, however, is site and source dependent. The simi-
lar ages and the fact that thickness and grain size increase 
from the proximal to the distal end of the overwash fan 
suggest deposition of the two sand layers during the same 
event. A sharp contact with the underlying sediments, as 
observed in the sand deposits in cores MRB1, MRB2, CP6 
and SL5, is another characteristic of overwash deposits 
(Donnelly et al. 2001a, b; Morton et al. 2007). According to 
Williams (2010), who used the presence of foraminifera as 
evidence for an offshore origin, the absence of foraminifera 
in sand layers does not necessarily rule out a marine ori-
gin of inshore deposits. Likewise, the lack of macrofauna 
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and foraminifera in the sand layers in cores MRB1, MRB2, 
CP6 and SL5 also does not exclude a storm origin of the 
deposits. The recent beach sand at the top of core MRB2 
does not contain shells either.

Rip-up clasts composed of the underlying sediment, as 
found in the upper sand deposit in core MRB2, are gener-
ally attributed to erosion of underlying sediment by tsuna-
mis due to higher velocity and energy of these events (Gel-
fenbaum and Jaffe 2003; Switzer and Jones 2008; Morton 
et al. 2007) and seem to be rare in storm deposits (Jaffe 
et al. 2008). However, Donnelly and Webb (2004) encoun-
tered rip-up clasts at the basal contacts of backbarrier hur-
ricane overwash deposits and assessed them as indicative 
of high-velocity currents.

Characteristics of both storm and tsunami deposits 
depend on available source material, offshore bathym-
etry, onshore topography and depositional environment 
(Kortekaas and Dawson 2007). In the study area, tsunamis 
that are triggered by seismic events cannot be excluded 
due to the nearby active Caribbean–North American plate 
boundary to the south. However, in the Caribbean the fre-
quency of major earthquakes is 1–2 orders of magnitude 
less than that of cyclone landfalls, and of the tsunami 
events recorded during AD 1492–2000, only four events 
could be verified (Lander et al. 2002). In general, islands of 
the eastern Caribbean (Greater and Lesser Antilles) seem to 
be more frequently affected by tsunamis than the continen-
tal areas in the west (Lander et al. 2002; O´Loughlin and 
Lander 2003). Tsunami deposits have been reported from 
many regions including the wider Caribbean, Australia and 
the Mediterranean (e.g., Lander et al. 2002; Scheffers and 
Kelletat 2003; Kelletat et al. 2004; Dominey-Howes et al. 
2006; Scheffers 2006; Switzer and Jones 2008). However, 
Morton et al. (2008) and Spiske et al. (2008) have ques-
tioned several published Caribbean examples of tsunami 
deposits and reinterpreted them as storm features. Several 
diagnostic criteria for the distinction of storm and tsunami 
deposits have been proposed (e.g., Scheffers and Kelletat 
2003; Morton et al. 2007; Switzer and Jones 2008), but 
many signatures are applicable to both storm and tsunami 
deposits (Switzer and Jones 2008).

Lamination of sediment was described as common diag-
nostic criterion for storm deposits and occurs as planar 
stratification with thin, often graded laminae and lamina-
sets, or as foreset bedding (Schwartz 1975; Morton et al. 
2007; Switzer and Jones 2008). The laminated sediments 
overlying sand layers as observed in cores MRB1, MRB2 
and SL5 (Fig. 8b, c, g) are interpreted to be associated with 
storm events. Only one of the five sand layers in the cores, 
core CP6, lacks overlying laminated sediments, due to dep-
osition in mangrove peat (Fig. 8e). The recurring stratig-
raphy of a sand layer with overlying laminated sediments 
probably reflects hydrodynamic inundation characteristics 

of a storm surge. In contrast to tsunamis, storms are limited 
only to unidirectional landward flow. However, Spiske and 
Jaffe (2009) described a complete hurricane surge sequence 
from a carbonate environment of Bonaire, the Nether-
lands Antilles, which shows bidirectional storm directions 
and consists of three sedimentary units corresponding 
to setup, peak and return flow of the storm surge. Storm-
induced sediment deposition takes place under primarily 
laminar flow conditions, during a period of hours to days 
(Tuttle et al. 2004). According to Morton et al. (2007), the 
absence of mud in most sandy storm deposits is the result 
of persistent high-velocity and nearly unidirectional flow 
during the storm. Fine-grained sediments in storm depos-
its result from late-stage deposition from suspension. Wil-
liams (2010) detected two sedimentation styles in one 
storm surge deposit. The author distinguished a thick sand 
fan that was deposited by traction load and a thinner, finer 
and more organic-rich blanket that was deposited from sus-
pension. Laminasets of alternating coarse and fine textures 
are indicative of high-frequency waves (Morton et al. 2007) 
and thin graded laminae are reported to be the result of 
individual waves during storm deposition (e.g., Sedgwick 
and Davis 2003; Switzer and Jones 2008). Laminations 
may be destroyed by bioturbation (Hennessy and Zarillo 
1987). Due to their flaky shape, micas that occur within 
the laminated deposits may be easily suspended and trans-
ported in water and successively settled from suspension 
(Jagodziński et al. 2009). Jagodziński et al. (2009) detected 
abundant mica flakes in the uppermost portion of a tsunami 
deposit, which probably have been transported by suspen-
sion. The authors explained their absence in the lower part 
of the deposit by bedload transport. Several inundation 
pulses during storms (sensu Switzer and Jones 2008) can be 
regarded as possible cause for the deposition of sand layers 
and overlying laminated sediments encountered during this 
study. Generally, the thickness of sandy tsunami deposits 
rarely exceeds 25 cm, whereas sandy storm deposits can be 
up to 10 times thicker (Morton et al. 2007; Bryant 2008).

Marine fauna

The coral fragments in core CBi1 indicate a marine source 
and are interpreted as overwash deposits. The medium to 
very coarse sands found in the core probably were also 
transported during overwash processes. Sedimentation of 
coarse sands with corals and dispersed marine mollusk 
shells in cores CBi4 and CBi5 also results from barrier 
overwash. The narrow sandy barrier is situated about 100 m 
from CBi1. Distance from coring sites CBi4 and CBi5 to 
the barrier is 55 m and 20 m, respectively. Interfingering 
of muddy and sandy deposits indicates that lagoon back-
ground sedimentation was repeatedly interrupted by over-
wash. Channel migration may also explain the presence of 
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sand layers. However, the wavy outline at the leeward side 
of the sandy barrier suggests that overwash is a common 
process in Commerce Bight Lagoon. Sedimentation of mud 
with brackish shells at the top of the core demonstrates a 
return to lagoonal conditions. According to Hippensteel 
(2010), overwash deposits are the product of reworking, 
and therefore, dates obtained from fossils of those depos-
its may represent the age of the fossils but not the time 
of storm deposition. Morton et al. (2008) also considered 
problems concerning the dating of specific events because 
there can be substantial time elapsed between the death of 
an organism and the incorporation of its skeletal material 
into the sediment. Hence, the ages of the corals obtained do 
not necessarily reflect the ages of the storm events, particu-
larly if they are not supported by other proxies. However, 
the radiocarbon age of the coral found in CBi1 seems to be 
a fairly reliable datum of overwash, because the age of the 
underlying peat was dated to be 20 years younger.

Shell concentrations

The accumulation of shells in the lagoons may have dif-
ferent origins: (1) deposition of shells by overwash dur-
ing high storm surges, (2) formation of storm lags as a 
product of sediment winnowing during storms and sub-
sequent accumulation of shells and (3) thriving of tol-
erant mollusk species due to changes in environmental 
conditions.

If the shells had accumulated during overwash events, 
both nearshore and marine mollusk species would be 
expected in the deposit. Overwash of marine species, 
mainly microfossils, into lagoons and lakes during storms 
is common (e.g., Hippensteel and Martin 1999; Morton 
et al. 2007; Hippensteel 2011; Pilarczyk and Reinhardt 
2011; Hippensteel and Garcia 2014). However, the domi-
nant species in the shell concentrations, A. cuneimeris, 
is known to tolerate a wide range of salinities. Turney 
and Perkins (1972) reported a salinity range of 13–80 ‰ 
in which living A. cuneimeris were found. A. cuneim-
eris lives in both enclosed and open hypersaline lagoons 
(Andrews 1935; Parker 1959). In Florida Bay, A. cuneim-
eris is restricted to the Northern Subenvironment, defined 
by only one species, which is greatly affected by freshwa-
ter drainage from the mainland (Turney and Perkins 1972). 
In Belize, taxonomic analysis including composition and 
diversity of mollusk species shows differences between 
the lagoonal shell concentrations and shell concentrations 
from the marginal marine area. Taphonomic analysis of A. 
cuneimeris, such as numbers of left and right valves (LR 
ratio) and size-frequency diagrams, suggests parautoch-
thonous life assemblages, which have not been transported 
over wide distances and which have been deposited in their 
original brackish habitat. These observations indicate that 

the shells have not been deposited during overwash pro-
cesses, and a marine origin can be excluded.

The second hypothesis is also invalid because the 
matrix of the shell concentrations is fine-grained and 
similar to lagoon background sediments. Storm lags typi-
cally lack fine matrix and have erosive bases (Brenner and 
Davies 1973). Only some contacts are sharp, and changes 
in composition between the underlying deposits and the 
shell concentrations were not found except for under- and 
overlying peats and soils. Furthermore, no taphonomic 
features that would reflect storm events, such as preferred 
orientation of valves, bioclast-supported fabric and dense 
packing, were observed in the shell concentrations. Grad-
ing in two shell concentrations is attributed to bioturba-
tion. Separate dating of several shells from one shell con-
centration would help to elucidate time averaging within 
the accumulation.

Since the shells are parautochthonous, they are inter-
preted to have accumulated episodically in the lagoons, 
probably during periods of favorable environmental condi-
tions. Episodic favorable conditions may have resulted from 
increased river drainage associated with storm landfall pre-
cipitation events lowering salinity. Alternatively, an increase 
in salinity due to marine inundation and low air pressure 
associated with storm surges is possible. High water lev-
els inshore of the barriers after storms can be caused either 
by floodwater runoff from the mainland or remnants of the 
storm surge (Morton 2002). Generally, an increase in salin-
ity as a result of inundation is postulated (Li et al. 2009). 
According to Liu (2004), a hurricane-induced storm surge 
can cause saltwater intrusion into low-salinity lakes, thereby 
producing abundance peaks of marine microfossils such 
as foraminifera, dinoflagellates and diatoms, even without 
significant overwash deposition (Li 1994; Hemphill-Haley 
1996; Zhou 1998; Collins et al. 1999; Hippensteel and Mar-
tin 1999; Liu et al. 2003). But the contrary has also been 
demonstrated. Hoese (1960) showed that heavy rainfall 
after drought led to a rapid decrease in salinity of more 
than 30 ‰, causing a mortality of stenohaline mollusks in 
the bay fauna of Mesquite Bay on the central Texas coast. 
A decrease in salinity after landfall of a hurricane was 
reported from a brackish water coastal backbarrier lake 
separated from the Gulf of Mexico and related to freshwa-
ter input from surrounding marsh area as a result of heavy 
rain (Liu et al. 2011). Changes in environmental conditions 
are probably related to changes in geomorphology during 
Holocene evolution of the lagoons, i.e., the formation of 
barriers and spits. Unfavorable conditions that allowed tol-
erant species such as A. cuneimeris and cerithids to flourish 
may have promoted the formation of shell concentrations. 
Storm events may have caused environmental variation 
such as salinity changes. In an area with highly variable 
precipitation such as in Belize, heavy rainy season or rain 
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events during a dry season are to be considered as alterna-
tive explanations for environmental changes. The record by 
McCloskey and Liu (2012) from Belize also exhibits a dual 
sensitivity to both wind and rain. The authors considered 
both seaward and landward input and discussed the link 
between hurricane activity and strong precipitation events. 
Profiles of terrestrial elements such as Fe, Ti, Cr, Mn, Zn 
and Ti and marine elements such as S, Cl and Br served as 
environmental proxies and helped the authors to distinguish 
between inland and seaward origin of sediments. In contrast 
to the lagoonal shell concentrations, which are considered to 
represent indirect evidence of storm events, the concentra-
tion together with the overlying sand deposit in the marginal 
marine core ML5 may represent direct evidence of storm 
deposition. This is suggested by its position at the base of 
the sand deposit, the densely packed, bioclast-supported 
nature and the sharp contact to the underlying mud layer. 
Origin of the shell concentration at the top of core SL5 from 
the tidal inlet to Sapodilla Lagoon is probably not storm 
related but rather formed due to higher energy in the tidal 
channel and the presence of a more diverse fauna related 
with mangrove vegetation.

Hiatuses and age reversals

The relatively old radiocarbon ages at or close to core tops, as 
observed in three cores from Manatee, Colson Point and Com-
merce Bight Lagoons, suggest erosion during high-energy 
events. McCloskey and Liu (2012) also recognized relatively 
old ages at top of cores from Commerce Bight Lagoon and 
interpreted them as the results of storm-induced erosion.

Age reversals, as observed in six cores from Mullins 
River Beach (MRB3) and Manatee, Colson Point, Com-
merce Bight and Sapodilla Lagoons (ML2, CP6, CBi2, 
CBi5 and SL5), also may indicate storm influence. How-
ever, only the age reversal in core CBi5 is interpreted to 
be storm influenced, since the dated corals are likely rede-
posited and further indications for storms such as coarse 
sands occur in the core. In the other five cores, age reversal 
is possibly due to diagenetic alteration of dated material, 
young root penetration from above and bioturbation. Ero-
sion and sediment mixing resulting in reversed ages may 
also be caused by other processes, such as river floods 
or tsunamis. However, in the study area a storm origin is 
quite likely. Limitations in radiocarbon dating may also be 
a conceivable explanation for reversed ages. Dated bivalve 
shell material may have undergone diagenetic alteration, 
which resulted in reversed ages as observed in cores ML2 
and SL5. Radiocarbon dating of organic matter from peats 
and peaty sediments may produce too young ages due to 
contamination by younger roots. This could explain the 
reversed ages in core CBi2. The relatively old date in 
MRB3 may be attributed to the charred nature of the dated 
organic material, resulting in a too old age. Bioturbation 
processes, which are indicated by reworking of sediment, 
wavy lower contacts and grading of shells, probably caused 
the reversed age in core CP6.

Comparison with other studies

In this study, some thirty potential event beds have been 
identified along the central Belize coast during a time 

Time (yr BP)

 Offshore Belize

NW Florida

Florida,
Alabama

 Belize coast

 Belize coast

}This study

Sand layer Coral Shell concentration

McCloskey and Liu,
2012

 St. Martin Malaizé et al., 2011

Puerto Rico Donnelly and Wodruff, 2007;
Woodruff et al., 2008 a, b 

Gischler et al., 2008, 2013

McCloskey and Keller, 2009

Liu and Fearn, 1993, 2000 

Active Inactive

0 1000 2000 3000 4000 5000 6000 7000 8000

Denommee et al., 2014 Offshore Belize

NW Florida Brandon et al., 2013

Lane et al., 2011 

Fig. 9  Ages of possible event deposits identified in the study area, 
compared with paleohurricane records from the Belize coast, offshore 
Belize, the Gulf Coast and the Antilles archipelago. Three periods 
with event deposits being more frequent can be recognized. Ages 

of different proxies, including sand layers, shell concentrations and 
corals, are shown in the diagram. Coral ages were only included if 
supported by other proxies as there is a possibility that they are older 
than the surrounding sediment
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interval of 8 kyrs (Tables 4, 5). Sand layers, shell concen-
trations and marine fauna, represented by corals, are inter-
preted as storm event beds and included in the diagram on 
Fig. 9. Due to the fact that 14C-ages from corals might be 
considerably older than the event deposits in which they 
occur, ages not supported by additional evidence have not 
been interpreted as being related to hurricane activity. Hia-
tuses, age reversals and the unreliable age of the shell con-
centration in ML2 are not figured because they exhibit a 
wide range of the ages and ages do not obligatorily indicate 
the time of hurricane landfall. A number of event deposits 
can be grouped into three phases occurring from 6000 to 
4900, from 4200 to 3600 and from 2200 to 1500 cal yr BP. 
In addition, there are two earlier events positioned around 
7900 and 7100 cal yr BP and more recent events centered 
around 180 cal yr BP and during modern times (Fig. 9). 
The fact that 5 major hurricanes have been recorded in the 
study area during the past 150 years but only one storm 
deposit during 250- to 300-year periods on average during 
the studied time interval of the past 8 kyrs clearly suggests 
incompleteness of the record. However, it is the best storm 
record there is from the studied interval in the area. The 
clustering of events during certain time periods furthermore 
allows to approximately contrast active and inactive storm 
intervals, thereby permitting comparisons with other pale-
otempestology studies. It has to be kept in mind, however, 
that determination of active and inactive periods based on 
the identified event deposits is debatable due to the low 
number of event deposits, the use of different proxies and 
the fact that the event deposits originate from several sites 
along the coast.

A comparison with storm activity data from other stud-
ies shows both coincidences and differences (Fig. 9). Iden-
tified storm events match best with data from McCloskey 
and Liu (2012) from south-central Belize. Furthermore, 
some temporal correlations with hurricane activity periods 
from Puerto Rico (Donnelly and Woodruff 2007; Woodruff 
et al. 2008a, b) exist. The hurricane frequency records from 
the Gulf of Mexico and the Antilles archipelago exhibit 
differences to the Belize records (Fig. 9). The comparison 
with the shorter high-resolution storm records from off-
shore Belize of Gischler et al. (2008, 2013) and Denommee 
et al. (2014) shows that correlation between storm layers, 
even in one region, is difficult. However, small discrepan-
cies even exist between these two offshore records.

Along the Belize coast, McCloskey and Keller (2009) 
obtained 15 cores with a maximum length of ca. 2.4 m 
from the coastal area about 1 km south of our study site, 
and six cores from Gales Point, about 3.7 km north of our 
study site. They interpreted interbedded sand and clay lay-
ers as storm deposits, correlated these to hurricane events 
and identified a period of clustered hurricane events rang-
ing from 4500 to 2500 yr BP and one extreme event around 

450 yr BP. McCloskey and Liu (2012) studied a transect 
of seven cores with a maximum core length of 3.1 m from 
the eastern area of Commerce Bight Lagoon. After ca. 
2000 yr BP, a change from a wetland to a lake environ-
ment occurred, according to these authors. They interpreted 
clastic layers of sand as storm deposits, being generated 
by storm surges and storm-induced precipitation events, 
and distinguished between active and quiet periods, lasting 
from several centuries to 1200 years. Within the 7000-year 
record, they identified six active periods: 6900–6700 yr 
BP, 6050–5750, 5450–4750, 4200–3200, 2600–1450 and 
600–200 yr BP. High-resolution data for the last 1500 years 
from the Belize Blue Hole sinkhole, located on the Light-
house Reef Atoll, suggest intense hurricane activity from 
500 to 800 yr BP, from 900 to 1300 yr BP (Gischler et al. 
2008, 2013) and from 650 yr BP to 1200 yr BP (Denom-
mee et al. 2014). Deviations between the two records are 
based on the fact that different minimal grain sizes have 
been used to define event layers, which resulted in different 
numbers of storm deposits.

Further studies from the Gulf Coast and the Carib-
bean have documented hurricane activity spanning the last 
7000 years. As proxy for the paleohurricane reconstruc-
tions, coarser grained deposits in fine-grained background 
sediments have been used. Lane et al. (2011) detected 
grain size anomalies in sediments from a coastal sinkhole 
at Apalachee Bay, NW Florida, and constructed both low 
and high threshold event chronologies with seven inter-
vals in the high threshold series that exhibit event frequen-
cies at or above three events per century. Brandon et al. 
(2013) yielded a period of increased intense hurricane 
frequency between 1700 and 600 yr BP from an adjacent 
area at Appalachee Bay. Sand layers in coastal lake and 
marsh sediments from Alabama and NW Florida indicate 
a hyperactive phase from 3400 to 1000 yr BP and quies-
cent phases from 5000 to 3400 yr BP and from 1000 yr 
BP to present (Liu and Fearn 1993, 2000a, b). However, 
the records by Liu and Fearn (1993, 2000a, b) have been 
intensively criticized by Otvos (1999, 2002). According 
to this author, most of the sand laminae, which have been 
related to overwash during catastrophic hurricanes by Liu 
and Fearn (1993, 2000a, b), have accumulated in a valley-
filled estuary. As Otvos (1999) noted, other sedimentary 
processes than storm-surge overwash may have served as 
sand sources. Furthermore, Otvos (1999, 2001, 2002) ques-
tioned the radiocarbon dates of Liu and Fearn (1993) and 
criticized that Liu and Fearn (2000a, b) treated the barrier 
as fixed although coastal barriers are dynamic systems and 
the sensitivity of a site to overwash may have changed over 
time. The record of intense hurricane activity established 
by Donnelly and Woodruff (2007) and Woodruff et al. 
(2008a, b) in Puerto Rican lagoons demonstrates intervals 
of relatively frequent intense hurricane strikes from 5400 to 
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3600 yr BP, from 2500 to 1000 yr BP and from 250 yr BP 
to present. Fewer intense strikes have been recorded around 
5000 yr BP, between 3600 and 2500 yr BP and between 
1000 and 250 yr BP. Malaizé et al. (2011) investigated 
lacustrine pond sediments from Saint Martin (northern part 
of Lesser Antilles archipelago) and identified two relatively 
dry climatic periods from 3700 to 2500 yr BP and from 
1150 yr BP to the present with predominantly carbonate 
mud deposition, droughts and hurricane events. In contrast, 
during a humid period from 2500 to 1150 yr BP, deposition 
of black organic mud occurred during pond highstand.

In the studied region, Holocene climate variability in 
the region is characterized by a change from warmer/wet-
ter conditions during the Holocene Climate Optimum 
(ca. 10000–5500 yrs BP) to cooler/drier conditions after 
ca. 5000 yrs BP (e.g., Haug et al. 2001). Another change 
back to warmer and wetter conditions occurred in the late 
Holocene (between 3000 and 1000 yrs BP) in the wider 
study area according to vegetation data (Wooller et al. 
2009) and coral climate proxy data from Belize (Gischler 
and Storz 2009). A period of increased hurricane activ-
ity during 3500–1000 yrs BP recorded by Liu and Fearn 
(2000a, b) apparently correlated with a northward shift of 
the Intertropical Convergence Zone (ITCZ). A northern 
position of the ITCZ favors heavy rainfall in the southern 
part of the Caribbean and the Yucatán peninsula, whereas 
a southern position of the ITCZ causes drought in the 
Caribbean region (Haug et al. 2003; Hodell et al. 2005). 
Stronger storm activity over the Gulf coast and the inner 
Caribbean Sea is favored by a southern position of the 
ITCZ in connection with dry climatic conditions. The posi-
tion of the ITCZ is associated with a shift of the Bermuda 
High, whose position controls the direction of hurricane 
paths. Therefore, differences in hurricane frequency can be 
observed in the Caribbean as shown in the records in Fig. 9. 
Data from localities positioned in the same region such as 
Puerto Rico and St. Martin or coastal lagoons and offshore 
sinkholes in Belize also differ, suggesting that the preserva-
tion of hurricane deposits plays an important role as well.

Suitability of Belize barrier–lagoon complexes 
for reconstruction of storm events

The preservation potential of sandy storm deposits appears 
to be higher in beach and marginal marine settings than in 
coastal lagoons. The cores investigated during this study 
that contain sandy storm deposits derive from the beach 
(core MRB2), the marginal marine area (cores MRB1 and 
CP6) and the tidal inlet (core SL5) (Fig. 2). Core CBi1 is 
the only core from a lagoonal basin that contains washover 
sands, which is attributed to the adjacency to the barrier. 
Along the Belize coast, which has been hit by hurricanes 
on a regular basis, a higher number of overwash deposits 

in lagoons may be expected. Still, in the cores that con-
tain sand layers, the storm record is poor when consider-
ing the frequency of historical hurricane landfalls. Liu 
(2004) stated that in coastal lake sites, which are repeat-
edly impacted by landfalling hurricanes, sediment cores are 
expected to contain multiple layers of overwash deposits 
sandwiched between normal organic lake sediments. The 
fact that cores taken from the central lagoon basin do not 
contain washovers may be attributed to several factors. 
According to Sedgwick and Davis (2003), the preserva-
tion potential of individual storm deposits is highly variable 
and depends on factors such as the rate of bioturbation, fre-
quency of overwash, thickness of the units as well as the 
magnitude and rate of sea-level change. Liu (2004) noted 
that the preservation potential of sediments deposited at the 
bottom of coastal lakes, which are isolated from the sea, is 
higher than in shallow-water marine environments, because 
overwash deposits will not be removed by tidal scouring or 
reworking. According to this author, shallow marine envi-
ronments are inappropriate for providing high-resolution 
records because of reworking and obliteration by subse-
quent storm events. The relatively poor record in the Belize 
lagoon cores may result from biological and physical pro-
cesses in the lagoons. Bioturbation is a common process in 
the lagoons, and evidence of bioturbation was also found 
in several cores (Fig. 8e). In mangrove-vegetated environ-
ments, the benthic fauna is typically dominated by bur-
rowing decapods such as crabs (Kristensen 2008). They 
dig and maintain burrows in the sediment, affecting sedi-
ment topography by physical displacement of particles. 
The burrowing activity may destroy sediment structures 
and hampers the identification of event deposits. Erosion 
of sands by tidal flushing is limited because the Belize 
coast is a microtidal area with a tidal range of max. 30 cm. 
The coastal lagoons in the study area are tidally connected 
to the sea. However, they represent restricted, not open 
lagoons (Fig. 2). Manatee, Colson Point and Commerce 
Bight lagoons are connected with the sea by relatively long 
bifurcating and branched tidal channels. An exception is 
Sapodilla Lagoon, which is less restricted than the other 
lagoons. Here, the permanent broad tidal inlet, which is 
interpreted to have been formed by spit progradation (Ado-
mat and Gischler 2015), and the channel between the nar-
row spit and the barrier island allow water exchange with 
the open ocean. The core sites of MRB1, CP6 and SL5, 
which contain event sand layers, are today located in areas 
with increased water energy, compared with the lagoon 
basins. But during time of deposition of the sand layers, 
low water energy prevailed at the sites, which is supported 
by the predominant fine-grained sediments in the cores.

In addition to bioturbation and tidal flushing, some other 
aspects need to be considered, which may reduce the fidel-
ity of the sediment archive: After two or more events that 
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occurred in a relative short time interval, the lack of enough 
material for erosion and deposition may cause that no 
depositional evidence was left in the record after an event. 
Furthermore, event beds that have been deposited back-
to-back may not be registered as separate events. The top 
of the first event bed may not be covered by background 
sediments and thus is vulnerable to erosion. During deposi-
tion of the subsequent event bed, partial removal of the top 
of the earlier event deposit may occur, producing amalga-
mated event beds, as observed by Keen et al. (2004) and 
McCloskey and Keller (2009). Not all variations in faunal 
composition may be preserved in the record. Evidences of 
minor changes in faunal composition that occur in the time 
period until the conditions return to the initial level (e.g., 
until the barrier got reestablished) may not be registered in 
the record. Hence, it has to be taken into account for how 
long the conditions such as barrier breaching or freshwater 
input that caused the variations prevailed.

Besides the reduction in the preservation potential, the 
occurrence of storm deposits is also dependent on the sensi-
tivity of a site to storm deposition (Hippensteel et al. 2013). 
The paleotempestological sensitivity of a lake or lagoon, 
which is enclosed by a barrier, in turn depends on mete-
orological factors, long-term changes in sea level and geo-
morphological factors (Liu 2004). These factors may have 
changed over time and thus also the sensitivity may have 
changed over time. Sea-level rise may have a strong influ-
ence on site sensitivity, especially on low-lying coastal areas 
as in Belize. Only intense storms produce high storm surges 
that are able to overtop the barrier. Sand deposition is also 
possible during less intense storms via active channels and 
inlets (Donnelly et al. 2001a). Geomorphological factors 
such as offshore bottom slope, coastline configuration, sup-
ply of floodwater from river discharge as well as stochastic 
meteorological factors influence the relationship between 
storm surge height and hurricane intensity (Jarvinen and 
Neumann 1985; Hubbert and McInnes 1999). Whether a 
storm surge will overtop a barrier depends primarily on two 
factors, the storm surge height and the barrier height (Liu 
2004). Storm surges of weaker hurricanes possibly were 
not able to exceed the barrier. According to Malaizé et al. 
(2011), only high-intensity hurricanes significantly contrib-
ute to event sedimentation. Most sites only record hurricanes 
that make landfall in the immediate vicinity at major hur-
ricane strength (category 3 or above) (Donnelly and Webb 
2004; Liu 2004; Elsner et al. 2008; McCloskey and Kel-
ler 2009; McCloskey and Liu 2012). According to Morton 
et al. (2007), the highest storm surges of tropical cyclones 
are generally restricted to a few tens of kilometers adjacent 
to the eye, although elevated water levels can encompass 
more than 600 km of coast. The characteristics of hurricanes 
lead to different hurricane effects of the two sides of the 
storm track. Vortex winds flow counterclockwise around the 

eye, and much slower regional winds move the storm sys-
tem forward. On the right side of a hurricane, the winds are 
stronger, because the two winds move in the same direction 
and are additive (Coch 1994). Thus, low correlation of event 
beds from the study area to published records from areas in 
greater distance from the study area is not surprising.

Mangrove vegetation, which densely fringes the coastal 
lagoons in the study area since ca. 6 kyrs BP, acts as a protec-
tive barrier against erosion during storm or flood events (e.g., 
Danielsen et al. 2005; Kathiresan and Rajendran 2005), tends 
to reduce the magnitude of erosion (Morton 2002) and may 
also prevent a complete storm record. Mangroves are able to 
attenuate storm surges by reducing the surge amplitude and 
by reducing the inundation distances (e.g., Zhang et al. 2012; 
Liu et al. 2013). It has been shown that mangroves are more 
effective at reducing surges from hurricanes with a rapid 
forward speed than those of hurricanes with a slow forward 
speed (Zhang et al. 2012). Because of their dense stilt roots, 
trees of R. mangle are effective in dissipating the energy of 
low surges (McIvor et al. 2012; Zhang et al. 2012)

In summary, the following features can be regarded as 
favorable for paleotempestology reconstructions in the 
coastal lagoons: The situation behind a sandy barrier and 
the proximity to the sea, which is the case for Manatee 
and Commerce Bight Lagoons, and, with a slightly larger 
distance to the sea, for Colson Point Lagoon, makes the 
coastal lagoons susceptible to overwash. In contrast, sev-
eral processes may impede reconstruction of a hurricane 
record: Bioturbation is a common process in the lagoons. 
Tidal flushing, although the coast is microtidal, plays a 
minor role and is strongest in Sapodilla Lagoon, where 
the tidal inlet is relatively broad. Due to the connections 
of the coastal lagoons to major rivers, the record in coastal 
lagoons may be complicated by fluvial events unrelated to 
hurricane strikes. Sea-level rise and transgression of the 
sediment complexes during the Holocene may have a nega-
tive effect, because in transgressive settings storm records 
will be destroyed or obscured through time (Hippensteel 
2010). The dynamic nature of coastal environments com-
plicates the interpretation of sedimentary records (Donnelly 
et al. 2001a). Dense mangrove growth, which is found at all 
localities except for Mullins River Beach, is able to prevent 
hurricane impacts in the lagoons to some degree and thus 
reduces the sensitivity of the sites for overwash.

Conclusions

1. Five proxies of possible event deposits including sand 
layers, marine fauna represented by corals embedded 
in coarse sands, lagoon shell concentrations, hiatuses 
and age reversals could be identified in 17 cores from 
coastal lagoon environments in central Belize.
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2. The 8000-year record allows grouping of event deposits 
from 6000 to 4900, from 4200 to 3600 and from 2200 
to 1500 cal yr BP. Two events occurred earlier, around 
7900 and 7100 cal yr BP. Further events have been 
dated to around 180 cal yr BP and to modern times.

3. The sand layers and corals have a marine origin and 
probably represent washover deposits. The shell con-
centrations presumably reflect periods of lowered 
salinity, which may have resulted from increased 
river discharge, associated with hurricane landfalls, or 
increased salinity after inundation by seawater during 
storms.

4. Sand layers have been observed in cores from a marsh 
area, the marginal marine area, the tidal inlet and the 
backbarrier area of a lagoon, but not in cores from the 
lagoon basins, suggesting a low preservation poten-
tial in the lagoons. The preservation potential of storm 
deposits depends on physical and biological processes 
such as bioturbation and tidal flushing. Additionally, 
deposits of severe, infrequent events are more likely to 
be preserved because they are thicker, contain coarser 
clasts and extend more landward.

5. The record displays sediments of certain events on 
the one hand and sediments of time spans that passed 
between the events on the other hand. Evidence for 
event deposits that have occurred within short time 
periods and small events that have happened between 
severe events may not be stored in the record due to 
insufficient resolution of the archive. The sensitivity of 
the study area to overwash deposition has changed over 
time due to the dynamic nature of coastal environments. 
There is evidence of single event deposits in coastal 
environments and a potential influence on the lagoon 
fauna due to hurricane-induced salinity changes. How-
ever, the suitability of the study area for paleohurricane 
reconstructions is limited, which is indicated by the 
scarcity of overwash deposits in lagoon basins and the 
moderate correlation and consistency of identified event 
deposits among cores and localities.
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