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a b s t r a c t

We present a Holocene relative sea-level (RSL) database for the Caribbean region (5�N to 25�N and 55�W
to 90�W) that consists of 499 sea-level index points and 238 limiting dates. The database was compiled
from multiple sea-level indicators (mangrove peat, microbial mats, beach rock and acroporid and
massive corals). We subdivided the database into 20 regions to investigate the influence of tectonics and
glacial isostatic adjustment on RSL. We account for the local-scale processes of sediment compaction and
tidal range change using the stratigraphic position (overburden thickness) of index points and paleotidal
modeling, respectively. We use a spatio-temporal empirical hierarchical model to estimate RSL position
and its rates of change in the Caribbean over 1-ka time slices. Because of meltwater input, the rates of RSL
change were highest during the early Holocene, with a maximum of 10.9 ± 0.6 m/ka in Suriname and
Guyana and minimum of 7.4 ± 0.7 m/ka in south Florida from 12 to 8 ka. Following complete deglaciation
of the Laurentide Ice Sheet (LIS) by ~7 ka, mid-to late-Holocene rates slowed to < 2.4 ± 0.4 m/ka. The
hierarchical model constrains the spatial extent of the mid-Holocene highstand. RSL did not exceed the
present height during the Holocene, except on the northern coast of South America, where in Suriname
and Guyana, RSL attained a height higher than present by 6.6 ka (82% probability). The highstand reached
a maximum elevation of þ1.0 ± 1.1 m between 5.3 and 5.2 ka. Regions with a highstand were located
furthest away from the former LIS, where the effects from ocean syphoning and hydro-isostasy outweigh
the influence of subsidence from forebulge collapse.

© 2016 Published by Elsevier Ltd.
1. Introduction

Changes in relative sea level (RSL, the height of the ocean surface
relative to the land surface or ocean floor) in the Caribbean during
etersburg Coastal and Marine
the Holocene are driven by eustatic, glacial isostatic adjustment
(GIA), tectonic and local factors that act over a variety of spatial and
temporal scales (Peltier, 1998; Milne et al., 2009).

Eustatic sea-level (ESL) change (i.e., sea-level equivalent or
ocean volume change) in the Holocene is dominated by Northern
Hemisphere deglaciation (Lambeck et al., 2014), with varying rates
of RSL rise suggested from GIA modeling. At the start of the Holo-
cene ~11.7 ka, ESL was ~60 m below present and rose at rate of
~15 m/ka from ~11.4 to 8.2 ka (Lambeck et al., 2014). The rate of ESL
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rise decreased from ~8 to 7 ka, consistent with the final phase of
Laurentide Ice Sheet (LIS) deglaciation at ~7 ka, followed by a
progressive decrease in the rate of rise from 7 ka to present (Peltier,
2004; Lambeck et al., 2014; Peltier et al., 2015; Bradley et al., 2016).

As the rate of ESL rise decreased in the Holocene, processes
associated with GIA dominated the temporal and spatial pattern of
RSL change (Milne et al., 2005; Milne and Peros, 2013). The
magnitude of subsidence associated with the collapsing LIS fore-
bulge diminishes with distance from the regions of peak forebulge
collapse near the former LIS margin; therefore, in the Caribbean,
located >2000 km away from the LIS margin, the magnitude of this
signal lessens and signals from ocean syphoning, hydro-isostatic
loading and perturbations to Earth's rotation vector become
dominant and may create a higher than present RSL, i.e., a mid-
Holocene highstand (Peltier et al., 1978; Pirazzoli, 1991; Mitrovica
and Peltier, 1991; Peltier, 1998; Milne and Mitrovica, 1998;
Mitrovica and Milne, 2002; Milne et al., 2005). However, the
spatial extent of forebulge subsidence and emergence of mid-
Holocene highstands on Caribbean continental margins is not
well documented, in part because of its active tectonic setting.

The complex tectonic setting of the Caribbean region also in-
fluences RSL. The Caribbean plate interacts with the North Amer-
ican, South American, Nazca and Cocos plates, each characterized
by a diversity of tectonic regimes (Benz et al., 2010). Inclined zones
of deep earthquakes (Wadati-Benioff zones), deep ocean trenches,
and volcanic arcs indicate subduction of oceanic lithosphere along
the Central American and Atlantic Ocean margins of the Caribbean
plate (Dixon et al., 1998; DeMets et al., 2000; Benz et al., 2010).
Shallow seismicity and focal mechanisms of major shocks in
Guatemala, northern Venezuela and the Cayman Ridge/Trench
indicate transform fault and pull-apart basin tectonics (Weber et al.,
2001; Benz et al., 2010). Furthermore, lateral variations in mantle
viscoelastic structure from a high-viscosity slab associated with
subduction of the South American Plate beneath the Caribbean
Plate have been shown to suppress local GIA deformation and
decrease RSL rise predicted during deglaciation (Austermann et al.,
2013). The combined effect of tectonic processes on regional Ho-
locene RSL histories in the Caribbean, however, is unknown.

Local factors, such as changes in tidal range and sediment
consolidation, affect RSL records. Temporal variations in tides occur
on a global scale because of glaciation-driven changes in the
availability of dissipation sites of tidal energy (e.g., Uehara et al.,
2006; Griffiths and Peltier, 2008, 2009; Hill et al., 2011). These
changes influence RSL reconstructions because no sea-level in-
dicators form precisely at mean sea level (Horton et al., 2013).
Sediment consolidation due to compaction of pre-Holocene strata
(e.g., Horton and Shennan, 2009) and the accumulation of overlying
Holocene material and land drainage (e.g., Kaye and Barghoorn,
1964; T€ornqvist et al., 2008) also cause RSL reconstructions to
deviate from true values.

Here, we compile a Caribbean sea-level database to provide a
framework for developing our understanding of the primary
mechanisms of RSL change during the Holocene. The database
consists of 737 sea-level index points and limiting dates that span
the period from 12 ka to present (Fig. 1). We define the indicative
meanings and ages of multiple sea-level indicators including
mangrove peat, microbial mats, beach rock, and corals. We account
for local effects by using the stratigraphic position (overburden
thickness) of index points to adjust samples for sediment
compaction where appropriate (Shennan et al., 2000b; T€ornqvist
et al., 2008; Horton and Shennan, 2009) and provide an addi-
tional error for changes in tidal range over the Holocene using a
paleotidal model (Hill et al., 2011; Hall et al., 2013; Horton et al.,
2013). We consider the influence of GIA and tectonics on local
RSL histories and employ a spatio-temporal statistical model to
examine patterns and rates of RSL change (and their associated
uncertainty) and constrain the magnitude and spatial extent of the
mid-Holocene highstand in the Caribbean.

2. Methodology to reconstruct relative sea level

The standardized methodology developed by the International
Geological Correlation Projects (IGCP) 61, 200, 495 and 588 (e.g.,
Preuss, 1979; van de Plassche, 1982; Gehrels and Long, 2007; Hijma
et al., 2015) was followed to determine RSL, age, and associated
errors of sea-level index points. To calculate past RSL, each sample's
indicative meaning (Shennan, 1986; van de Plassche, 1986; Horton
et al., 2000) must be known. The sample ages within the database
were measured using 14C and UeTh dating. The 14C data were
calibrated to years before present (where present is 1950 AD) using
the most recent IntCal13 and Marine13 calibration curves (Reimer,
2013).

2.1. Indicative meaning of sea-level indicators

The indicative meaning is defined as the relationship of an in-
dicator to sea level (van de Plassche, 1986) and has two compo-
nents: the reference water level, which defines the relationship of
the indicator to a contemporaneous tide level (e.g., mean higher
high water [MHHW]) and the indicative range, which is the ele-
vational range occupied by the sea-level indicator (Fig. 2). When
litho-, bio-, or chemostratigraphic data indicate deposition in
terrestrial or marine environments, these data provide an upper or
lower limit on the position of RSL respectively and are classified as
limiting dates (Shennan and Horton, 2002).

2.1.1. Mangrove and sedimentary indicators
Mangrove peats comprise most (n ¼ 313) of the index points in

the database. The vertical distribution and characteristics of
mangrove species (e.g., Rhizophoramangle, Avicennia germinans and
Laguncularia racemosa) are related to the frequency and duration of
tidal inundation (Tomlinson, 1986; Smith, 1992; Mendelssohn and
McKee, 2000). In the Caribbean, growth of peat-forming man-
groves is constrained to the upper half of the intertidal zone (e.g.,
Davis, 1940; Thom, 1967; Twilley et al., 1996; Dawes, 1998; Davis
and Fitzgerald, 2003; Lara and Cohen, 2006). Therefore, we define
the indicative meaning of mangrove peat to be mean tide level
(MTL) to highest astronomical tide (HAT) (Table 1). We use mi-
crofossils (e.g., Ramcharan and McAndrews, 2006; Jessen et al.,
2008), d13C values (e.g., Klosowska, 2003; McKee et al., 2007) and
plant macrofossils (e.g., Wooller et al., 2003; Monacci et al., 2009)
to support the accumulation of peat in a mangrove environment.

Microbial mats from hypersaline lagoons comprise a small
(n ¼ 5) portion of index points in the database (Knowles, 2008).
Microbial mats are predominantly formed from cyanobacteria
living on bedding surfaces that aggrade vertically by cellular
growth and by binding detrital particles (Gerdes and Krumbein,
1994; Gerdes, 2010). Following Livsey and Simms (2013), who
surveyed the elevation of modern microbial mats from the Gulf of
Mexico, we assign an indicative meaning of mean lower low water
(MLLW) to MHHW.

A small number of index points (n ¼ 5) were obtained from
organic muds and peats from floodplain facies of the Orinoco Delta
(Warne et al., 2002). Studies in the Mississippi River and Rhine-
Meuse deltas suggest deposition between mean sea level (MSL)
andmean high water (MHW) (van Dijk et al., 1991; van de Plassche,
1995; Cohen, 2003; T€ornqvist et al., 2004). We take a conservative
approach and assign these samples an indicativemeaning ofMTL to
HAT.

Terrestrial limiting dates (n ¼ 35) were derived from: (1) peat



Fig. 1. Spatial and temporal distribution of Caribbean sea-level data. (a) Spatial distribution of data in the Caribbean, divided into 20 regions based on proximity to the former
Laurentide Ice Sheet and local to regional tectonic setting. (b) Temporal distribution of Caribbean sea-level data. (c) Caribbean sea-level data for all 20 regions plotted by type and
indicator.
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containing freshwater macrofossils (e.g., Digerfeldt and Hendry,
1987) or with a stable carbon isotope signature in the range of
freshwater swamp environments (e.g., d13C <�28; e.g., Khan, 2014)
and absent of marine indicators; (2) calcitic muds (e.g., Scholl,1964;
Scholl and Stuiver, 1967); and (3) soilstone crusts (e.g., Robbin,
1984; Gischler, 2003) formed directly above Pleistocene lime-
stone bedrock. Terrestrial limiting dates usually form in a deposi-
tional environment above HAT, although they can form within the
intertidal zone due to rising groundwater tables (e.g., Jelgersma,
1961). Therefore, a conservative lower limit of MTL is used (e.g.,
Shennan and Horton, 2002).

In addition to “deep-water corals” (see section 2.1.2), marine
limiting dates (n ¼ 204 total) were obtained frommuds containing
marine foraminifera (e.g., Cheng et al., 2012), diatoms (e.g., Velez
et al., 2014), macroalgae (e.g., Halimeda; Macintyre et al., 2004),
and in-situ mollusks (e.g., Klosowska, 2003). Marine limiting dates
are interpreted as forming below MTL (e.g., Engelhart and Horton,
2012).
2.1.2. Coral indicators
Reef framework dominated by Acropora palmata (n ¼ 172),

which is characteristic of shallow-water reef crest environments in
the Caribbean, was classified as an index point assumed to have
formed between 0 and 5 m below MLLW (Goreau, 1959; Adey and
Burke, 1976; Gladfelter et al., 1978; Lighty et al., 1982; Fairbanks,
1989; Toscano and Macintyre, 2003; Lambeck et al., 2014). We
altered this indicative meaning if modern surveys were performed
to examine the local depth distribution of A. palmata and/or
shallow reef facies. For example, in Campeche, Mexico, Blanchon
and Perry (2004) documented the texture, coral composition and
taphonomic signatures from variations in encrustation, bioerosion
and cementation in reef-front (2e10 m below MTL), reef crest-flat
(0e2 m below MTL) and rubble-cay (0e5 m above MTL) zones.

Acropora cervicornis, Colpophyllia natans, Diploria clivosa,
D. labrynthiformis, D. strigosa, Dichocoenia stokesii, Orbicella species
complex (including O. annularis, O. faveolata, and O. franksi), Porites
astreoides, and Siderastrea siderea all have broad depth distributions
(~0e30 m; OBIS, 2016) and are hereafter referred to as “deep-water
corals”. We classify all deep-water corals, and A. palmata growing in
association with these deep-water corals, as marine limiting dates
with a RWL of � MTL (n ¼ 105)
2.1.3. Beach-rock indicators
A small (n ¼ 4) number of index points from Venezuela were

obtained from beach-rock indicators (Schubert et al., 1977; Valastro
et al., 1977). Beach rock results from the lithification of



Fig. 2. Schematic representation of the indicative meaning and a theoretical example of its application to reconstruct RSL from radiocarbon-dated mangrove sediment and reef-
crest cores. (a) Vertical distribution of mangrove and coral zones with respect to the tidal frame for the Caribbean region. (b) Altitude of dated samples in theoretical cores. (c)
Production of sea-level index points and limiting dates. RSL is reconstructed by subtracting a sample's RWL from its altitude in a core. RWL ¼ reference water level; IR ¼ indicative
range. RSL ¼ relative sea level; MLLW ¼ mean lower low water; MTL ¼ mean tide level; HAT ¼ highest astronomical tide. Symbols courtesy of the Integration and Application
Network (ian.umces.edu/symbols/), University of Maryland Center for Environmental Science.
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unconsolidated sediments by calcium carbonate cements in the
intertidal zone of tropical and subtropical beaches (McLean, 2011).
Dated aragonitic cements (examined in thin section, presumed to
not be recrystallized calcite material) and shells formed in situ in
the beach rock matrix were considered valid index points (Mauz
et al., 2015). Following observations of the vertical distribution of
beach rock by Kelsey (2015) and Mauz et al. (2015), we assign a
conservative indicative meaning of MLLW to HAT to these samples.
2.2. Ages of sea-level indicators

2.2.1. Radiocarbon age calibration
The database contains radiocarbon ages that were measured by

Accelerator Mass Spectrometry (AMS), Gas Proportional Counting
(GPC) and Liquid Scintillation Counting (LSC) radiocarbon mea-
surements. Approximately half (n ¼ 287) of the samples in the
database come from bulk sediment or peat samples that may have



Table 1
Criteria used to assess the indicative meaning of each sample in the Caribbean database.

Sample type Evidence Reference water
level

Indicative
range

Mangrove peat - Mangrove plant macrofossils (e.g., Robbin, 1984)
- Foraminiferal, diatom, or pollen assemblages dominated by mangrove taxa (Jessen et al., 2008)
- Stable carbon isotope chemistry of bulk sediment or plant macrofossils in the range of mangrove environments
(e.g., �25 > d13C > �28; e.g., Khan, 2014) or plant tissue (�26 > d13C > �31; e.g., Wooller et al., 2007)

(MTL + HAT)/2 HAT-MTL

Acropora palmata coral - In-situ monospecific Acropora palmata framework (e.g., Toscano and Lundburg, 1998) (MLLW-5)/2 5
Organic floodplain

muds and peats
- Lithological description (e.g., Warne et al., 2002) (MTL + HAT)/2 HAT-MTL

Microbial mat - Lithological description (e.g., Knowles, 2008) (MLLW + MHHW)/
2

MHHW-
MLLW

Beach rock - Petrographic description of beach rock cement in thin section (e.g., aragonitic cement; Schubert et al., 1977)
- Identifiable in-situ intertidal shells (e.g., species name; Schubert et al., 1977)

(MLW + HAT)/2 HAT-
MLW

Marine limiting - Identifiable in-situ intertidal shells (e.g., Klosowska, 2003)
- Calcareous foraminiferal assemblage (e.g., Cheng et al., 2012) or diatoms dominated by marine taxa (e.g., Velez
et al., 2014) -In-situ “deepwater” corals, such asDiplora spp.,Orbicella spp., and Siderastrea spp. (e.g., Gischler and
Hudson, 2004)

- Lithological description (e.g., Halimeda sand, Macintyre et al., 2004)

MTL MTL

Terrestrial limiting - Peat with freshwater macrofossils (e.g., Digerfeldt and Hendry, 1987) or stable carbon isotope chemistry of bulk
sediment in the range of freshwater swamp environments (e.g., d13C < �28; e.g., Khan, 2014)

MTL > MTL
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incorporated contaminating sources of older (e.g., dissolved CO2 or
HCO3

� from radiocarbon-dead limestone) or younger (e.g.,
contemporary mangrove rootlets penetrating older sequences
beneath the sediment surface) carbon. Following analysis by Hu
(2010) of 14C ages from bulk peat and plant macrofossils, a ±100
14C yr error was applied to bulk samples to account for sample
contamination (T€ornqvist et al., 2015). Many of these bulk samples
were analyzed prior to the 1970s before correction of 14C ages for
isotopic fractionation became routine procedure (Stuiver and
Polach, 1977; T€ornqvist et al., 2015). We accounted for isotopic
fractionation of d13C values (mangrove/freshwater plant tissue or
peat: -23 > d13C > �31‰; Vane et al., 2013; marine carbonates:
4 > d13C > �4‰; Stuiver and Polach, 1977; Polach, 1976) using a 4‰
(~64 14C yr) d13C uncertainty term. We corrected for this effect
using the “dcorr” spreadsheet of the CALIB radiocarbon calibration
program (available here: http://calib.qub.ac.uk/calib/fractionation.
html). The total 14C error was calculated as the quadratic sum of
analytical (measurement) error, bulk error, and isotopic fraction-
ation error (T€ornqvist et al., 2015) (Table 2).

All corrected 14C radiocarbon ages (and associated total error)
were calibrated to sidereal years before present with a 2s confi-
dence interval and laboratory multiplier of 1 using the IntCal13 and
Marine13 calibration curves (Reimer, 2013) for terrestrial
(mangrove and freshwater) and marine samples (marine gastro-
pods and corals), respectively. To account for the effect of local
variations in marine reservoir age of dated marine carbonate
samples, we used reservoir correction (DR) values from the Marine
Table 2
Age errors applied to Caribbean sea-level data.

Source of error Descripti

Radiocarbon
Laboratory error 1s error
Isotopic fractionation When ne

- Mangr
- Marin

Bulk error ±100 yea
Marine reservoir effect DR and D

U-Th
Laboratory error 2s measu
Half-lives Recalcula
Screening criteria i) d234U w

ii) <2% ca
iii) 232Th
Reservoir Correction database (http://calib.qub.ac.uk/marine/)
where available. Ages are presented as thousands of calibrated
years before present (ka), where the zero point is 1950 CE (Stuiver
and Polach, 1977).

2.2.2. UeTh age recalculation and screening
Ages of 55 samples in the database were obtained from corals

dated using the UeTh method. UeTh dates were measured by
thermal ionization mass spectrometry (TIMS) or multiple collector-
inductively coupled plasma-mass spectrometry (MC-ICP-MS). We
used the decay constants reported by Cheng et al. (2013) for 230Th
and 234U and by Jaffey et al. (1971) for 238U to recalculate UeTh ages
and 2s uncertainties and screened UeTh data for open-system
behavior. This recalculation allows for direct comparison of data
generated with different decay constants over the last several de-
cades, but can only be performed for samples in studies where the
measured activity ratios were reported. The effect of this recalcu-
lation on the reported age is typically small for samples of Holocene
age relative to their originally published ages (here the difference in
age ranges from 12 to 239 years) and is smallest for the youngest
samples.

The sample age was excluded from further analysis if measured
activities were unable to be obtained (n ¼ 17), precluding age re-
calculation, or if one of the following criteria were not met
(n ¼ 5): (i) open-system behavior indicated by d234U within 10‰ of
modern seawater (147‰), or (ii) diagenetic alteration indicated by
<2% calcite (if mineralogy was reported) (Table 3).
on

provided by radiocarbon facility
cessary:
ove plant tissue and peat: �27 ± 4‰
e carbonate: 0 ± 4‰
rs (Hu, 2010; T€ornqvist et al., 2015)
R error taken from Marine Reservoir Correction Database

rement error
ted using Cheng et al. (2013) decay constants
ithin 10‰ of modern seawater (147‰)
lcite (if mineralogy was reported)
< 2 ppb (if reported)

http://calib.qub.ac.uk/calib/fractionation.html
http://calib.qub.ac.uk/calib/fractionation.html
http://calib.qub.ac.uk/marine/
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We also screened for detrital Th (232Th) content for samples
where 232Th concentration was reported. There were only 4 sam-
ples from St. Croix (Burke et al., 1989; Macintyre et al., 2008;
Toscano et al., 2011) that have high 232Th concentrations (ranging
from 5 to 28 ppb) with corresponding back-calculated 230Th/232Th
activity ratios <25. All of the remaining samples have 232Th con-
centrations <2 ppb and 230Th/232Th activity ratios in the range of
700e30,000. Instead of rejecting these 4 samples from St. Croix,
they were retained in the analysis using 232Th-corrected ages
assuming a bulk earth composition of the contaminating source,
and correspondingly increasing the error associated with these
ages. See Appendix 1 for measured activity ratios of all UeTh dated
corals.
2.3. Estimation of relative sea level and its uncertainty

RSL is estimated using the equation (Shennan and Horton,
2002):

RSLi ¼ Ai - RWLi

where Ai and RWLi are the altitude and the reference water level of
sample i, which are both expressed relative toMSL. In most cases, Ai

was determined by measuring the depth of a sample in a core
where the altitude of the core-borehole was known, although for a
small number of samples, the altitude of submerged samples
collected from outcrops was determined by direct measurement of
its water depth (e.g., Robbin, 1984). All index points in the database
are expressed relative to MSL, and negative values indicate RSL
below present (0 m).

Sample-specific errors were calculated for each index point
(Shennan and Horton, 2002). In addition to the indicative range,
vertical errors were incorporated related to the indicative meaning
of a sample, sampling errors, and measurement of a sample's alti-
tude. A complete list and description of vertical errors is provided in
Table 3. The total 2s errors were calculated as the quadratic sum of
individual sources of errors. Special consideration is given to un-
certainties associated with sediment compaction and tectonic
Table 3
Sources of vertical error considered for Caribbean sea-level data following database prot
MHHW ¼ mean higher high water; HAT ¼ highest astronomical tide; RSL ¼ relative sea

Source of error Description

Indicative range (m) Half the indicative range (IR)
Reference water level error

(m)
0.1 m, based on a comparison of predictions from the ti
mangroves (MTL to HAT), A. palmata corals (MLLW-5m t
the measured values at those tide gauge stations (Figur

Indicative range error (m) 20% of the modern IR estimated from the average differ
Indicative range change error

(m)
Half the difference between the modern IR and the pale

Sample thickness error (m) Half the thickness of the sample (Shennan, 1986)
Sampling error (m) ±0.01 m, following Shennan (1986).
Core shortening/stretching

error (m)
±0.15 m for rotary coring and vibracoring, ±0.05 m for
2006).

Non-vertical drilling error
(m)

0.02 m/m depth. This error is unidirectional and makes

Tidal error (m) Half the tidal range (Shennan, 1989); applies only to sam
Vegetation zone error (m) ±0.5 m; applies only to samples where land surface ele
Water depth error (m) ±0.5 m standard error used if not specified by the autho
Map error (m) Half contour line interval when used.
Leveling error (m) 0.01 m when leveling with high-precision (e.g., total sta
dGPS error (m) ±0.1 m standard error if not otherwise specified by the
Uniform error adjustment

(m)
Coral data follows a uniform distribution, so we convert
2√3.

Compaction correction (m) Intercalated data is adjusted by shifting the mean upwa
between the new mean and the original minimum to th
influences, both of which result in an upward or downward
displacement of the altitude at which a sample was originally
deposited, and to changes in the distribution of sea-level indicators
over time due to Holocene changes in tidal range.
2.3.1. Sediment compaction
To account for the uncertainty of RSL due to sediment

compaction, we subdivided the database into basal and interca-
lated categories (Shennan and Horton, 2002; Horton and Shennan,
2009). Basal samples are those recovered from within the sedi-
mentary unit that overlies an incompressible substrate. Interca-
lated samples are derived from sediments that are interleaved
between higher-density clastic sedimentary units; these samples
are the most prone to compaction (Jelgersma, 1961). We assessed
the relationship between sediment compaction and stratigraphic
measurements such as overburden thickness (thickness of the
column of sediment lying above the index point), depth to base-
ment (thickness of the sequence between the index point and
incompressible surface) and the total thickness of the sedimentary
sequence (Shennan et al., 2000b; Edwards, 2006; T€ornqvist et al.,
2008; Horton and Shennan, 2009; Horton et al., 2013).

We selected two sites (Jamaica and Belize Central Barrier Reef)
that have good temporal distribution of basal and intercalated in-
dex points to examine the relationship between sediment
compaction and overburden thickness, depth to basement and the
total thickness of the sedimentary sequence. We constructed
Gaussian Process regression models of RSL conditioned upon the
basal index points for each site using a Mat�ern covariance function
with a smoothness parameter of 3/2 (Rasmussen and Williams,
2006). We then calculated the residuals between each interca-
lated index point and the predicted RSL from the models, based on
the basal index points (Fig. 3a). A statistically significant linear
relationship (p < 0.001) was found with overburden thickness
(Fig. 3b), with a linear correlation coefficient of 0.70. We used the
regression coefficient (0.22 ± 0.07 m of compaction per meter of
overburden) to alter (i.e., shift up) the mean altitude of intercalated
index points. An additional bidirectional error was added to the
sample so the lower bound of RSL remained unchanged (Fig. 3c).
ocol of Hijma et al. (2015). MTL ¼ mean tide level; MLLW ¼ mean lower low water;
level; IR ¼ indicative range; DEM ¼ digital elevation model.

dal model (Fig. 4a) for 41 tide gauge locations in the Caribbean of the IR for
o MLLW), microbial mats (MLLW to MHHW) and beach rock (MLLW to HAT) with
e S2).
ence between the modeled and measured IR.
o-IR (see Section 2.3.2 for further explanation).

hand coring (Woodroffe, 2006) and ±0.01 m for a Russian sampler (Woodroffe,

the upward portion of the total vertical error larger than thedownward portion.

ples collected offshore with reference to the water surface.
vation was estimated using vegetation zones
rs.

tion) equipment; ±0.03 m if leveling method is unknown (T€ornqvist et al., 2004).
authors.
to an approximate normal distribution by multiplying the standard deviation by

rds by a factor of 0.22 m per m overburden thickness, and adding the difference
e upward error.



Fig. 3. Approach employed to account for sediment compaction of intercalated index
points using Jamaica and the Central Belize Barrier Reef datasets. (a) Gaussian process
(GP) regression model fit to basal index points. (b) Linear regression (with 95% con-
fidence interval shown) of residuals between intercalated index points and GP model
(calculated in a) and overburden thickness from both the Jamaica and Central Belize
Barrier Reef datasets. This model is statistically significant at the 95% confidence level
(with a coefficient of determination of 0.49, p < 0.001). (c) Adjusted intercalated sea-
level data. The regression coefficient (calculated in b) was used to shift the midpoint of
intercalated index points upward; an additional unidirectional error proportional to
the regression coefficient was added in the downward direction to keep the lower
bound of intercalated index points unchanged.
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This addition of error accounts for the possibility that samples may
not have been affected by the compaction process or more likely,
that variation exists across sites in sediment lithology or other
factors influencing compaction.

2.3.2. Tidal range change
Paleotidal data for the Caribbean were predicted using a nested

modeling approach (Fig. 4). Complete details of the approach are
available in Hill et al., 2011; Griffiths and Hill, 2015. First, a global
tidal model (Griffiths and Peltier, 2008, 2009), which includes dy-
namics such as self-attraction and loading, drag in shallow seas,
and internal tide drag, was used to compute tidal constituent am-
plitudes and phases on a 800 � 800 regular grid. These tidal con-
stituents from the global model were used to force the open
boundary of a regional tidal model (ADCIRC; Luettich and
Westerink, 1991) using an unstructured finite-element computa-
tional mesh spanning the western Atlantic Ocean, the Gulf of
Mexico and the Caribbean Sea. This model pairing is referred to as
the ‘paleotidal model’ (Fig. 4b). Paleobathymetries were estimated
from depth changes from the ICEe5G (VM2) GIA model of Peltier
(2004) interpolated onto the regional grid. Tidal amplitudes and
phases were converted to tidal datums using the Harmonic Con-
stant Datum method of Mofjeld et al., 2004. The paleotidal model
does not include the effects of sediment infilling of estuaries and
coastal lowlands or freshwater discharge from the catchments
(Shennan et al., 2000a).

An error was applied to all index points to account for the local
tidal conditions that prevailed at the time of sample deposition
using hindcasts from the paleotidal model. Computational runs
were carried out at 1 ka intervals from 10 ka to present day. We
followed Hill et al. (2011) and Horton et al. (2013) to determine
absolute values of past tidal levels. The percentage change in each
tidal datum between present day (Fig. 4b) and paleotidal model
runs at the time of interest (Fig. 4d) was used to correct the present-
day tidal datums produced by the regional model forced with tidal
constituents from the data-assimilative TPXO 6.2 global model
(Egbert et al., 1994) (Fig. 4a), which more accurately reproduces
present-day tidal datums recorded at tide gauges. An additional
error was added to each index point equal to the absolute value of
the difference between present-day and past indicative range of the
sample (calculated from model output) (Table 3). Barbados and
South American sites were outside of the domain of the paleotidal
model and therefore data from these sites were not corrected for
this effect.

Here, we provide a brief example of how this calculation was
made for an index point. The present-day indicative range for a
mangrove peat sampled from Swan Key in the Florida Keys is:

HAT - MTL ¼ 0.64 m � 0.01 m ¼ 0.65 m

The sample was dated to 5.5 ka. The paleotidal model was used
to provide estimates of MTL and HAT and the ‘paleo’ indicative
range was calculated:

HAT - MTL ¼ 0.70 m � 0.01 m ¼ 0.71 m

The absolute difference between the present-day and ‘paleo’
indicative range (0.06 m) was incorporated as a term in the total
quadratic sum of vertical errors of RSL. The magnitude of this
indicative range change error is small (<0.1 m) from 8 to 0 ka.,
although for a few index points, the magnitude of this error in-
creases to as much as ~0.55 m from 10 to 8 ka (Fig. 4c). By adding an
error term, instead of directly correcting for this effect, we are
incorporating the best estimate of the uncertainty inherent in the
RSL reconstructions due to past changes in tidal range (Hijma et al.,
2015).

2.3.3. Tectonic influences in the Caribbean
To minimize the uncertainties in RSL due to tectonic influence

on sites, we have excluded studies that documented gradients of
RSL change across active tectonic structures (e.g., Ignacio Martínez
et al., 2010). Indeed, most sites within the database (with the
exception of Jamaica, Dominican Republic, Belize) lie tens of kilo-
meters away from large active faults and are, therefore, unlikely to
experience short-term vertical displacements greater than a few
centimeters (e.g., Rundle, 1982; Yu et al., 1996). Only the Caribbean
subduction zone could potentially produce earthquakes large
enough to produce larger vertical displacements in the far field
(>M8); however, no such earthquakes are known from historical
records (Bernard and Lambert, 1988), either because the historical
record is too short to capture them, or because the Caribbean
subduction zone does not generate them. If such great earthquakes
were to occur, they could affect the records of the Lesser Antilles
and Barbados sites. Documented long-term uplift rates exist for a
small number of sites in the Caribbean: 0 m/Ma in Barbuda (Brasier
and Donahue, 1985), 30 m/Ma along the northern coast of Puerto



Fig. 4. Holocene change in Caribbean tides. (a) Present-day tidal range computed by OSU (Oregon State University) forced model. (b) Present-day tidal range computed by paleotidal
model. (c) Magnitude of the uncertainty added to index points due to changes in tidal range over the past 10 ka. (d) Hindcasts of tidal range using paleotidal at 1-kyr intervals from
10 to 1 ka). MTL ¼ mean tide level; MLLW ¼ mean lower low water; MHHW ¼ mean higher high water; HAT ¼ highest astronomical tide.
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Rico (Taggart, 1993), 25e60 m/Ma in the Cayman Islands (Vezina
et al., 1999), 50 m/Ma in Florida due to erosional unloading by
karstification of the emerged landmass (Adams et al., 2010), 26e54
m/Ma in Curacao (Muhs et al., 2012) and 340 m/Ma along the
southern coast of Barbados (Fairbanks, 1989; Peltier et al., 2015).
Given the large uncertainties of available uplift estimates (e.g.,
Creveling et al., 2015) and the limited number of sites for which this
information is available, we do not use these estimates to correct
the data and instead compare RSL heights and rates among sites to
make inference on tectonic influences.
2.4. Statistical modeling of Holocene sea-level data

We construct a spatio-temporal empirical hierarchical model,
which is suitable for analyzing noisy RSL time series from multiple
locations (Kopp et al., 2016). In the sense we use it here, ‘noise’
refers to both uncertainties in measurements and high-frequency
variability in sea level that may affect the observation process but
should not be considered part of the multidecadal definition of
mean sea level. The model has three levels: (1) a data lev-

el; pðy; btjf; t;dQdÞ, which models how RSL at specific points in
space and time is recorded by index points with vertical and tem-

poral noise; (2) a process level, pðf; tjdQpÞ, which models the noise-
free spatio-temporal field of RSL, including basinal (uniform across
the entire Caribbean basin), sub-basinal (exhibiting regional vari-
ability within the Caribbean basin), and local (exhibiting little
spatial correlation) signals; and (3) a hyperparameter level
ðQ ¼ ½Qp;Qd�Þ; (process-level and data-level hyperparameters),
which characterize the spatial and temporal scales of variability in
the process level. Here, y refers to a vector of RSL observations, bt to
a vector of age observations, f a vector of RSL at both observed and
unobserved locations of interest, and t a vector of true ages corre-
sponding to bt. The notation p(ajb,c) reads the probability or prob-
ability density of a conditional on b and c.

We employ an empirical Bayesian analysis method, inwhich the
hyperparameters are point estimates (single values with no asso-
ciated probability distribution) calibrated on the data to maximize
the likelihood of the model. The output of the model includes an
estimate of the posterior probability distribution of the noise-free
sea-level field, f(x,t), conditional on the tuned hyperparameters:

p
�
f; tjy; bt;cQd;

cQp

�
fp

�
y; bt����f; t;dQd

�
,p

�
f; t

����dQp

�

The vector cQd is the maximum likelihood estimates of the data
hyperparameter (Qd ¼ fs2wg) and cQp is the maximum likelihood
estimates of the process hyperparameters
(Qp ¼ fs2b ; tb; s2s ;gs; ts; s2l ;gl; tlg). These hyperparameter point es-
timates cQ are detailed in Appendix 2.

At the data level, we have noisy RSL measurements yi and noisy
age measurements bti :
yi ¼ f ðxi; tiÞ þ ε

y
i
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bti ¼ ti þ ε
t
i

where xi is the geographic location and ti is the true (noise-free) age
of index point i; bti are the midpoints of calibrated ages; εyi are the
errors in the RSL; and ε

t
i are errors in age. The RSL errors are treated

as uncorrelated and normally distributed (where Acropora palmata
coral's uniform distribution is approximated with a normal distri-
bution; see Table 3), with standard deviations equal to half the
quadratic sum of each measurement's heteroscedastic (unequal
variability across index points) total error (as described in section
3.3 and Table 2) and an additional homoscedastic (equal variability)
noise with standard deviation sw, representing high-frequency
variability in RSL. The non-normal age uncertainties (described in
section 3.2 and Table 3) are approximated as 2s Gaussian un-
certainties and are incorporated using the noisy-input Gaussian
Process (GP) method of McHutchon and Rasmussen (2011), which
uses a first-order Taylor-series approximation to translate errors in
the independent variable (age) into equivalent errors in the
dependent variable (RSL):

f ðxi; tiÞzf
�
xi; bti

�
þ ε

t
i

vf
�
xi; bti

�
vt

At the process level, the model uses spatial and temporal
covariance that exists among the data to reduce uncertainty in
estimates of the posterior sea-level field. In many cases the model
uncertainty is less than the uncertainty of a single index point at a
single site. Likewise, the model allows us to estimate the sea-level
field for locations and at times where there is no data. We model
the sea-level field, f(x,t), as the sum of three (basinal, sub-basinal,
local) component spatio-temporal fields:

f ðx; tÞ ¼ bðtÞ þ sðx; tÞ þ lðx; tÞ:
This sum is equal to the total RSL signal at a given site (model

curves shown in Figs. 5e8). The prior distribution of each compo-
nent is a mean-zero GP, an infinite-dimensional generalization of
multivariate normal distributions (see Rasmussen and Williams,
2006 for more detailed information on GPs). The covariance is
characterized by hyperparameters that comprise amplitudes (s;
i.e., magnitude of signal), timescales (t; i.e., time over which the
sea-level field is correlated), and geographic length scales (g; i.e.,
geographic distance over which the sea-level field is correlated) of
variability for the basinal (denoted by subscript ‘b’), sub-basinal
(denoted by subscript ‘s’) and local (denoted by subscript ‘l’)
component fields. The priors for the basinal, sub-basinal, and local
component fields are respectively defined by:

b tð Þ � GP
n
0; s2b r

�
t; t’; tb

�o
sðx; tÞ � GP

�
0; s2s r

�
x; x’;gr

�
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�
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�o
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where r is the Mat�ern correlation function with smoothness
parameter 3/2 and scale t or g (temporal or length, respectively).
The use of a smoothness parameter of 3/2 ensures that the first
derivative of the process will be defined everywhere, which allows
for rates of RSL change to be calculated analytically (without esti-
mation or approximation) over space and time.

The reported rates of sea-level change are 1-ka average rates
based on a linear transformation of f(t), unless otherwise stated. In
the following sections, we present model predictions and rates
using the mean and 1s uncertainty. In order to assess the
probability of a highstand geographically, we calculate the proba-
bility that RSL is greater than zero (current RSL), at grid points on
the map over specific ranges in time.

3. Regional records of Caribbean relative sea-level

The new database incorporates sea-level data from a latitudinal
range of 5�N to 25�N and longitudinal range of 55�W to 90�W
(Fig. 1). The database consists of 737 data points, of which 499 are
index points, 203 are marine limiting, and 35 are freshwater
limiting dates. Most of the data are distributed temporally in the
last 8 ka (90%), with the greatest amount (~26%) occurring from 8 to
6 ka. This distribution differs from records from the U.S. Atlantic
coast, where only 7% of the data is older than 6 ka (Engelhart and
Horton, 2012). This difference may be related to the lower GIA
subsidence rates in the Caribbean compared to the U.S. Atlantic
coast (i.e., shallower depths of samples between 6 and 8 ka), which
either contributes to better preservation of sea-level indicators or
samples that are easier to be obtained.

We subdivide the data into 20 regions based on availability of
data, tectonic setting, and distance from the former LIS (Fig. 5:
Western Antilles; 6: Eastern Antilles; 7: Florida and Central Amer-
ica; and 8: South America). In this section, we present past RSL and
age of index points from values in the database for which tidal
range change and sediment compaction are accounted in the error
term. We report 2s errors for RSL uncertainties and for clarity, we
describe ages to the nearest 0.1 ka without chronological uncer-
tainty. We include results from the spatio-temporal statistical
model to indicate 1-ka average rates of change over specified time
intervals. All RSL data used in this study can be found in Appendix 3.

3.1. Bahamas

The Bahamas RSL record contains 16 index points from
mangrove peats (n ¼ 11) and A. palmata corals (n ¼ 5) and 17
marine limiting dates (Fig. 5.1). There is an absence of early Holo-
cene data from the Bahamas. Index points from A. palmata corals
(Lighty et al., 1982) and mangrove peats (Knowles, 2008) constrain
the mid to late Holocene RSL record. The oldest index point
(Andersen and Boardman, 1988) places RSL at �5.6 ± 0.7 m at 7 ka
(midpoint), although this index point has a large age error (±2430).
At 4.7 ka, an index point from an A. palmata coral indicates RSL was
at �3.9 ± 2.8 m. The record shows RSL slowly rising to present at a
rate of 0.9 ± 0.2 m/ka, with the youngest index point delimiting RSL
to be �1.0 ± 1.2 m at 0.2 ka.

3.2. Cuba

The RSL record from Cuba is based on 5 index points from Rhi-
zophora mangle and Avicennia germinans mangrove peats (Fig. 5.2).
The record spans only the late Holocene (Peros, 2005; Davidson,
2007; Milne and Peros, 2013). The oldest index point places RSL
at�2.7 ± 0.5 m at 2.5 ka. RSL then rose to�0.7 ± 0.6 m at 0.3 ka at a
rate of 0.5 ± 0.4 m/ka.

3.3. Cayman Islands

The Cayman RSL history is defined by 9 index points from
mangrove peat and 1 marine limiting date (Fig. 5.3). The oldest
marine limiting date comes from a Diploria labyrinthiformis coral
from a relict reef crest (Blanchon et al., 2002), which indicates RSL
was above �22.0 ± 0.4 m by 6.1 ka. There is a gap in the record in
the mid Holocene. The late Holocene record is constrained by index
points from basal mangrove peats (Woodroffe, 1983). These index
points show RSL at �1.5 ± 0.2 m at 2.1 ka increasing gradually at a



Fig. 5. RSL data and spatio-temporal statistical model predictions for the Western Antilles. (1) Bahamas; (2) Cuba; (3) Cayman Islands; (4) Jamaica; and (5) Dominican Republic.
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Fig. 6. RSL data and spatio-temporal statistical model predictions for the Eastern Antilles. (6) Puerto Rico; (7) St. Croix; (8) Lesser Antilles: Antigua, Martinique, Barbuda; and (9)
Barbados.
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Fig. 7. RSL data and spatio-temporal statistical model predictions for Florida and the Central American coastline. (10) South Florida; (11) Mexico; (12) Belize; (13) Honduras; and
(14) Panama.
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Fig. 8. RSL data and spatio-temporal statistical model predictions for the South American coastline. (15) Colombia; (16) Curacao; (17) Venezuela; (18) Orinoco; (19) Trinidad; and
(20) Suriname and Guyana.
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rate of 0.4 ± 0.5 m/ka to �0.6 ± 0.2 m at 0.5 ka.

3.4. Jamaica

The Jamaica database includes 49 index points from mangrove
peat and 6 freshwater limiting dates (Digerfeldt and Hendry, 1987)
(Fig. 5.4). The record spans most of the Holocene, with the oldest
index point placing RSL at �11.6 ± 0.5 m at 9 ka. RSL increased
rapidly at a rate of 2.7 ± 0.3 m/ka in the early to mid Holocene
to�2.0 ± 0.4 m at 5 ka. RSL increased slowly at a rate of 0.4 ± 0.2 m/
ka in the mid to late Holocene, with RSL reaching �0.2 ± 0.4 m at
0.4 ka.

3.5. Dominican Republic

The Dominican Republic contains 17 marine limiting points
from exposed deep-water corals and mollusks in Lago Enriquillo
(Mann et al., 1984; Taylor et al., 1985; Cuevas et al., 2009) (Fig. 5.5),
which constrains a lower limit of RSL in the Holocene.

3.6. Puerto Rico

The RSL history of Puerto Rico is defined by 22 index points from
mangrove peat (n ¼ 18) and A. palmata corals (n ¼ 4), 4 marine
limiting dates and 10 freshwater limiting dates (Fig. 6.6). The early
Holocene record is derived from mangrove peat index points
(Shlemon and Capacete, 1976; Khan, 2014), the oldest of which
constrains the position of RSL to be�12.2 ± 4.3 m at 8.6 ka. RSL rose
rapidly at a rate of 2.7 ± 0.4 m/ka during the early to mid Holocene,
reaching a maximum of �0.8 ± 0.6 m at 4.9 ka. The mid to late
Holocene record is delimited by freshwater limiting points (Khan,
2014), with RSL at a maximum of �0.2 ± 0.6 m at 3.2 ka. The late
Holocene record, defined by marine limiting dates (Lane et al.,
2013) and index points from mangrove peat (Khan, 2014) and
A. palmata (Macintyre et al., 1983) show RSL rising slowly at a rate
of 0.6 ± 0.4 m/ka, reaching near its current level by 0.8 ka.

3.7. St Croix

The record from St. Croix consists of 34 index points from
A. palmata corals (n¼ 32) andmangrove peat (n¼ 2) and 34marine
limiting dates (Fig. 6.7). Coral data from several St. Croix reef sites
combine to provide comprehensive temporal (~8 ka) coverage of
Holocene reef development (Burke et al., 1989; Macintyre and
Adey, 1990; Hubbard et al., 2005; Macintyre et al., 2008; Toscano
et al., 2011), with additional supporting information from marine
limiting dates and mangrove peat index points from Altona Bay
(Jessen et al., 2008). The oldest index point places RSL
at �20.9 ± 2.6 m at 10.4 ka. RSL rose in the early (6.9 ± 0.6 m/ka) to
mid (4.3 ± 0.3 m/ka) Holocene, reaching �10.4 ± 2.6 m at 8.1 ka
and �3.5 ± 2.6 m at 5.0 ka. The rate of RSL rise slowed to
0.7 ± 0.2 m/ka in the mid to late Holocene, with the youngest index
point indicating RSL was located at �0.2 ± 2.6 m at 0.3 ka.

3.8. Antilles

The record from the Lesser Antilles island arc, including sites in
Anguilla, Antigua, Barbuda, and Martinique, contains 12 index
points from A. palmata corals (n¼ 7) andmicrobial mats (n¼ 5) and
7 marine limiting dates (Fig. 6.8). We exclude mangrove peat data
fromGuadeloupe (Feller et al., 1990) because the age and altitude of
dated samples could not be accurately estimated. The Antilles
dataset has limited temporal coverage, with marine limiting dates
and index points from microbial mats in coastal lagoons from
Anguilla and Barbuda (Knowles, 2008) and A. palmata corals (Adey
and Burke, 1976; Lighty et al., 1982; Macintyre et al., 1985) defining
the position of RSL in the mid to late Holocene. The oldest marine
limiting date places the lower limit of RSL at �1.4 ± 0.5 m at 4.9 ka,
with a slow rise of 0.5 ± 0.2 m/ka to the present-day level.

3.9. Barbados

The RSL history of Barbados is derived from54 index points from
A. palmata corals (n¼ 52) andmangrove peat (n¼ 1) and 13marine
limiting dates (from deep water corals) (Fig. 6.9). The early Holo-
cene record is constrained by an expanded dataset (Fairbanks et al.,
2005; Peltier and Fairbanks, 2006) of the landmark Barbados
deglacial RSL history described in Fairbanks (1989, 1990) and Bard
et al. (1990, 1993, 1998), where U-series ages have been re-
measured on some of the same samples with improved precision
(Fairbanks et al., 2005). The mid to late Holocene record is derived
from index points from A. palmata collected from Cobbler's Reef, a
well-developed bank-barrier reef off the southeast coast
(Macintyre et al., 2007a, 2007b), and mangrove peat from Graeme
Hall swamp on the south coast of Barbados (Ramcharan, 2005). RSL
rose rapidly at a rate of 12.8 ± 0.7 m/ka in the early Holocene
from�54.6 ± 2.6 m at 12 ka to �30.3 ± 2.6 m at 10 ka. A steady rise
of 9.5± 1.1m/ka continued to 9 kawhen RSL reached�18.8 ± 2.6m.
There is a gap in the record until 6.5 ka with only one marine
limiting date indicating the lower limit of RSL to be�17.8 ± 0.7 m at
7.4 ka. In the mid to late Holocene, RSL rose at a slower rate
(0.6 ± 0.2 m/ka) from�1.2 ± 2.6 m at 6.5 ka to its present day level.

3.10. Southern Florida, USA

The RSL history from the southern Florida is composed of 52
index points from mangrove peats (n ¼ 30) and A. palmata corals
(n ¼ 22), 26 marine limiting dates (deep water corals) and 16
freshwater limiting dates (Fig. 7.10). Index points from A. palmata
and marine limiting dates along the Florida reef tract delimit the
early Holocene position of RSL (Lighty et al., 1978; Toscano and
Lundberg, 1998; Toscano and Macintyre, 2003; Banks et al.,
2007); RSL rose rapidly (4.3 ± 0.5 m/ka) during this time
from �21.6 ± 2.8 m below present at ~10 ka to �6.4 ± 2.7 m at ~ 7
ka. An index point from mangrove peat indicates RSL was
at�5.2 ± 0.7 m at 5.5 ka. The mid to late Holocene record is defined
by index points from mangrove peat (Scholl, 1964; Scholl and
Stuiver, 1967; Robbin, 1984) and marine limiting dates (Cheng
et al., 2012) that place RSL between �2.5 and �5.5 m at 4.5 ka.
RSL rose slowly at a rate of 0.7 ± 0.3 m/ka to present, with the
youngest index point indicating RSL to be at �0.3 ± 0.7 m at 0.3 ka.

3.11. Mexico

Mexico's RSL history is constrained by 21 index points from
A. palmata corals (n¼ 11) andmangrove peat (n¼ 10) and 8marine
limiting dates (Fig. 7.11). There is a lack of data until 6.9 ka when
index points from mangrove peat formed within Cenote Aktun Ha
(Gabriel et al., 2009) indicate RSL was between �3.6 and �4.8 m
from 6.9 to 6.6 ka. Themid to late Holocene record is constrained by
marine limiting points and index points from A. palmata corals
(Blanchon et al., 2002) and mangrove peat (Islebe and S�anchez,
2002; Torrescano and Islebe, 2006; Torrescano-Valle and Islebe,
2012; Guti�errez-Ayala et al., 2012) and shows a gradual rise of
0.4 ± 0.3 m/ka from �1.0 ± 1.1 m at 4.0 ka to present-day level.

3.12. Belize

Belize has the largest amount of data among all sites. These data
consist of 137 index points, 45 marine limiting dates and 2
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terrestrial limiting dates from the northern barrier reef, central
barrier reef, southern barrier reef, Turneffe Islands and Lighthouse/
Glover's reef (Fig. 7.13). Local to regional tectonics may influence
local Belize RSL histories (Lara, 1993), although no large offsets
were observed among localities, so we combine data from this re-
gion. The RSL record from the Belize barrier reef consists of 28
marine limiting dates and 116 index points from mangrove peat
(n ¼ 98) from Ambergris Cay (Ebanks, 1967), Cangrejo and Bulk-
head Shoal (Mazzullo et al., 2003), Tobacco Range (Macintyre et al.,
1995); Twin Cays (Macintyre et al., 2004; McKee et al., 2007;
Wooller et al., 2007), Cat Cay (McKee et al., 2007) and Spanish
Lookout Cay (Monacci et al., 2009) and A. palmata corals (n ¼ 18)
from Gladden Spit, Ranguana Cay, and Nicholas Cay (Gischler and
Hudson, 2004). The RSL history from the Turneffe Islands and
Lighthouse/Glover's reef is derived from 17 marine limiting dates
and 21 index points from A. palmata corals (n ¼ 6) (Gischler and
Hudson, 1998) and mangrove peat (n ¼ 15) (Gischler and Hudson,
1998; Gischler, 2003; Wooller et al., 2009; McCloskey and Liu,
2013), and 2 terrestrial limiting dates (Gischler, 2003). The oldest
index point constrains the position of RSL to be �17.3 ± 0.3 m at 9.4
ka. RSL then rose at 4.0 ± 0.4 m/ka in the early Holocene, reaching a
level of �2.1 ± 2.6 m at 6.1 ka. RSL rise slowed to 0.5 ± 0.2 m/ka at
this time, reaching a value of �0.5 ± 0.6 m by 0.6 ka.

3.13. Honduras

The RSL record from Honduras is based on 3 index points from
mangrove peat and 1 marine limiting date (McKee et al., 2007)
(Fig. 7.13). There is limited temporal coverage of this record, with
the oldest index point placing RSL at�1.3 ± 0.9m at 1.4 ka. RSL then
rose at a rate of 0.5 ± 0.6 m/ka to the present level.

3.14. Panama

The RSL history from Panama is composed of 16 index points
frommangrove peats (n¼ 2) (Schmidt, 2008) and A. palmata corals
(n ¼ 14) (Macintyre and Glynn, 1976), 6 marine limiting dates from
deep-water corals (Macintyre and Glynn, 1976) and marine-
influenced lagoonal deposits (Schmidt, 2008), and 3 freshwater
limiting dates (Schmidt, 2008) (Fig. 7.14). Panama displays a
monotonic rise in RSL, with sea level rising at a rate of 3.0 ± 0.6 m/
ka from �9.6 ± 2.6 m at 7.4 ka to �3.1 ± 2.6 m at 5.6 ka BP. From ~4
ka, the rate of RSL rise decreased to 0.3 ± 0.3 m/ka, with RSL
increasing from �1.1 ± 2.6 m at 4.2 ka to �0.7 ± 0.8 m at 0.7 ka.

3.15. Colombia

The Colombian record contains 2 index points from mangrove
peat (Jaramillo and Bayona, 2000) and 7 marine limiting points
(Gonz�alez et al., 2010; Urrego et al., 2013) (Fig. 8.15). We did not
include data from Ignacio Martínez et al. (2010) and Velez et al.
(2014) in the database due to obvious tectonic influences and un-
known sample elevation and indicativemeaning. The oldest marine
limiting date indicates RSL was above �1.5 ± 1.1 m at 6.2 ka. RSL
then remained at a relatively constant level until present,
reaching �1.9 ± 0.6 m at 5.0 ka, rising slightly (0.3 ± 0.5 m/ka)
to �0.9 ± 0.9 m at 2.6 ka.

3.16. Curaçao

The Curaçao database contains 8 index points from mangrove
peat and 17marine limiting dates (Klosowska, 2003) (Fig. 8.16). The
record begins at 7.1 ka, where a single index point places RSL
at �4.7 ± 0.4 m. RSL then rose at a rate of 2.1 ± 0.9 m/ka
to �3.3 ± 0.4 m at 6.1 ka. The mid to late Holocene record is
constrained only by a series of marine limiting dates, which indi-
cate RSL rose at a rate of 0.7 ± 0.4 m/ka to above�1.1 ± 0.3 m by 3.3
ka. RSL then rose slowly (0.2 ± 0.6 m/ka) to �0.5 ± 0.4 m at 1.7 ka
and to above �0.6 ± 0.3 m at 0.4 ka.

3.17. Western Venezuela

We separate the record of western Venezuela from the Orinoco
Delta region due to differing tectonic influences. Western Ven-
ezuela's RSL record consists of 10 index points frommangrove peat
(n ¼ 6) (Weiss, 1979) and beach rock (n ¼ 4) (Schubert et al., 1977)
(Fig. 8.17). The western Venezuelan record begins in the mid Ho-
locene, with the oldest index point placing RSL at �0.3 ± 0.4 m at
4.4 ka. RSL then rose slowly at 0.2 ± 0.3 m/ka until it
reached�0.1 ± 0.4 m at 0.9 ka. We note, however, that we excluded
beach rock samples found up to 2 m above present (Schubert et al.,
1977) RSL because the dated material was not formed in situ. The
presence of the beach rock features suggests that RSL may have
been higher than present in the recent (Holocene) past in this
location. Further investigation is required to fully assess the pos-
sibility of a mid-Holocene highstand in this region.

3.18. Orinoco Delta

The RSL record from the Orinoco Delta on the eastern coast of
Venezuela consists of 13 index points from mangrove peat and
organic muds inferred to be buried A soil horizons (Rull et al., 1999;
Warne et al., 2002) (Fig. 8.18). The Orinoco record has good tem-
poral coverage over the past ~8 ka. The record shows rapid RSL rise
(2.7 ± 0.6 m/ka) in the early to mid Holocene. RSL rose
from�6.8 ± 3.0 m at 7.8 ka to�1.0 ± 0.9m by 5.9 ka. The position of
RSL remained relatively constant throughout the mid to late Ho-
locene, rising slowly at a rate of 0.2 ± 0.2m/ka to�0.3 ± 1.1m by 0.5
ka.

3.19. Trinidad

The RSL history from Trinidad is derived from 9 index points
frommangrove peat (Ramcharan andMcAndrews, 2006) (Fig. 8.19).
The Trinidad record displays a monotonic rise in RSL, with faster
rates of RSL rise in the early to mid Holocene (1.0 ± 0.6 m/ka) than
in the mid Holocene (0.5 ± 0.5 m/ka). The oldest index point at 6.6
ka places RSL at �4.5 ± 9.0 m. RSL then rose to �2.3 ± 3.8 m at 4.8
ka, -2.0 ± 9.5 m at 3.0 ka, and 0.7 ± 3.0 m at 0.5 ka.

3.20. Suriname and Guyana

Suriname and Guyana's RSL record contains 29 index points
from mangrove peat (Roeleveld and van Loon, 1979) (Fig. 8.20). A
rise in RSL (8.4 ± 1.1 m/ka) is observed in the early Holocene
from�14.4 ± 5.6 m at 9.6 ka (oldest index point) to�4.8 ± 2.7 m at
8.3 ka. RSL continued to rise (4.7 ± 0.8 m/ka) to �1.4 ± 1.8 m at 6.9
ka. The rate of RSL rise slowed (0.8 ± 0.7 m/ka) in the mid to late
Holocene, with RSL rising to a highstand of þ0.4 ± 1.2 m by 7.2 ka
and þ0.9 ± 1.0 m at 4.7 ka. RSL fell gradually (�0.1 ± 0.3 m/ka) to
present, reaching þ0.6 ± 1.4 m by 1.0 ka.

4. Discussion

4.1. Reconstruction of relative sea level in the Caribbean

We build upon previous efforts to produce a Caribbean Holocene
RSL database (e.g., Lighty et al., 1982; Toscano andMacintyre, 2003;
Milne and Peros, 2013). We add new data for 14 regions in the
Caribbean to previous regional compilations by reinterpreting and
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expanding on the type of sea-level indicators incorporated in the
database. We also correct for effects of local processes (sediment
compaction and tidal range change) and use a spatio-temporal
statistical model to assess patterns and rates of RSL change
through time.

The coral database of Lighty et al. (1982) was developed using
A. palmata corals sampled from well-documented shallow reef-
crest frameworks in the western Caribbean with a living depth
range of <1e5 m. Toscano and Macintyre (2003) expanded the
Lighty et al. (1982) coral database by adding a regional compilation
of mangrove peat that provided an upper constraint on RSL and
correcting all ages in the database for isotopic fractionation effects
(Stuiver and Polach, 1977). However, they combined all data to
produce a single sea-level curve for the region, which precludes
examination of spatial variation in RSL due to GIA, tectonics and
local scale processes (Toscano et al., 2011). Milne and Peros (2013)
updated the database of Toscano and Macintyre (2003) with
additional data from Belize, the U.S. Gulf coast, Trinidad, the
Yucatan Peninsula of Mexico, and Cuba to compare regional sea-
level records with GIA models, although measurement errors of
some index points were underestimated (e.g., leveling/elevation
errors of Trinidad and Tobago data) and local effects were not
examined.

In previous compilations, mangroves (upper limit) and
A. palmata corals (lower limit) were used to bracket the position of
RSL (e.g., Toscano and Macintyre, 2003), or when the indicative
meaning of both sample types was considered (e.g., Milne and
Peros, 2013), there was no temporal overlap in mangrove and
A. palmata indicators, and therefore the agreement between
assumed depth distributions (indicative meaning) could not be
assessed. In our data compilation, numerous sites (Figs. 5.1, 6.6, 6.7,
6.8, 6.9, 7.10, 7.11, 7.12, 7.14) show agreement between mangrove
peat, A. palmata corals, microbial mats, and beach rock indicators,
which provides support for the depth distributions reported for
these samples and offers greater confidence in these re-
constructions than those based on a single indicator/proxy alone.

4.2. Uncertainty of relative sea-level reconstructions

Sediment compaction is a vertical error that influences
mangrove and sedimentary index points and is challenging to
quantify (van Asselen et al., 2009). Sediment compaction lowers
the altitude of a sea-level index point (Ai) to a depth belowwhere it
was initially deposited (e.g., Kaye and Barghoorn, 1964; Allen,
2000). This effect underestimates the value of Ai, which results in
RSL estimates that are too low. In temperate marshes this influence
has been estimated based on an index point's position in a strati-
graphic sequence (Haslett et al., 1998; Edwards, 2006; Shennan
et al., 2000b; Shennan and Horton, 2002; Horton and Shennan,
2009; Engelhart and Horton, 2012). We were able to make a first-
order assessment of this effect using the stratigraphic position of
intercalated samples (0.22 m ± 0.07 m of compaction per meter of
overburden) (Fig. 3). Regression on the Jamaica data alone yields
0.3 m compaction per meter overburden, whereas the Central
Belize dataset returns a value of 0.1 m compaction per meter
overburden. The estimate from Central Belize may be a minimum
because it lacks sequences of clastic overburden, which would
likely increase compaction (e.g., Allen, 2000). Our estimate of
compaction is consistent with those reported for other temperate
regions. Horton et al. (2013) found 0.3 m of compaction per meter
overburden in New Jersey, USA, and Horton and Shennan (2009)
found values ranging from 0.24 to 0.5 m of compaction per meter
of overburden on the east coast of England. A compaction study of
mangrove sediments from Singapore using geotechnical measure-
ments reported averagemaximum compaction of 17e55%, which is
comparable to values of 13e47% reported for temperate marshes of
the US Atlantic and Gulf coast (Bloom, 1964; Kaye and Barghoorn,
1964; Stout and Spackman, 1989; T€ornqvist et al., 2008) and En-
gland (Haslett et al., 1998). However, Singapore experienced a mid-
Holocene sea-level highstand that would result in dewatering of
mangrove peats, potentially increasing compaction effects
compared to sites that remained waterlogged. Future studies may
incorporate geotechnical approaches to more accurately account
for sediment compaction at individual sites.

Tidal range change is an additional source of vertical uncertainty
that may influence all sea-level indicators (Shennan et al., 2000a;
Horton et al., 2013). If tidal range were greater in the past, this
would lead to a change in the reference water-level value, and
depending on the indicator, RSL estimates could consequently be
higher (e.g., corals) or lower (e.g., mangrove peat). Paleotidal range
in the Caribbean remained relatively constant throughout the Ho-
locene, with the exception of a large oscillation in the amplitude of
tides between 10 and 8 ka, particularly off the western coast of
Florida/northern Bahamas and the southern Caribbean coast of
Central America (Fig. 4d). The change in tidal amplitude during this
time period is consistent with other modeling studies (Arbic et al.,
2004; 2008; Uehara et al., 2006), and is related to changes in the
area of major dissipation sites, such as the opening/closing of the
Hudson Strait, and the natural frequency of the North Atlantic basin
nearing resonance frequency around this time (Griffiths and Peltier,
2008, 2009; Hill et al., 2011).

On some coasts, vertical land motion caused by tectonics is an
important source of uncertainty in interpreting drivers of Holocene
RSL change (e.g., van de Plassche et al., 2014). The Jamaican region
lies close to potentially active large reverse faults (DeMets and
Wiggins-Grandison, 2007). Although the Jamaican data are
consistent with similar latitude regions for most of the Holocene,
RSL is anomalously shallow between 8 and 7 ka (Fig. 9). The
Dominican region lies near a large transpressional fault and has
experienced several major historical earthquakes (Dolan andWald,
1998), the effect of which on vertical displacement is unknown. The
vertical resolution of data (marine limiting dates that have no
weight in the spatio-temporal statistical model), however, provides
little insight on the impact of this fault system on Dominican RSL.
Reef distribution in Belize has been attributed to displacements on
recently active normal faults (Lara, 1993; Aronson et al., 2012), but
no differential pattern in RSL is discernible among the Belizean
sites, suggesting either that these faults are not currently active, the
recurrence interval is longer that the Holocene, or vertical dis-
placements are too small to be detectable. Subduction earthquakes
could produce substantial vertical displacements at sites located in
the Antilles chain; however, the largest known subduction earth-
quake did not produce substantial displacement on land (Bernard
and Lambert, 1988).

Vertical land motion from sedimentary loading of the Orinoco
Delta may cause subsidence of the region, which would lower RSL
estimates. Warne et al. (1999, 2002) report differential subsidence
across the Orinoco Delta, with subsidence rates estimated between
0 and 3.3 m/ka. These estimates are comparable to those from other
large river deltas, such as the Mississippi River Delta (Allison et al.,
2016). If a highstand did exist, subsidence of that magnitude could
offset the effects from ocean syphoning/continental levering,
masking evidence of higher than present RSL in the region.

4.3. Regional patterns of relative sea-level change

The Caribbean region represents intermediate- and far-field
locations. Early studies of the Caribbean island of Barbados
focused on using RSL to directly estimate the eustatic deglacial
signal (Fairbanks, 1989), although subsequent investigations



Fig. 9. Mean estimates of rates of RSL change calculated from the spatio-temporal statistical model for (a) each site and (b) over the entire RSL field. Each site is shaded according to
its relative distance from the former Laurentide Ice Sheet (a). The size of circles on the maps (b) shows the number of index points within a ±1-ka time window of the time interval
shown. Note change in color scale designating rates of RSL change among early (12e8 ka), mid (8e4 ka), and late (4e0 ka) timescales.
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indicated that Caribbean RSL has significant influence from GIA-
related processes, such as glacio-isostatic subsidence, rotational
effects, ocean syphoning, continental levering, and 3-D variations
in mantle viscosity structure (Rostami et al., 2000; Lambeck et al.,
Fig. 10. Maps of Caribbean region estimated from the spatio-temporal statistical model appli
line) and the probability of RSL higher than present level (highstand probability). The size of
the time interval shown. Note change in color scale designating RSL heights between 10e8
2002; Milne et al., 2005; Peltier and Fairbanks, 2006; Toscano
et al., 2011; Milne and Peros, 2013; Austermann et al., 2013).

To examine temporal variability in RSL records, we calculated 1-
ka average rates of change for each site in the database (Fig. 10;
ed to the data showing the height of RSL where 0 is present day level (denoted by white
circles on the maps shows the number of index points within a ± 1-ka time window of
ka and 8e0 ka.



Table 4
Average early-, mid-, and late-Holocene rates of RSL change for each site calculated
using the empirical hierarchical model.

Site Average rate (m/ka)

4-0 ka 8-4 ka 12-8 ka

South Florida 0.6 ± 0.3 2.1 ± 0.3 7.4 ± 0.7
Cuba 0.5 ± 0.3 1.9 ± 0.3 7.5 ± 0.6
Mexico 0.4 ± 0.3 1.9 ± 0.4 8.4 ± 0.8
Bahamas 0.5 ± 0.3 1.9 ± 0.4 7.6 ± 0.6
Cayman 0.4 ± 0.3 1.8 ± 0.3 7.7 ± 0.7
Belize 0.4 ± 0.2 1.8 ± 0.2 8.3 ± 0.7
Jamaica 0.4 ± 0.2 1.8 ± 0.2 7.8 ± 0.6
Honduras 0.4 ± 0.3 2.0 ± 0.3 8.1 ± 0.7
Dominican Republic 0.4 ± 0.3 1.8 ± 0.4 8.2 ± 0.6
Puerto Rico 0.6 ± 0.3 1.9 ± 0.3 8.8 ± 0.5
St. Croix 0.7 ± 0.3 2.0 ± 0.3 9.0 ± 0.5
Colombia 0.3 ± 0.3 2.0 ± 0.4 8.7 ± 0.6
Curacao 0.2 ± 0.3 1.9 ± 0.4 9.2 ± 0.6
Antilles 0.4 ± 0.3 2.3 ± 0.3 10.1 ± 0.4
Panama 0.4 ± 0.3 2.4 ± 0.4 8.2 ± 0.7
Western Venezuela 0.2 ± 0.3 1.9 ± 0.3 9.4 ± 0.6
Barbados 0.2 ± 0.3 2.3 ± 0.3 10.6 ± 0.4
Trinidad 0.2 ± 0.3 2.0 ± 0.3 10.6 ± 0.4
Orinoco 0.1 ± 0.3 1.7 ± 0.3 10.5 ± 0.5
Suriname and Guyana �0.2 ± 0.3 1.4 ± 0.3 10.9 ± 0.6
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Table 4). The fastest rates of RSL rise are observed in the early
Holocene, ranging from 10.9 ± 0.6 m/ka in Suriname and Guyana to
7.4 ± 0.7 m/ka in southern Florida from 12 to 8 ka. Rates began to
slow dramatically in the mid Holocene at ~6 to 5 ka. This slowing
trend continued in the late Holocene, with rates ranging from
0.6 ± 0.3 m/ka in southern Florida to �0.2 ± 0.3 m/ka in Suriname
and Guyana from 4 ka to present. This temporal pattern in rates of
RSL change is predominantly driven by the reduction in sea-level
equivalent inputs in the early to mid Holocene, coincident with
final melting of the LIS at ~7 ka (Peltier, 1998; Carlson et al., 2008;
Renssen et al., 2009; Widmann, 2009) and the Scandinavian ice
sheet by ~9.5 ka (Karlen, 1979; Carlson and Clark, 2012). Antarctic
and Greenland ice input also diminished during this period,
although the exact timing and relative contributions from these
sources is unresolved (Peltier, 2007; Carlson and Clark, 2012;
Lambeck et al., 2014; Peltier, 2015). With the onset of the Holo-
cene Climatic Optimum in high northern latitudes between ~9.5
and 4 ka, there is evidence to suggest that local ice-margin retreat
Table 5
Heights (±1 standard deviation) of RSL relative to present-day level (0 m) estimated by

Site 1 to 0 ka 2 to 1 ka 3 to 2 ka 4 to 3 ka 5 to

South Florida �0.6 ± 0.9 �1.1 ± 0.9 �1.7 ± 0.8 �2.3 ± 0.8 �3
Cuba �0.8 ± 0.4 �1.3 ± 0.4 �1.8 ± 0.5 �2.2 ± 0.7 �2
Mexico 0.1 ± 0.6 �0.1 ± 0.7 �0.6 ± 0.8 �1.0 ± 0.9 �1
Bahamas �1.0 ± 0.4 �1.4 ± 0.5 �1.8 ± 0.7 �2.2 ± 0.8 �3
Cayman �1.0 ± 0.3 �1.4 ± 0.2 �1.8 ± 0.4 �2.0 ± 0.5 �2
Belize �0.5 ± 0.4 �0.8 ± 0.4 �1.3 ± 0.4 �1.5 ± 0.4 �2
Jamaica �0.2 ± 0.4 �0.6 ± 0.3 �0.9 ± 0.3 �1.2 ± 0.3 �1
Honduras �0.8 ± 0.4 �1.2 ± 0.4 �1.6 ± 0.5 �1.8 ± 0.6 �2
Dominican Republic �0.2 ± 1.0 �0.6 ± 1.0 �1.0 ± 1.0 �1.4 ± 1.1 �2
Puerto Rico 0.1 ± 0.8 �0.4 ± 0.8 �1.1 ± 0.8 �1.7 ± 0.9 �2
St. Croix 0.1 ± 0.6 �0.6 ± 0.5 �1.3 ± 0.6 �1.9 ± 0.6 �2
Colombia �0.2 ± 1.1 �0.4 ± 1.1 �0.7 ± 1.1 �0.8 ± 1.1 �1
Curacao �0.2 ± 0.9 �0.4 ± 0.9 �0.7 ± 0.9 �0.8 ± 0.9 �1
Antilles 0.4 ± 0.6 0.0 ± 0.6 �0.4 ± 0.7 �0.7 ± 0.8 �1
Panama �0.5 ± 0.4 �0.8 ± 0.6 �1.2 ± 0.8 �1.5 ± 0.9 �2
Western Venezuela �0.1 ± 0.5 �0.2 ± 0.4 �0.4 ± 0.3 �0.5 ± 0.3 �1
Barbados 0.5 ± 0.7 0.4 ± 0.7 0.2 ± 0.7 0.1 ± 0.7 �0
Trinidad 0.0 ± 0.7 �0.1 ± 0.8 �0.2 ± 0.8 �0.3 ± 0.8 �0
Orinoco �0.4 ± 0.5 �0.5 ± 0.4 �0.5 ± 0.5 �0.4 ± 0.4 �0
Suriname and Guyana 0.8 ± 0.6 1.0 ± 0.7 1.2 ± 0.9 1.5 ± 1.0 1.3
of the Greenland ice sheet (Weidick et al., 1990; Briner et al., 2013;
Vasskog et al., 2015) contributed ~ -0.5 to 0.5 m equivalent sea level
between ~7 and 5 ka (Tarasov and Peltier, 2002; Simpson et al.,
2009; Lecavalier et al., 2014). In contrast, cooling during the
Greenland Neoglacial may have caused ice sheet advance respon-
sible for ~0.2 m sea-level equivalent fall (e.g., Lecavalier et al., 2014),
but this regrowth overprinted evidence of the ice sheet's mid-
Holocene minimum position. Other sources indicate that the Ant-
arctic Thermal Optimum (Hall et al., 2006; Bentley et al., 2009;
Verleyen et al., 2011; Anderson et al., 2014) stimulated melt of
the western Antarctic ice sheet after ~7 ka (Stone et al., 2003), with
melt continuing until 4 ka (Peltier et al., 2015) to 2 ka (Lambeck
et al., 2014), although increased ice accumulation rates in the
interior of western Antarctica from warmer air temperatures and
higher precipitation imply ice mass gains (Siegert and Payne, 2004;
Frieler et al., 2015).

The Caribbean RSL data exhibit spatial variability likely driven
by a range of processes. To investigate spatial variability of RSL in
the region, we used the spatio-temporal statistical model to pro-
duce maps of the height of RSL at 1-ka increments from 10 ka to
present (Fig. 9, Table 5). To demonstrate uncertainty in the RSL
estimates, we show one standard deviation of RSL height (Fig. S1).
In the early Holocene (10e8 ka), local highs (in the Greater Antilles
chain off the coasts of Jamaica, southeastern Cuba and eastern
Haiti) and lows (in the lesser Antilles, Barbados, and Trinidad) in
RSL are superimposed over a subtle NNWeSSE oriented gradient
with shallower (higher) RSL values occurring with increasing dis-
tance from the LIS center. Previous GIA modeling studies from the
Caribbean (Milne et al., 2005;Milne and Peros, 2013) show a similar
trend and indicate that it results from steady collapse of the pro-
glacial forebulge associated with LIS deglaciation leading to
regional land subsidence. Although there is limited spatial coverage
of data in the early Holocene, the Caribbean data show increasing
rates of RSL rise with greater distance from the LIS (Fig. 10). Milne
and Peros (2013) indicate that the gravitational influence of the
ice-load changes on sea-surface height drives this RSL gradient.
This effect is only active as ice is melting; therefore, the gradient is
reduced substantially from 8 ka onwards (when most North
American ice had melted), which caused the observed change in
RSL rates.

As ice melt slowed in the mid Holocene, spatial variability in the
Caribbean appeared in the emergence of a highstand. To examine
the empirical hierarchical model.

4 ka 6 to 5 ka 7 to 6 ka 8 to 7 ka 9 to 8 ka 10 to 9 ka

.3 ± 0.8 �4.5 ± 0.9 �6.5 ± 0.9 �9.1 ± 0.9 �13.3 ± 1.0 �17.5 ± 1.2

.9 ± 0.7 �3.9 ± 0.8 �5.9 ± 0.9 �8.3 ± 1.0 �12.2 ± 1.0 �16.3 ± 1.2

.8 ± 1 �2.6 ± 1.1 �4.2 ± 1.2 �6.7 ± 1.3 �12.1 ± 1.5 �18.1 ± 1.8

.0 ± 0.9 �4.0 ± 1.1 �5.8 ± 1.2 �8.3 ± 1.2 �12.1 ± 1.3 �16.1 ± 1.4

.5 ± 0.7 �3.3 ± 0.8 �5.2 ± 0.9 �7.6 ± 0.9 �11.8 ± 1.0 �16.3 ± 1.2

.0 ± 0.3 �2.6 ± 0.3 �4.3 ± 0.3 �6.7 ± 0.3 �11.9 ± 0.6 �17.6 ± 1.1

.7 ± 0.3 �2.5 ± 0.3 �4.4 ± 0.3 �6.9 ± 0.3 �10.7 ± 0.6 �15 ± 0.9

.3 ± 0.7 �3.1 ± 0.8 �5.1 ± 0.8 �7.7 ± 0.8 �12.7 ± 0.9 �18.2 ± 1.2

.1 ± 1.1 �2.9 ± 1.2 �4.7 ± 1.2 �7.1 ± 1.2 �11.0 ± 1.3 �15.6 ± 1.4

.7 ± 0.9 �3.5 ± 0.9 �5.1 ± 0.9 �7.8 ± 1.0 �12.3 ± 1.1 �17.8 ± 1.2

.9 ± 0.6 �3.7 ± 0.7 �5.3 ± 0.8 �8.1 ± 0.8 �12.9 ± 1.0 �18.7 ± 1.2

.3 ± 1.2 �2.1 ± 1.2 �4.1 ± 1.2 �7.0 ± 1.3 �11.5 ± 1.5 �17.0 ± 1.7

.3 ± 0.9 �1.9 ± 1.0 �3.6 ± 1.0 �6.4 ± 1.1 �11.2 ± 1.3 �17.2 ± 1.6

.7 ± 0.8 �2.5 ± 0.9 �4.2 ± 1.0 �7.6 ± 1.0 �13.6 ± 1.1 �21.1 ± 1.1

.1 ± 1.0 �3.2 ± 1.0 �5.9 ± 1.0 �9.2 ± 1.1 �14.0 ± 1.4 �19.4 ± 1.8

.0 ± 0.4 �1.5 ± 0.6 �3.2 ± 0.8 �6.0 ± 1.0 �11.1 ± 1.3 �17.5 ± 1.6

.7 ± 0.7 �1.4 ± 0.8 �3.1 ± 0.9 �6.6 ± 1.0 �13.1 ± 1.1 �21.2 ± 1.0

.9 ± 0.8 �1.3 ± 0.8 �2.7 ± 0.9 �5.8 ± 0.9 �12.0 ± 1.1 �20.0 ± 1.2

.7 ± 0.4 �0.9 ± 0.4 �2.0 ± 0.5 �4.9 ± 0.8 �10.9 ± 1.1 �18.9 ± 1.3
± 0.9 1.3 ± 0.9 0.6 ± 0.8 �1.8 ± 0.8 �7.9 ± 1.0 �16.4 ± 1.5



Table 6
Magnitude and probability of a mid-Holocene highstand in RSL at Suriname and
Guyana. RSL Height is given as mean ± 1 s.d. during the 500-year time period listed
along with the associated probability of RSL higher than present level (highstand
probability).

Time period (ka) RSL height (m) Highstand probability

8 to 7.5 �3.35 ± 1.00 0.00
7.5 to 7 �1.21 ± 0.97 0.11
7 to 6.5 �0.07 ± 1.00 0.47
6.5 to 6 0.50 ± 1.03 0.69
6 to 5.5 0.87 ± 1.07 0.79
5.5 to 5 0.98 ± 1.10 0.81
5 to 4.5 0.90 ± 1.10 0.79
4.5 to 5 0.91 ± 1.13 0.79
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the spatial extent of the highstand, we used the spatio-temporal
statistical model to produce maps showing the probability of RSL
higher than present (Fig. 9). The majority of locations in the
Caribbean provide no evidence for higher RSL than present. The
exception lies along the southern coast of South America. In Suri-
name and Guyana, RSL exceeded its present level and reached a
height of þ0.9 ± 1.0 m between 6.7 and 6.6 ka (54% probability of a
highstand; Fig. 9, Table 6). At this site, RSL attained a maximum
magnitude of þ1.1 ± 1.0 m between 5.3 and 5.2 ka (86% probability
of a highstand; Fig. 9, Table 6). At this distance away from the LIS, as
the magnitude of the eustatic signal diminished, the effects of
hydro-isostatic tilting and ocean syphoning outweighed those from
forebulge subsidence and rotational feedback and caused RSL to
reach a maximum level at this time. These results are consistent
with previous modeling studies from the region that estimate the
limit of forebulge collapse extends into the Caribbean (Lambeck
et al., 2002; Milne et al., 2005; Toscano et al., 2011; Milne and
Peros, 2013).

In the late Holocene, the same NNWeSSE oriented gradient in
RSL height is observed from forebulge subsidence, although the
magnitude of the signal is reduced due to relaxation of GIA (Peltier,
1996). In contrast to the early Holocene when gravitational influ-
ence drove patterns of RSL rates, late Holocene (4e0 ka) rates in RSL
rise decrease with increasing distance from the LIS center; this
trend is related to collapse of the proglacial forebulge of the LIS
(Engelhart et al., 2009, 2011). Sites further north are closer to the
center of forebulge collapse and therefore exhibit higher rates of
late Holocene RSL rise.

Although localized differences in the spatial variability of
Caribbean RSL are observed that are not explained by GIA, the
magnitude of these variations is small (<1 m), which suggests that
cumulated vertical coseismic and interseismic deformation has
remained small (<10s of centimeters) at the studied sites over the
Holocene compared to other sources of RSL variation. Future GIA
modeling studies incorporating 3-D viscosity structure (e.g.,
Austermann et al., 2013) may help to account for some of these
localized variations. Overall, our results are consistent with previ-
ous GIA modeling studies from the region that estimate the limit of
forebulge collapse (Lambeck et al., 2002; Milne et al., 2005; Toscano
et al., 2011; Milne and Peros, 2013), and the improved spatial and
temporal coverage of the Caribbean dataset, combined with the
spatial statistical modeling approach, offers further support for
these observations. Finally, the spatial variability in RSL (Figs. 9 and
10) resulting fromGIA and tectonics demonstrates that a single sea-
level curve for the region cannot accurately summarize local rela-
tive sea-level histories.

5. Conclusions

We produced a database of relative sea-level (RSL) data for the
Caribbean region for the past 12 ka from multiple sea-level in-
dicators, including mangrove peat, microbial mats, beach rock and
acroporid and massive corals. The database includes 499 sea-level
index points and 238 limiting dates, subdivided into 20 regions
based on the availability of data, tectonic setting, and distance from
the LIS. Most index points (75%) and limiting data (90%) are
younger than 8 ka, although there is an atypical temporal distri-
bution with the greatest amount of the data (~26%) occurring be-
tween 8 and 6 ka. We expand on previous regional studies by
accounting for local RSL factors. We account for sediment
compaction using the stratigraphic position (overburden thickness)
of index points and incorporate uncertainties due to Holocene tidal
range change using a paleotidal model to isolate eustatic, isostatic,
and tectonic factors influencing the RSL data.

We apply a spatio-temporal statistical model to the database to
make probabilistic assessments of the past position of RSL and
estimate its rates of change. We observe the highest rates of RSL
change in the early Holocene (maximum of 10.9 ± 0.6 m/ka in
Suriname and Guyana; minimum of 7.4 ± 0.7 m/ka in south Florida
from 12 to 8 ka). Rates of RSL rise decreased over time in the mid to
late Holocene and did not exceed 2.4 ± 0.4 m/ka in any location
from 7 ka to present due to reduced input of meltwater. In the
majority of locations, RSL did not exceed the present height during
the Holocene. The exception lies along the northern coast of South
America in Suriname and Guyana, where RSL reached þ1.0 ± 1.1 m
above present between 5.3 and 5.2 ka (82% probability of RSL
higher than present). At such a distance away from the former LIS,
the effects from ocean syphoning and continental levering
outweigh the influence of subsidence from forebulge collapse. The
spatial variability in RSL resulting from GIA and tectonics precludes
the use of single sea-level curve to accurately summarize local
relative sea-level histories in the region.
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