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Coastal lagoons are rarely used as paleoclimate archives because of their complex geomorphic histories, which
can be affected by both climate and sea-level change. Combined foraminiferal and XRF element analysis of
sediment cores from Punta de Cartas and Playa Bailen, Cuba, isolated the effects of climate change (wet vs dry)
on the lagoon environments. Foraminiferal assemblages from both Punta de Cartas and Playa Bailen show
increasing diversity over the past 4000 yr BP, with a prominent increase at ~1400–1100 yr BP. Assemblages
were initially dominated by Ammonia spp. (e.g., Ammonia tepida) and Elphidium spp. (e.g., Elphidium excavatum),
indicating brackish conditions, but increasedmiliolid species (e.g., Triloculina spp. Quinqueloculina spp.), indicate
a shift to more marine conditions up-core. Correspondingly, terrigenous input to the lagoon (Fe, Ti, Ti/Ca and
K) declined over the past 4000 yr BPwith a flexion at ~1200–1100 yr BP that is likely a consequence of decreasing
precipitation. Fe, Ti and K have been used as proxies for detrital erosion and transport rates in tropical and sub-
tropical basins, with greater input during wet periods, but have rarely been applied to shallow lagoon systems.
Coincident changes in the XRF and foraminiferal data indicate decreased freshwater input to the lagoon and
support an inference for the onset of drier climate conditions. Similar temporal patterns in the foraminifera
and XRF records from the two lagoons, which are ~10 km apart, suggest a regional climate influence, with
increasingly arid conditions developing since the middle-Holocene (4 kyr BP). A pronounced drying over the
last ~1200 years agrees with other climate records from the Caribbean.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

The Caribbean supplies moisture for much of North America. Subtle
changes in sea surface temperature and atmospheric circulation in the
circum-Caribbean influences the climate of the surrounding region
(Haug et al., 2001; Wang et al., 2006). Reconstructions of Caribbean
climate during the Holocene are a basis for understanding these
teleconnections, and better predicting future global climate. Previous
paleoclimate studies in the Caribbean focused on archives in the
Dominican Republic (Donnelly and Woodruff, 2007; Woodruff et al.,
2008; Lane et al., 2011, 2014), Belize (Gischler and Storz, 2009;
McCloskey and Keller, 2009; Wooller et al., 2009), Jamaica (Holmes
et al., 1995), Haiti (Hodell et al, 1991; Higuera-Gundy et al., 1999),
Venezuela (Haug et al., 2001, 2003; Wurtzel et al., 2013), Puerto Rico
(Lane et al., 2013), St Martin (Malaizé et al., 2011), Grenada (Fritz
et al., 2011) and the Yucatan Peninsula (Medina-Elizalde et al., 2010;
Frappier et al., 2014). Paleoclimate information from Cuba, however, is
rtment of Earth Sciences 2125
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limited to speleothem δ18O records (Fensterer et al., 2013) and palyno-
logical, microfossil and isotope work from a lagoon sediment core
(Peros et al., 2007a,b). More temporal and spatial data are needed to
constrain Caribbean climate change, but there are few lakes that provide
suitable archives. Although speleothem records are an excellent data
source, a breadth of proxies are needed to provide a comprehensive un-
derstanding of climate forcing, and are vital for testing climate models
and examining the importance of climate feedbacks (Sloan and
Barron, 1992; Masson-Delmotte et al., 2005; Braconnot et al., 2012). A
recent analysis by the Paleoclimate Modeling Intercomparison Project
showed relatively poor agreement between modeled and observed
tropical sea surface temperatures, emphasizing the importance of cli-
mate feedbacks in tropical regions, and requiring further investigation
using proxy data (Braconnot et al., 2012).

Coastal environments, such as estuaries and lagoons, are not often
used for reconstructing paleoclimate trends because of uncertainties re-
garding their geomorphic evolution (e.g., barrier formation, sea-level
change, etc.,). Foraminifera and ostracods have been used extensively
for reconstructing paleoenvironmental evolution of estuaries and la-
goons, as the organisms respond predictably to salinity change. Within
a given lagoon or estuary, salinity is a function of sea-level, barrier con-
figuration and freshwater input, the latter a consequence of changing
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precipitation and evaporation rates. The multiple variables influencing
salinity can make identification of the primary cause of salinity shifts
difficult (Brewster-Wingard and Ishman, 1999; Cann et al., 2000; Cann
and Cronin, 2004; Peros et al., 2007a; Gabriel et al., 2008; vanHengstum
et al., 2010; Cheng et al., 2012).

Trace element analysis of sediments has become more common
with the development of high-resolution X-ray fluorescence (XRF)
core scanning in the early 2000s, which enables rapid measurement of
trace element composition in sediment (Haug et al., 2001; Lamy et al.,
2001; Rothwell, 2006). The trace element composition reflects a combi-
nation of deposited mineral material, solutes in the water scavenged by
organic flocculants and clays, and biotic and abiotic precipitates from
the water column (e.g., calcareous and siliceous shells and tests), all of
which can be affected by early diagenesis in the uppermost sediment
(Engstrom and Wright, 1984; Battistion et al., 2003). Different mineral
combinations have been used to identify a wide range of factors that
affect depositional processes specific to environments or basins
(Rothwell et al., 2006; Thanachit et al., 2006; Thomson et al., 2006).
Fe, Ti, Ti/Ca and K have been used to indicate erosion and transport of
continental rocks and alluvium within drainage basins (Haug et al.,
2001; Thanachit et al., 2006). Increased precipitation can intensify
transport of terrigenous elements towards the basin depocenter via
runoff (e.g., Haug et al., 2001; Lamy et al., 2001). The relationship
between precipitation and terrigenous sediment input has been
established in many environments, including deep ocean basins
(Yarincik et al., 2000; Haug et al., 2001; Mora and Martinez, 2005; Yao
Fig. 1.Map of the study area. (1A) The location of the study areas, demarcated by the black star
X'caamal, Mexico (Hodell et al., 2005); (2) Lake Chichancanab, Mexico (Hodell et al., 1995); (3
Sanchez, 2002); (5) Turneffe Atoll, Belize (Wooller et al., 2009); (6) Laguna de la Leche, Cuba
(8) Laguna Playa Grande, Puerto Rico (Donnelly and Woodruff, 2007; Woodruff et al., 2008);
et al., 2011); and (11) the Cariaco Basin, Venezuela (Haug et al., 2001). (1B) Aerial view of the a
mountain range to the north, and the Bahia de Cortez to the south. (1C) The first of two study
second study site, with the location of core PB02 (black circle).
et al., 2012), continental shelves and slopes (Arz et al., 1998; Lamy
et al., 2001; Zabel et al., 2001; Bertrand et al., 2007; Mahiques et al.,
2009) and lakes (Haberzettl et al., 2008; Sáez et al., 2009; Warrier and
Shankar, 2009; Löwemark et al., 2011). Similar relationships should
apply to lagoons if they are closed or semi-closed relative to the larger
basin, but this has not been investigated.

Here we present high-resolution XRF and foraminiferal data from
sediment cores taken in two Cuban lagoons, Punta de Cartas and Playa
Bailen. The foraminiferal data document salinity shifts over the past
~4000 years, whereas the trace elements (Fe, Ti, Ti/Ca and K) reflect
changes in the magnitude of erosion, which is influenced by rainfall.
Comparison of the two datasets from two separate lagoons enabled iso-
lation of precipitation and its influence on salinity, indicating a regional
climate response.
2. Study area

We analyzed sediment cores from two lagoons on the southwest
coast of Cuba (Fig. 1). Punta de Cartas is an elliptical, restricted lagoon
on the north shore of the Bahia de Cortez. Punta de Cartas is the seaward
segment of a larger wetland system that is composed of dense redman-
grove forests (Rhizophora mangle) and shallow ponds (Fig. 1C). A ~100-
m barrier of developing mangrove, beach grasses and sand separates
the lagoon from the ocean. Presently, a 200-m-long, 5-m-wide channel
intersects this barrier, connecting the lagoon to the ocean.
, and other climate records from the circum-Caribbean. Other locations include (1) Aquada
) Lake Punta Laguna, Mexico (Curtis et al., 1996); (4) Puerto Morelos, Mexico (Islebe and
(Peros et al., 2007a,b); (7) Laguna Castilla, Dominican Republic (Lane et al., 2009, 2014);
(9) Grand Case Pond, St Martin (Malaizé et al., 2011); (10) Lake Antoine, Grenada (Fritz
rea surrounding Punta de Cartas and Playa Bailen showing their relation to the Los Organos
sites, Punta de Cartas, and the location of core PC01 (black circle). (1D) Playa Bailen, the
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Playa Bailen is located on the western shore of the Bahia de Cortez,
15 km southwest of Punta de Cartas. Unlike Punta deCartas, Playa Bailen
is topographically isolated from the surrounding wetlands to the north
and west (Fig. 1D). Playa Bailen is elongated parallel to the shoreline
(NE–SW) and is separated from the ocean by a ~100-m barrier. Present-
ly, this barrier supports a small community and public beach, which has
altered its natural condition. Swaths of redmangrove fringe Playa Bailen
and extend into the lagoon, and there are small stands of mangrove in
the open-water areas.

Punta de Cartas and Playa Bailen are on the sheltered shore of Bahia
de Cortez, thewesternmost extent of Cuba's continental shelf, which ex-
tends 15 km offshore at this location. The area north of the lagoons is a
shallow coastal plain, 10–15 km wide, comprised of alluvium from the
southern terranes of the Los Organos mountain range further to the
north (Iturralde-Vinent, 1994; Fig. 1B). The mountainous terranes are
composed of Lower Jurassic siliciclastic, coastal, and shallow marine
sediments overlain byOxfordian shallow-water conglomerates and car-
bonate platform sequences; intercalations of tholeiitic basalt occur
throughout these sequences (Iturralde-Vinent, 1994).

The Pinar del Rio province has an average temperature between 24
and 26 °C, with a summer wet season from May to October, and a dry
season during the winter from November to April (Oliva et al., 1989).
The southern coast of Pinar del Rio receives 1200–1400 mm of rainfall
a year, ~1000 mm of which falls during the wet season. The wet season
precipitation is distinctly bimodal, with maxima in June and August
(Seifriz, 1943; Oliva et al., 1989).

3. Methods

Sediment coreswere collected fromPunta de Cartas (22°10′23.46″N,
83°49′35.80″W; Fig. 1C) and Playa Bailen (22°08′22.83″N, 83°57′31.18″
W; Fig. 1D) using a tube fitted with a piston for the upper 25 cm of sed-
iment, and a Russian peat corer for sediments below 25 cm (Fig. 1).
Water depth at both coring sites was ~70 cm at the time of sampling.
Core PC01 was 275 cm long and core PB02 was 330 cm long. Grey
basal clay prevented further penetration at both locations.

Cores were analyzed for elemental composition using a Cox
ITRAX core scanner at the Woods Hole Oceanographic Institution.
Counts for 25 elements were recorded at 1-mm intervals for 20 s
using a Mo X-ray source. High-resolution radiographic (XRI) and
photographic (RGB) images of PC01 and PB02 were also obtained
during analysis, and used to document sediment structures and or-
ganic content.

Organic matter (OM), silicate and carbonate content (CaCO3)
throughout the core were determined using loss on ignition (LOI) anal-
ysis following procedures outlined by Dean (1974) and Heiri et al.
(2001). Approximately 3 cm3 of sediment was sampled at 1-cm inter-
vals, weighed and dried overnight at 110 °C. Once dry, samples were
weighed and heated in a muffle furnace at 550 °C for 4 h, allowed to
cool in a desiccator, then re-weighed to provide estimates of organic
matter (OM) content. Samples were then heated to 1000 °C for two
hours to remove carbonates. CaCO3 was calculated using the difference
in weight between combustion steps divided by 0.44, which accounts
for the proportion of CO2 in CaCO3 (Dean, 1974).

Foraminifera in cores PC01 and PB02were examined at 10-cm inter-
vals. Approximately 5 cm3 of sediment was disaggregated and wet-
sieved at 63 μm to isolate foraminifera. Dry sediment was split and ex-
amined using a binocular dissecting microscope (90× maximum mag-
nification) and foraminiferal identification followed that of Poag
(1981) and Javaux and Scott (2003). Generally, 200 foraminifera were
counted per sample to ensure statistical significance (Patterson and
Fishbein, 1989; Fatela and Taborda, 2002). Only a few dominant species,
however, were used as indicators of environmental change, as their
abundance clearly showed salinity trends. Standard error on species
abundances (%)was calculated and used to determine confidence inter-
vals (Patterson and Fishbein, 1989).
Stratigraphically constrained cluster analysis was conducted on
samples using the R package Rioja (Juggins, 2012) using theConstrained
Increment Sum of Squares (CONISS) algorithm outlined in Grimm
(1987). Number and position of biofacies within clusters were deter-
mined using a broken stick model generated by Rioja. The Shannon–
Weaver Diversity Index (SDI) was used as a measure of diversity within
samples, as diversity often changes with environment shifts (Culver,
1990; Murray, 1991). The SDI was calculated using the paleontological
freeware program PAST. Summary figures were generated using
the packages Rioja and Analogue for R (Juggins, 2012; Simpson and
Oksanen, 2013).

Three samples from PB02 and PC01 were radiocarbon dated (AMS)
at Beta Analytic (Table 1). The samples were undifferentiated OM as
noplantmacrofossilswere found in the sediment. Dateswere calibrated
using the R package Clam (Blaauw, 2010) based on the IntCal13.14C
terrestrial age calibration curve (Reimer et al., 2013). An implicit date
of −60 yr BP was assumed for surface samples. A smooth spline was
used to generate the age-depth models. All dates are reported in calen-
dar years before present (yr BP).

4. Results

4.1. Lithology and LOI

4.1.1. Core PB02
PB02 is composed ofmudwith variable OMand ranges in color from

dark brown to grey. Intervals with greater organic content appear
brown in color images (RGB) and darker grey in radiographic images
(XRI, Fig. 2). Images show thin horizontal bedding (b1 cm) throughout
the core, indicating little bioturbation. At the base of the core (330–
310 cm), OM is generally low (b10%), but increases between 310 and
230 cm to values that are high and variable (~15–60%). Between 230
and 0 cm, OM values are lower (~10–20%), but increase slightly (15–
20%) between 80 and 0 cm. CaCO3 values are high and variable from
330 to 180 cm (~20–60%), but drop sharply between 280 and 220 cm
to lower values (b10%) relative to the rest of the core. In this same inter-
val, there are gypsum crystals several mm long and columnar in habit.
Above 180 cm, CaCO3 values gradually increase from 15 to 30% towards
the top of the core. The silicate fraction displays an inverse trend to that
of CaCO3, except between 280 and 220 cm where the OM content is
high.

4.1.2. Core PC01
Similar to PB02, PC01 is composed of brown to grey mud with vari-

able amounts of OM (Fig. 3). The XRI shows mm-scale horizontal bed-
ding with shifts in lithology closely following the OM content. OM is
generally b5% from 275 to 210 cm, but increases sharply to ~8% at
210 cm, and then again at 70 cm, reaching 25% at the top of the core.
CaCO3 is initially b5%, but begins to increase above 225 cmand becomes
more variable (10–30%) from 225 to 170 cm. This is similar to PB02, ex-
cept without the drop in values (280–220 cm). Above 170 cm, CaCO3

values are lower (~10%) and less variable, but gradually increase to
15% at the top of the core. The pattern of silicate values varies inversely
to that of the CaCO3 and OM, with a general decrease in values moving
up-core.

4.2. X-ray fluorescence

Errors associated with matrix effects and dilution effects, as well as
variability in sedimentary components of the core (pore water, grain
size, surface roughness), makes conversion of XRF data to absolute con-
centrations difficult without the use of quantitative geochemical analy-
sis of bulk sediment (Weltje and Tjallingii, 2008; Löwemark et al., 2011).
We therefore report Fe, Ti, Ca, and K in counts per second (cps), which
show relative variations of the elements instead of absolute concentra-
tions. Of the elements examined in this study, Fe is most abundant,



Table 1
Radiocarbon dates and calibrated ages for Playa Bailen (core PB02) and Punta de Cartas (core PC01).

Lab ID Sample ID Depth (cm) Conventional radiocarbon age δ13C (‰VPDB) Calibrated yr BP (2σ)

Beta — 291719 PB02 115 — 116 115.5 950 −22.9 761–923
Beta — 291720 PB02 205 — 206 205.5 1950 −20 1725–1876
Beta — 291721 PB02 300 — 301 300.5 3250 −23.3 3367–3555
Beta — 291722 PC01 58 — 59 58.5 1140 −20.8 930–1054
Beta — 291723 PC01 147 — 148 147.5 1810 −21.2 1554–1810
Beta — 291724 PC01 243 — 244 243.5 2890 −22.8 2997–3247
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peaking at 45,000 cps, but generally ranging from 5000 to 15,000 cps. Ti
is less abundant, between 100 and 1000 cps, and K never exceeds
500 cps. In core PB02, Fe, Ti, and K correlate well with each other
(rK–Ti = 0.84; rFe–Ti = 0.77; rFe–K = 0.83) indicating all three elements
are from the same source area. In core PC01, K and Fe have a strong
positive correlation (rFe–K = 0.71), whereas Ti shows a weaker correla-
tionwith K (rK–Ti= 0.55) and Fe (rFe–Ti= 0.34)whichmay indicate that
Ti at Punta de Cartas is from a different source than K and Fe. All three
elements, however, display similar variations, suggesting regional-
scale processes affect material input to the lagoons.

Elements in core PB02 shows good agreement between K, Ti and Fe
values (cps), except in the lower section of the core (Fig. 2). Ti values de-
crease between 330 and 225 cm from ~600 to 175 cps, while K de-
creases from ~200 to 100 cps over the same interval. In contrast, Fe
values show an increase between 330 and 225 cm, starting at
~500 cps and reaching 1000 cps by 225 cm. Variations in elements
are, however, more consistent through the rest of the core. Fe, Ti, and
K are highly variable between 225 and 160 cm (Fe: 26523–1174 cps;
Ti: 762–25 cps; K: 345–4 cps) and begin to gradually decrease above
160 cm, reaching low values at the top of the core (Fe: 2803 cps; Ti:
64 cps; K: 90 cps).

Ti/Ca is an element ratio commonly used inmarine environments to
examine variations in terrestrial input. In core PB02, the Ti/Ca ratio
varies between 0.05 and 2 and shows a general decrease in value up-
core (Fig. 2). Higher Ti/Ca values (0.2–2.0) are observed between
~275 and 225 cm and ~325 to 310 cm. These values are associated
with abnormally low (b500 cps) Ca, which remains generally above
Fig. 2. Summary of lithologic and geochemical results for core PB02 (Playa Bailen) plotted vs dep
reported inpercentage of total sediment composition, elemental variations (cps) derived from c
values, while the black line represents the 5-point running mean of XRF values.
2000 cps in the rest of the core. These highs are followed by relatively
stable Ti/Ca values of ~0.13 until 150 cm, above which Ti/Ca decreases,
reaching 0.01 by the top of the core. The inflection points of Ti/Ca at
225 cm and 150 cm correlate with changes in the Ti, Fe and K data.

Elemental concentrations at the base of core PC01 are high at 30,000,
800, and 250 cps respectively for Fe, Ti, and K (Fig. 3), and gradually de-
crease to lower values at 190 cm. From190 to 75 cm, values are variable,
with several large peaks and lows (Fe: 29083–5132 cps; Ti: 1024–
47 cps; K: 496–49 cps). Values show a decreasing trend from 75 cm to
the core top.

The Ti/Ca ratio varies from 0.20 to 12 in core PC01, with higher
values occurring near the base of the core associated with relatively
low Ca (b100 cps) compared to the rest of the core (mean 865 cps,
Fig. 3). Ti/Ca shows a similar trend as Fe, Ti and K in core PC01 with
two periods of decreasing values between 270 and 190 cm and 75 to
9 cm bracketing an interval of high, variable Ti/Ca with a stable mean
(~0.5).

4.3. Foraminifera biofacies

4.3.1. Core PB02
Samples from core PB02 contained foraminifera at most depths, ex-

cluding those at 280 cmand between 270 and 220 cm(Fig. 4). Identified
species include Elphidium excavatum, Elphidium poeyanum, Ammonia
beccarii forma tepida, A. beccarii forma pakinsoniana, Quinqueloculina
seminulum, Quinqueloculina crassa, Quinqueloculina bosciana, Triloculina
oblonga, Triloculina schreiberiana, Nonionella atlantica, Fursenkoina sp.,
th. From left to right: RBG and XRI images, LOI results (proportion OM, CaCO3 and silicates)
ore scanningXRF, and the Ti/Ca ratio. For theXRF data, the grey lines represent original XRF



Fig. 3. Summary of lithologic and geochemical data for core PC01 (Punta de Cartas) plotted vs depth. From left to right: RBG and XRI images, LOI results (proportion OM, CaCO3 and
silicates) reported in percentage of total sediment composition, elemental variations (cps) derived from core scanning XRF, and the Ti/Ca ratio. For the XRF data, the grey lines represent
original XRF values, while the black line represents the 5-point running mean of XRF values.
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Polymorphina sp., and Cornuspira involvens. Stratigraphically constrained
cluster analysis separated foraminifera species into four distinct as-
semblages that follow an increasing marine tendency up core.
Fig. 4. Foraminifera results for Playa Bailen (PB02) plotted vs depth. From left to right: abund
biofacies inferred from CONISS results on the far right. Foraminifera are reported as a fractio
(SDI), and the total abundance of foraminifera as specimens/cm3. The dashed black lines separ
Assemblage 1— The Ammonia–Quinqueloculina (AQ) Assemblage, is
found from 330 to 280 cm (Fig. 4). The AQ Assemblage is dominated by
A. beccarii forma tepida (27%), Q. seminulum (28%), A. beccarii forma
ance of foraminifera species, diversity of a sample, total abundance of foraminifera, and
nal abundance, sample diversity is represented by the Shannon–Weaver diversity index
ate biofacies.
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parkinsoniana (17%), and Q. bosciana (17%). Additional species of
Quinqueloculina, Triloculina and Elphidium were present, but were
below ~10% on average. Ammonia species are tolerant of a range of
salinity, but both Ammonia and Elphidium species are normally
found in brackish environments (Murray, 1991; Hayward and
Hollis, 1994; Labin et al., 1995; Debenay, 2000; Debenay and
Guillou, 2002). Quinqueloculina and Triloculina are more commonly
found at higher salinities between 25 and 40‰, but some species
are found in brackish-marine lagoons (Culver, 1990; Murray, 1991;
Hayward and Hollis, 1994; Brewster-Wingard and Ishman, 1999;
Debenay, 2000; Debenay and Guillou, 2002; Gischler et al., 2003).
The Shannon Diversity Index (SDI) was moderate, averaging 1.42.
The species present and SDI indicate that salinity in the lagoon was
near the upper limits of polyhaline (25–30‰).

Assemblage 2— The Barren (B) Assemblage is composed of samples
containing no foraminifera from 280 to 225 cm, with the exception of
one sample at 270 cm that contained low amounts of A. beccarri forma
tepida (Fig. 4). Ammonia species, particularly A. beccarrii forma tepida,
are opportunistic and can tolerate abrupt salinity shifts and extreme sa-
linities, ranging from 1 to 90‰ (Walton and Sloan, 1990; Labin et al.,
1995). Gypsum crystals found in this interval may have been trans-
ported from the lagoonmargin, ormay reflect stagnant and possibly an-
oxic bottom-water conditions caused by the degradation of OM, which
was prevalent during this interval. This assemblage represents a period
of harsh conditions not conducive to foraminifera colonization.

Assemblage 3 — The Ammonia (A) Assemblage occurs between
225 and 135 cm, and consists primarily of Ammonia species
(A. beccarii forma tepida, and forma parkinsoniana) with a combined
average of ~55% (Fig. 4). E. excavatum and Q. seminulum are also
common (~10%), among other minor species. SDI values increase to
an average of 1.74 is because of an increase in minor species, prom-
inently Triloculina spp. and N. atlantica. These species are associated
with marine salinities and shelf environments, but can also be found
in lagoons (Culver, 1990; Hayward and Hollis, 1994; Debenay, 2000;
Gischler et al., 2003; Eichler et al., 2004; Jarecki and Walkey, 2006).
Fig. 5. Foraminifera results for Punta de Cartas (PC01) plotted vs depth. From left to right: abu
biofacies inferred from CONISS results on the far right. Foraminifera are reported as a fractional
and the total abundance of foraminifera as specimens/cm3. The dashed black lines separate bio
This indicates an overall increase in salinity to likely euhaline values
(30–35‰).

Assemblage 4 — the Ammonia–Triloculina Assemblage (135–0 cm)
has similar diversity to Assemblage 3 (average SDI 1.70, Fig. 4).
Triloculina spp., although initially lower, increase above 80 cm, replacing
Ammonia and Quinqueloculina as the dominant species. Triloculina spe-
cies are associated with the upper range of marine values; notably
T. oblonga is associated with hypersaline conditions (Murray, 1991;
Debenay et al., 2001; Cheng et al., 2012). Other minor species (e.g.,
Fursenkoina sp.) also increase in abundance during this interval indicat-
ing salinities closer to euhaline (30–35‰) or perhaps slightly higher,
near metahaline values (35–40‰).
4.3.2. Core PC01
Eight foraminifera species were found statistically significant in core

PC01: E. excavatum, E. poeyanum, Bolivina spathulata, A. beccarii forma
tepida, A. beccarrii forma parkinsoniana, Fursenkoina sp., N. atlantica,
and Pyrgo sp. (Fig. 5). CONISS cluster analysis revealed three assem-
blages that exhibit lower diversity than core PB02 (~1.5 vs ~1.75), indi-
cating harsher, brackish conditions. A similar trend of salinity increase
up-core, however, was observed.

Assemblage 1, from 260 to 200 cm depth, is similar to the Barren
Assemblage observed in PB02 in that foraminifera are generally
very low or absent (Fig. 5). The assemblage contains predominantly
A. beccarrii forma tepida, but also Elphidium spp., representing a
brackish (polyhaline 18–30‰), possibly harsh environment.

Assemblages 2 and 3 are similar to the AmmoniaAssemblage in PB02,
and contain several otherminor species, whose abundance separates As-
semblages 2 and 3 (i.e.,N. atlantica, Pyrgo sp., Fig. 5). Assemblage 2 ranges
from 200 to 100 cm in the core, and has lower diversity (1.25) than As-
semblage 3. Assemblage 3 occurs from100 to 0 cm, and has higher abun-
dances of minor species and slightly increased SDI (1.39), representing a
shift from brackish or polyhaline conditions (18–25‰) to slightly more
saline polyhaline conditions towards the core-top (25–35‰).
ndance of foraminifera species, diversity of a sample, total abundance of foraminifera, and
abundance, sample diversity is represented by the Shannon–Weaver diversity index (SDI),
facies.



Fig. 6. Age models for cores PC01 and PB02, generated using the package CLAM for R statistical software. The black line represents the “best age” calculated as a weighted average of all
iterations of age–depth models generated for this core. The grey shaded regions represent 2σ confidence interval of the best age model. The thin blue graphs, which represent dated
samples, show the calibrated age distributions (calendar yr BP) for each date. The dark grey “x” line represents hypothetical extrapolation of an age model generated through linear
interpolation of neighboring dates.
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4.4. Chronology

The age model for PC01 is best described by an inverse cubic func-
tion, with exponential increase in linear sediment accumulation up
to 110 cm, followed by a decrease to the top of the core (Fig. 6).
PC01 shows greater uncertainty in its age model than PB02, increas-
ing from±100 to ±125 yrs below 50 cm. The rate of sediment accu-
mulation in PC01 averages 0.86 mm/yr. PB02's age model shows a
consistent increase in sediment accumulation up-core. Sediment ac-
cumulation rates average 1.1 mm/yr overall, with higher rates at the
top of the core (Fig. 6). The error associated with the age model is
approximately ± 100 yr.

Hard-water error, associated with the incorporation of older carbon
sources by aquatic plants, can result in an over-estimate of the age of
sediment. This commonly occurs in the dating of bulk sediment samples
(Shotton, 1972; Barnekow et al., 1998; Grimm et al., 2009), which rep-
resent an agglomeration of carbon from different sources. Hard-water
errors in radiocarbon dating have been observed previously in this
region, notably at Laguna de la Leche, northern Cuba, where a 1600 yr
correction was applied to bulk sediment samples based on the extrapo-
lation of a linear agemodel to 0 cmdepth (Peros et al., 2007a,b). Numer-
ous aquatic plant macrofossils, the presence of a shell-rich marl, and
limestone bedrock support the application of this correction. Converse-
ly, Punta de Cartas and Playa Bailen show no evidence of aquatic or ter-
restrial macrofossils. Red Mangrove (R. mangle) presently dominates
the surrounding vegetation. This species of mangrove thrives in brack-
ish to marine salinities (5–35‰) in littoral environments (Smith and
Snedaker, 1995). Foraminifera evidence indicate salinities best suited
to red mangrove occurred at this site for the past ~4000 cal yr BP. It is
expected that much of the OM in our bulk sediment samples would be
derived from the mangroves that likely surrounded these lagoons
since their initiation, although contamination of sediment by aquatic
sources of carbon should not be ruled out. Extrapolating age models
generated using linear interpolation of neighboring dates yields an off-
set of 588 cal yr BP ± 173 yr for core PC01 and −480 cal yr BP ±
213 yr for Core PB02 (Fig. 5, dark grey “x” lines). Despite these offsets,
our data is in general agreement with other paleoclimate proxies from
the circum-Caribbean (see Discussion, below), suggesting that any dat-
ing errors are relatively minor. In addition, all the dates from both cores
are in chronological order (i.e., there are no inversions), lending further
support to our age-depth models. As such, no correction was applied to
the radiocarbon dates presented in this study, although we consider
these to be tentative chronologies, as we cannot dismiss a hard water
error.
5. Discussion

5.1. Foraminifera and salinity

The foraminifera data from Punta de Cartas and Playa Bailen show
similar patterns of salinity shifts during the late Holocene, though the
assemblages found in each lagoon differ, with Playa Bailen having a
slightly higher diversity than Punta de Cartas. Both locations show
trends towards relatively more marine conditions spanning the last
~3000 yr BP with similar timing in assemblage transitions (PB02:
~1100, 2300, and 3000 yr BP; PC01: ~1400, and 2500 yr BP) suggesting
a regional vs basin specific effect.

At Playa Bailen, the Ammonia–Quinqueloculina Assemblage is found
between 3000 and 4000 yr BP indicating polyhaline (18–30‰) to
euhaline (30–35‰) salinities (Fig. 7). The Barren Assemblage begins
at ~3000 yr BP, indicating harsher, perhaps anoxic, low-salinity condi-
tions. The waterbody became slightly more marine after ~2300 yr BP,
for instance where the Ammonia Assemblage indicates polyhaline salin-
ity (25–30‰). These conditions continue until ~1400 yr BP, when the
foraminiferal assemblage transitions to the higher-diversity Ammonia–
Triloculina assemblage, indicatingmoremarine salinities in the euhaline
to metahaline range (30–40‰), which continued to present.

Punta de Cartas shows a similar pattern. The Barren assemblage also
occurs at Punta de Cartas, albeit earlier than observed at Playa Bailen,
beginning at ~3500 yr BP, but terminates at about the same time it
ended in Playa Bailen, at ~2500 yr BP (Fig. 8). The relatively more ma-
rine Ammonia Assemblage is found in the lagoon until 1500 yr BP
when an increase in the concentration of minor species marks the
shift to slightly more saline values, in the upper range of polyhaline
(25–30‰).

A sediment record from Laguna de la Leche, on the north-central
coast of Cuba, shows salinity shifts similar to those from Playa Bailen
and Punta de Cartas, although the timing is slightly different. This may
be a consequence of age uncertainties in Laguna de la Leche as a 1600-
yr correction was applied to the radiocarbon dates (Peros et al., 2007a,
b). In Laguna de la Leche, the transition from brackish to marine condi-
tions was demarcated by the transition from an Ammonia biofacies to
one containing Elphidium spp. and T. oblonga, which occurred after
~3200 yr BP. The 87Sr/86Sr values from Ammonia tests, however, indicat-
ed marine conditions occurring after 2700 yr BP (Peros et al., 2007a),
and palynological results showed a shift to higher salinity over the
past 1400 yr BP, with an increase in R. mangle (red mangrove) and
Conocarpus erectus (buttonwood mangrove) pollen (Peros et al.,
2007b). Although there is a differences in the timing, and likely the



Fig. 7. Summary of microfossil data, XRF-derived terrigenous inputs (Ti), foraminifera, OM (%) and biofacies at Playa Bailen (PB02) relative to age (yr BP). Foraminifera are grouped by
genus and represented as fractional abundance. Ti (cps) represents terrigenous input to the lagoon. Biofacies are demarcated by dashed lines.
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sensitivity, of the different proxies, an overall tendency towards more
marine salinities (30–35‰) over the last ~3500 yr BP at Playa Bailen,
Punta de Cartas, and Laguna de la Leche suggests regional-scale forcing
of salinity in Cuban lagoons.
5.2. Sea level and lagoon evolution

Coring in Playa Bailen and Punta de Cartas terminated on grey clay
likely deposited in earlier pond environments, which are common fea-
tures on Caribbean islands (Pilarczyk and Reinhardt, 2012). It may, al-
ternatively, represent an intertidal mudflat formed when initial sea-
level-rise flooded the terrestrial surface. Cores PB02 and PC01 suggest
that the onset of marine-influenced conditions occurred by
~4000 yr BP as the water depth (~70 cm) and the core length at Play
Bailen and Punta de Cartas, 330 cmand 275 cm respectively, correspond
with Caribbean sea-level curves (i.e.,−3.5 to−2.75masl at 4000 yr BP;
Milne and Peros, 2013; Toscano and Macintyre, 2003). Lithologic char-
acteristics are relatively constant throughout cores PC01 and PB02, sug-
gesting sedimentation kept pace with sea-level-rise, and water depth
within the lagoons varied little during the period of the record. The ra-
diocarbon age model indicates relatively constant sedimentation, and
the XRI reinforces this interpretation, as the sediments have thin beds
(~1–5 mm) and show minimal bioturbation. There are trends in sedi-
ment composition (OM, CaCO3, and silicates), but these are fairly
minor, varying for the most part by only 10–20%.
Constant sedimentation, its muddy, OM-rich texture, and the undis-
turbed bedding indicate that the barrier was emplaced by at least
4000 yr BP, and likely formed shortly after sea-level reached its present
height. The lack of coarse sand intervals or sedimentary structures in the
cores suggests that the barrier has not been modified significantly
throughout its history. The foraminiferal data do not indicate any
short-term changes in salinity associated with opening and closing of
the barrier, and the collective evidence indicates a slowly rising sea-
level, with constant water depth (~0.5–1 m) in an enclosed lagoon.
5.3. XRF data and precipitation

The amount of terrigenous input, inferred from Fe, Ti, K and the Ti/Ca
ratio, has been used as a paleo-rainfall proxy in openmarine basins and
shelves previously (e.g., Haug et al., 2001). Elemental ratios serve to
normalize data, minimizing matrix effects (Zabel et al., 2001; Jaeschke
et al., 2007; Bender et al., 2013; Burone et al., 2013). Ti/Ca and Fe/Ca
are often used to document terrigenous input to coastal shelves and
deep basins. In offshore environments, Ca remains relatively stable in
comparison to littoral systems, where changes in the geomorphology
and productivity of sedimentary basins have a greater influence on the
Ca proportion in sediment. In core PB02, low Ca values near the base
of the core bias Ti/Ca results to higher values. If these high Ti/Ca values
were a consequence of greater precipitation, there should be an ob-
served response in the Fe, Ti and K records. These elements, however,



Fig. 8. Summary of microfossil data, XRF-derived terrigenous inputs (Ti), foraminifera, OM (%) and biofacies at Punta de Cartas relative to age (yr BP). Foraminifera are grouped by genus
and reported as fractional abundance. Ti (cps) represents terrigenous input to the lagoon. Biofacies are demarcated by dashed lines.
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remain stable during this interval. Stable erosional inputs and decreas-
ing Ca may, alternatively, be caused by dilution, yet no other elements
show a decrease during this interval, which would be expected if high
Ti, Fe and K input rates were diluting other elements. This suggests ele-
vated Ti/Ca values near the base of the core are not related to a precip-
itation signal, but instead to other variables. Similarly, low Ca counts
influence Ti/Ca values in core PC01, though the effect is less obvious. De-
spite the bias resulting from variable Ca, the Ti/Ca record shows similar
trends as Ti, Fe and K. Because of possible uncertainties in attributing Ti/
Ca ratios to precipitation, and given the similar timing among the vari-
ations of Ti, Fe, K and the Ti/Ca ratio, single-element records are
discussed hereafter.

If the lagoon water depth and barrier morphology remained rela-
tively constant, as argued above, then precipitation should have had a
strong control on salinity within the lagoon. Overall, Ti shows the best
relationship with the foraminifera-based salinity reconstructions, with
an overall decreasing trend in values (cps) up-core in both Playa Bailen
and Punta de Cartas. PB02 has Ti values of 400 cps at 4000 yr BP and
100 cps at the top of the core, with a distinctive decline beginning at
1200–1100 yr BP (Fig. 7). PC01 shows a similar pattern. Ti values de-
crease from 700 cps at 3500 yr BP to 200 cps at present, with a flexion
point at 1200–1100 yr BP (Fig. 8). K and Fe values follow the same pat-
tern in both cores.

Matrix effects and dilution effects associatedwith core-scanningXRF
may confound determination of elemental concentrations (Löwemark
et al., 2011). Notably, increases in proportion of lighter elements associ-
ated with OM can significantly reduce cps, causing erroneously low
values. Crossplots of XRF data (Ti, Fe and K) show there is a weak nega-
tive relationship between trace elements and OM, indicated by r values
b0.30; Ti in core PC01 is an exception showing a moderate negative re-
lationship with OM (r=−0.6066, Fig. 9). Increases in OM (from ~10 to
20%) in the last ~1400–1200 yr BP occur alongside decreases in Ti, Fe
and K. Themagnitude of the change in OM, however, is not concomitant
with the change in elemental concentration (Figs. 7, 8). In the PB02,
record there is a large increase in OM from 3000 to 2300 yr BP, but
this had little effect on variations in the elements. The decrease in sili-
cates or terrigenous input at ~1200–1400 yr BP also would be expected
with decreasing freshwater input to the lagoon. The increase in salinity
recorded by the foraminifera, and the decrease in Ti, Fe, and K, indicate
drier conditions with less freshwater discharge entering both Playa
Bailen and Punta de Cartas since ~1400–1200 yr BP.

5.4. Caribbean precipitation trends

5.4.1. Coastal and shelf records
Inferences for higher salinity and decreased terrigenous input after

~1400–1200 cal yr BPmatch other paleoclimate records from the Carib-
bean and indicate increasingly arid conditions during the late Holocene.
At Grand Case pond, St. Martin, an increase in evaporites occurred from
4500 to 2350 yr BP and after 1100 yr BP, indicating drier conditions
(Malaizé et al., 2011). Mg/Ca paleothermometry of foraminifera from
the Cariaco Basin show a sea-surface temperature decrease after
1200 yr BP (Wurtzel et al., 2013). On the western coast of the Yucatan
Peninsula, shifts in mangrove species indicate drier conditions after
1500 yr BP (Islebe and Sanchez, 2002). Pollen and geochemical data
from a core taken in the back-barrier lagoon of Turneffe Atoll, Belize,
imply an increasingly saline environment from 4000 to 3000 yr BP
and from 2000 yr BP until present, likely related to reduced precipita-
tion (Wooller et al., 2009). XRF-derived Ti from Laguna Playa Grande,
Vieques, Puerto Rico, shows an abrupt increase at ~1400 yr BP, indicat-
ing increased precipitation, whereas Cuban lagoon records indicate in-
creased aridity during this period (Woodruff et al., 2008). Hurricane
records from the same study area, however, show decreased activity
for the same period (Donnelly and Woodruff, 2007; Woodruff et al.,
2008). Frequent hurricane strikes would likely result in greater ero-
sion and transport of sediment, increasing Ti input to the lagoon. It
is possible that the Ti record at Laguna Playa Grande represents a
response to variables other than precipitation, such as changes in



Fig. 9. Crossplots of trace element data (Ti, Fe and K in cps) vs. OM (%) for core PB02 (right) and core PC01 (left). The r values for each graph are displayed in the upper right corner and
represent the correlation between the two variables.
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lagoon geomorphology, or dilution of terrestrial Ti by hurricane-
induced overwash, that are unique to this site. Ti and Fe in sediment
cores from the Cariaco Basin in the Southern Caribbean Sea decrease
from 6000 yr BP until present, indicative of a drier late Holocene
(Haug et al., 2001, Fig. 10). This trend is interrupted by a period of rela-
tively stable values from 2400 to 800 yr BP, afterwhich values again de-
crease. The inflection point, indicating increasingly dry conditions,
correlates with the Cuban trace element data, supporting a regional re-
sponse to climate.

5.4.2. Lacustrine records
Lacustrine records also show evidence of increased circum-

Caribbean aridity in the late Holocene. At Laguna Castilla in the Cordille-
ra Central, Dominican Republic, Lane et al. (2009, 2014) measured oxy-
gen isotopes and found a general increase in aridity from 1500 to
900 yr BP. Diatom and other evidence from sediment cores taken from
crater lakes in Grenada indicates lower lakes levels from 1600 to 1400,
and 1200 to 600 yr BP, reflecting increased aridity (Fritz et al., 2011).
Oxygen isotopes from a core collected in Lake Chichancanab in the cen-
ter of the Yucatan Peninsula show a general drying trend from
3000 yr BP until present, with a period of intense dryness occurring be-
tween 1500 and 1000 yr BP, followedby relatively stable, dry conditions
(Hodell et al., 1995). At Aguada X'caamal, on the northwest Yucatan
Peninsula, oxygen isotopes and microfossil evidence indicate in-
creasing dryness after 3000 yr BP; this trend abruptly increases be-
tween 800 and 0 yr BP (Hodell et al., 2005). At Lake Punta Laguna,
on the northeast Yucatan Peninsula, a period of intense dry condi-
tions (1800–1000 yr BP) was observed in an oxygen isotope record
derived from ostracod carapaces, followed by a period of more stable,
relatively wet conditions until present (Curtis et al., 1996), differing
from the precipitation trend inferred from our record. In northwestern
Petén, Guatemala, decreasing Ti and variations in the proportion of
smectite–chlorite and halloysite in sediment cores from Laguna Tuspán
indicate decreasing precipitation over the last ~6000 yr BP (Fleur et al.,
2014). An increase in the amount of halloysite, and low, stable Ti values
from ~1200 yr BP to present, suggests increased aridity in this region,
although the coeval abandonment of the surrounding area by the local
Mayan populacemay alternatively have caused this trend. Sediment re-
cords from Laguna Pallcacocha in southern Ecuador also indicate a peri-
od of reduced precipitation from 2300 to 1800 yr BP, bracketed by
wetter conditions; the wet phases inferred from Laguna Pallcacocha
represent evidence of El Niño Southern Oscillation (ENSO) events
(Moy et al., 2002). ENSO has been correlated to drier conditions in the
Caribbean (Enfield and Alfaro, 1999; Giannini et al., 2001) and is
known to interfere with hurricane development in the Atlantic (Gray,
1984). Hurricane records from Puerto Rico, to the southeast of Cuba,
show decreased hurricane intensity from 1000 yr BP to present, corre-
lating bothwith our precipitation data, and the Ecuadorian ENSO record
(Donnelly and Woodruff, 2007).

5.4.3. Possible cause of precipitation variability
Southward migration of the inter-tropical convergence zone (ITCZ)

can explain the precipitation trends observed at Playa Bailen and
Punta de Cartas. The ITCZ is a zoneof high convection causedby the con-
vergence of trade winds north of the equator (Krishnamurti et al.,
2013), and is responsible for a large portion of Caribbean precipitation.



Fig. 10. Comparison of Ti data from this study to other climate proxies from the circum-Caribbean. (Red) Hurricane record from Playa Grande, Puerto Rico, with abrupt increases inmean
grain size representing hurricane events (modified from Donnelly andWoodruff, 2007). (Green) δ18O (‰ PDB) record from Aguada X'caamal derived from ostracod (D. stevensoni) tests.
Higher δ18O indicates drier conditions (modified from Hodell et al., 2005). (Blue) Ti % from Cariaco Basin sediments off the northern coast of Venezuela; higher Ti indicates wetter
conditions (modified from Haug et al., 2001). (Black) Ti record (5-point running mean in cps) from Playa Bailen and Punta de Cartas, Cuba. Lower cps represent drier conditions.
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Amore southerly position of the ITCZ has been used to explain reduced
late Holocene precipitation in the Caribbean, inferred from several other
records (Haug et al., 2001; Malaizé et al., 2011). North–south variations
in the ITCZ position may also account for the observed latitudinal dis-
crepancies in onset of arid conditions across the Caribbean. Proxy re-
cords from sites closer to northern South America show an increase in
aridity somewhat later (~1000–500 yr BP) than those from more
northerlylocations (~1500–1100 yr BP). Differences in the onset of arid-
ity may also be related to a southward shift of the Bermuda High, asso-
ciated with southerly ITCZ position, which forces hurricane paths
southward (McCloskey and Keller, 2009; Malaizé et al., 2011). Differ-
ences in the timing of precipitation trends between Cuba and elsewhere
in the Circum-Caribbean are partially explained by the shifting position
of the ITCZ. Although the ITCZ may be the dominant control on precip-
itation in Cuba, correlations to hurricane activity and ENSO frequency
suggest additional variables also influence Cuban precipitation. More
data from Cuba and the surrounding area are needed to fully explain
variability in Caribbean precipitation patterns.
6. Conclusions

We used a combination of foraminifera and XRF elemental data
from cores taken in two Cuban lagoons to reconstruct both lagoon
salinity and precipitation, enabling us to infer climate patterns in
Cuba during the late Holocene. A clear increase in salinity and de-
crease in erosional inputs (Ti, Fe, K, Ti/Ca) at ~1400–1200 yr BP in-
dicates the onset of arid conditions in the Caribbean, as shown in
previous studies. Differences in the timing of initiation of aridity
may be a consequence of local influences, errors associated with
core chronology, or differences in the response of multiple climate
proxies to forcing in the terrestrial, littoral and marine realms.
Temporal correlation of other Caribbean paleoclimate records
with our trace element and foraminifera data, suggests that trends
observed in Playa Bailen and Punta de Cartas were controlled by
regional climate, likely associated with shifts in the position of
the ITCZ. Study of other lagoons in Cuba will be used to test this
assertion.



240 B.R.B. Gregory et al. / Palaeogeography, Palaeoclimatology, Palaeoecology 426 (2015) 229–241
This study demonstrates the applicability of trace element analysis,
using XRF core scanning, to lagoon sediments. Coupling the elemental
data, which reflect terrigenous flux, with a paleosalinity proxy (e.g.,
foraminifera), enables assessment of past precipitation and its effect
on the lagoons. If the basin has been geomorphically stable over time,
as determined usingmicrofossil and lithologic data, XRF can yield useful
data for paleoclimate inference, particularly in areas where other
paleoclimate archives are not available.
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