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Intensification and western displacement of the North Atlantic Subtropical High (NASH) is projected for
this century, which can decrease Caribbean and southeastern American rainfall on seasonal and annual
timescales. However, additional hydroclimate records are needed from the northern Caribbean to un-
derstand the long-term behavior of the NASH, and better forecast its future behavior. Here we present a
multi-proxy sinkhole lake reconstruction from a carbonate island that is proximal to the NASH (Abaco
Island, The Bahamas). The reconstruction indicates the northern Bahamas experienced a drought from
~3300 to ~2500 Cal yrs BP, which coincides with evidence from other hydroclimate and oceanographic
records (e.g., Africa, Caribbean, and South America) for a synchronous southern displacement of the
Intertropical Convergence Zone and North Atlantic Hadley Cell. The specific cause of the hydroclimate
change in the northeastern Caribbean region from ~3300 to 2500 Cal yrs BP was probably coeval
southern or western displacement of the NASH, which would have increased northeastern Caribbean

exposure to subsiding air from higher altitudes.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

Multiple proxy-based climate archives document significant
hydroclimate variability in the tropical North Atlantic region during
the Holocene. These include oxygen isotopic variability in speleo-
thems (Mangini et al., 2007; Medina-Elizalde et al., 2010; Winter
et al., 2011; Fensterer et al., 2013) and microfossils (Hodell et al.,
1991, 2001), compound-specific stable isotope analysis (Lane
et al., 2014), lake-level records (Holmes, 1998; Fritz et al., 2011;
Burn et al., 2016), microfossils and sedimentology of inland saline
ponds (Teeter and Quick, 1990; Teeter, 1995b; Dix et al., 1999),
coastal lagoon sedimentology, mineralogy, and water level vari-
ability (Hodell et al., 2005a; Malaize’ et al., 2011; Gregory et al.,
2015; Peros et al.,, 2015), terrestrial landscape change through
pollen analysis (Ijellmark, 1996; Leyden et al., 1998; Higuera-
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Gundy et al., 1999; Kennedy et al., 2006; Lane et al., 2009; Slay-
ton, 2010; Torrescano-Valle and Islebe, 2015), the Ti flux into the
Cariaco Basin (Haug et al., 2001), among others. The Holocene-scale
hydroclimate records that are available generally document
increased precipitation during the Holocene Climatic Optimum
when boreal summer occurred near perihelion (~8000—6000 years
ago), which was followed by an overall drying pattern over the last
~5000 years (Hodell et al., 1991, 1995; Higuera-Gundy et al., 1999;
Haug et al., 2001; Fensterer et al., 2013). Superimposed upon this
long-term trend, the Caribbean has experienced multiple
centennial-scale droughts whose regional expression can be
variable.

Previous droughts on the Yucatan Peninsula in Mexico are well
documented. In the current climate regime, there is a regional
precipitation gradient from the dryer northern region
(~900mmyr~!, ~21°N) to the wetter south (1700 mmyr~},
~17°N)(Hodell et al., 2005b). This gradient is driven by seasonal
migration of the Intertropical Convergence Zone (ITCZ), where
oceanic warming during the boreal summer displaces the Atlantic


mailto:vanhenp@tamug.edu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.quascirev.2018.02.014&domain=pdf
www.sciencedirect.com/science/journal/02773791
http://www.elsevier.com/locate/quascirev
https://doi.org/10.1016/j.quascirev.2018.02.014
https://doi.org/10.1016/j.quascirev.2018.02.014
https://doi.org/10.1016/j.quascirev.2018.02.014

170 PJ. van Hengstum et al. / Quaternary Science Reviews 186 (2018) 169—185

ITCZ and the tropical rain belt northward (Hastenrath, 1976, 1984;
Hu et al., 2007). As such, droughts on the Yucatan Peninsula that
are documented by lake level, pollen, and geochemical re-
constructions at 4700-3600 Cal yrs BP, 3400—2500 Cal yrs BP,
2300—-2100 Cal yrs BP, 1900—1700 Cal yrs BP, 1400—1300 Cal yrs BP,
730 Cal yrs BP, and 560 Cal yrs BP (Hodell et al., 2005a, 2005b;
Torrescano-Valle and Islebe, 2015) are likely linked to meridional
ITCZ displacements. However, the ITCZ is just one component of the
Hadley Cell, so other areas in the tropical North Atlantic may
experience different hydroclimate changes if Hadley circulation
moves meridionally. As such, the spatial pattern, ocean-
atmospheric forcing, and specific timing of Yucatan droughts on
other Caribbean islands remains under investigation (Lane et al.,
2014).

Compared with the Yucatan, knowledge of Holocene hydro-
climate variability on Little Bahama Bank and Great Bahama Bank is
still limited. A pollen-based reconstruction of landscape change on
Andros Island (Church's Bluehole) indicates a dominance of salt-
and drought tolerant shrubs typical in modern open and rocky sites
(e.g., Piscidia-type, Dodonaea) from 3000 to 1500 years ago, which
then shift to hardwoods and palms, and a final transition to the
modern pine-dominated landscape by ~750 years ago (Kjellmark,
1996). In a pollen record from Emerald Pond (sinkhole) on Abaco,
an increase in Pinus and a decrease in palm pollen during the last
~700 years was the most significant floral change over the last
~8000 years (Slayton, 2010), which was also noted by van
Hengstum et al. (2016) in the pollen record from Blackwood Sink-
hole. However, an increase in grass on the landscape from ~3200 to
2300 Cal yrs BP led Slayton (2010) to suggest this was a possible
arid period in Abaco.

Here we present evidence for a megadrought from ~3300 to
~2500 years ago on the Little Bahama Bank (Fig. 1). This is docu-
mented through a multi-proxy (i.e., microfossils, geochemistry,
sedimentology) sinkhole-lake level reconstruction using sediment
cores from No Man's Land (NML) on Abaco Island
(26.592°, —77.279°). The potential climatological forcing of this
drought is also discussed, given that other Caribbean localities (e.g.,
Yucatan, Dominican Republic) have experienced synchronous
aridity and Abaco Island is geographically far removed from pre-
cipitation caused directly by ITCZ convective activity (Fig. 1C and D).
In contrast, the geographic position of the Little Bahama Bank
makes it a key geographic locality to monitor the long-term
behavior of the NASH (Fig. 1B).

2. Regional rainfall

Many large-scale ocean and atmospheric influences in the Pa-
cific and Atlantic region impact Caribbean rainfall and evaporation
(Hastenrath, 1976, 1984; Enfield and Alfaro, 1999; Gamble and
Curtis, 2008), such as: the intensity and position of the North
Atlantic Subtropical High (Davis et al., 1997; Giannini et al., 2000; Li
et al., 2011, 2012a, 2012b), the position of the Caribbean Low Level
Jet (Wang, 2007; Whyte et al.,, 2008; Martin and Schumacher,
2011a; Herrera et al, 2015), the Madden-Julian Oscillation
(Martin and Schumacher, 2011b), seasonal migration of the ITCZ
(Hastenrath, 1976), El Nino/Southern Oscillation (Nyberg et al.,
2007; Jury, 2009), the North Atlantic Oscillation (Jury et al.,
2007), hurricane activity, orographic effects (e.g., Cuba, Hispa-
niola) (Jury et al., 2007; Gamble and Curtis, 2008; Martin and Fahey,
2014), and sea surface temperatures in the North Atlantic warm
pool (Wang et al., 2006).

On millennial timescales, meridional displacements of the ITCZ
are thought to be important drivers of Caribbean rainfall. The ITCZ
is a band of strong convective activity and precipitation caused by
the convergence of the trade winds, which oscillates seasonally

between ~0° N and 13°N (see Fig. 2G in Hu et al., 2007). The zonally-
averaged ITCZ position is suggested to have only moved <2° lati-
tude during the Holocene based on time-sliced estimates of cross-
equatorial atmospheric transport (McGee et al., 2014). However,
there is evidence for Caribbean megadroughts across 18°N to 26°N
during the Holocene. Therefore, regional ocean-atmospheric
drivers of rainfall must be considered for understanding Carib-
bean hydroclimate variability on Holocene timescales.

In general, annual Caribbean rainfall is bimodal with dry season
from November through April and a wet season from May to
October. However, the wet season is interrupted by a rainfall
decrease known as the ‘Mid-Summer Drought’ (Magana et al., 1999;
Jury et al., 2007; Gamble et al., 2008). It is thought that the Mid-
Summer Drought is caused by seasonal intensification and south-
western displacement of the NASH in the Caribbean region during
boreal summer (Hastenrath, 1976, 1984; Gamble et al., 2008), in
addition to potential amplifying effects from local vertical wind
shear and atmospheric dust from Africa (Angeles et al., 2010).
Gamble and Curtis (2008) presented a 5-part conceptual model to
describe synoptic scale atmospheric drivers of annual and regional
Caribbean rainfall patterns: (1) summertime expansion of the
NASH, which decreases rainfall especially in the northeastern
Caribbean, (2) large-scale subsidence concentrated at 70—75°W
that decreases local precipitation [Zone 2 in Fig. 1B, see Fig. 4a
Magana and Caetano (2005)], (3) the Caribbean Low Level Jet that
impacts the north coast of South America and the Lesser Antilles,
(4) vertical wind shear, and (5) localized divergence of surface
winds near Jamaica. Hastenrath (1976) observed that an early
southward displacement and intensification of the NASH, stronger
Trade Winds, and an equator-ward shift of the east Pacific ITCZ
occurs during the winter preceding a particularly dry Caribbean
summer. Likewise, the anomalously dry Caribbean decade from
1979 to 1989 CE has been attributed to intensification of the NASH
(McLean et al., 2015).

Still further, the timing and amplitude of rainfall across the
western tropical North Atlantic margin is also variable. In the
northeastern-most Bahamian Archipelago (e.g., Little and Great
Bahama Banks) and northwestern Cuba, annual rainfall exceeds
1300 mmyr~, as do the islands of Hispaniola, and those in the
northern Lesser Antilles. However, Jury et al. (2007) documented
that the southern Bahamian Archipelago, eastern Cuba, and Jamaica
(Zone 2, Fig. 1B) receive only ~870 mm yr~! of rainfall. It is thought
that reduced annual mean precipitation in the central Caribbean
(Zone 2) relates to local subsidence caused by large-scale diver-
gence as the anticyclone flow splits between an axis south of Cuba
and one re-curving towards Florida (Jury et al., 2007; Gamble and
Curtis, 2008). The Mid-Summer Drought occurs in July, August,
and September in the northern Bahamas; but it happens in June,
July, and August in the lower Bahamian Archipelago (Fig. 1E).

3. Study site

The Bahamian Archipelago is a group of carbonate islands and
banks along the western tropical North Atlantic margin that began
forming in the late Jurassic, and this region has since weathered
into a mature karst landscape (Mullins and Lynts, 1977; Mylroie and
Carew, 1995; Mylroie et al., 1995a, 1995b). Sinkholes and blueholes
are an important source of paleoenvironmental and paleohydro-
logical information because sediment and fossils deposited into
these systems can remain protected from subsequent bioturbation
or physical reworking (Crotty and Teeter, 1984; Kjellmark, 1996;
Alverez Zarikian et al, 2005; Steadman et al, 2007; van
Hengstum et al., 2016).

No Man's Land on Great Abaco Island is one of the largest
diameter inland lakes in the northern Bahamas (Fig. 2). In its
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Fig. 1. Maximum daily potential rainfall (mm/day, 1948 to 2016 CE, Panel A and B) and resultant vectors of monthly mean wind (u/v) at 1000 mbars (m/s, 1986 to 2016 CE, Panel C
and D) in the Caribbean region from the NCEP/NCAR Reanalysis Project, averaged over the November to April dry season, and the Mid-Summer drought from July and August on the
Little Bahama Bank during the wet season. Panel A notes locations of other Caribbean climate records: (1) Aquada X'caamal, Mexico (Hodell et al., 2005a), (2) Lake Tzib, Mexico
(Carrillo-Bastos et al., 2010), (3) Laguna Silvituc, Mexico (Torrescano-Valle and Islebe, 2015), (4) Turneffe Atoll, Belize (Wooller et al., 2009), (5) Playa Bailen and Punta de Cartas,
Cuba (Gregory et al., 2015), (6) Dos Anas Cave, Cuba (Fensterer et al., 2013), (7) Northeast Shark River Slough, Florida (Glaser et al., 2012), (8) This work (No Man's Land), and Emerald
Pond (Slayton, 2010), and Blackwood Sinkhole (van Hengstum et al., 2016), (9) Church's Bluehole, Andros (Kjellmark, 1996), (10) Lake Miragoane, Haiti (Hodell et al., 1991; Higuera-
Gundy et al,, 1999), (11) Valle de Bao, Dominican Republic (Kennedy et al., 2006), (12) Grand-Case Pond, Saint Martin (Malaizé et al., 2011), (13) Lake Antoine, Grenada (Fritz et al.,
2011), (14) Cariaco Basin, Venezuela (Haug et al.,, 2001). The appearance of significant aridity above ~25°N is an artifact of long term averaging of the variable position of the western
boundary of the NASH (Li et al., 2011). Panel B illustrates the four eastern Caribbean hydroclimate zones based on meteorological data from 1951 to 1981 CE from 35 stations (black
squares, Jury et al., 2007), with Panel E describing the annual cycles for each zone. Acronyms: ITCZ: Intertropical Convergence Zone, NASH: North Atlantic Subtropical High, MSD:
Mid-Summer Drought.

modern state, the site is shallow (3 m deep), brackish (20.6 psu), coastal aquifer (i.e., hydraulically-closed)(Schmitter-Soto et al,,

170 m in diameter, and ~700m from the coastline. Although 2002). No Man's Land should not be considered a closed basin

definitive evidence is lacking (e.g., speleothems along peripheral due to the high porosity and permeability of the upper stratigraphy

cliff wall), the circularity of No Man's Land suggests that it is a (i.e., Lucayan Aquifer) of the antecedent carbonate (Whitaker and

destructional lake formed by karst processes, according to the Smart, 1997).

model of carbonate lake formation of Park Bousch et al. (2014).

Furthermore, destructive lakes can be subdivided into either lotic

(open) systems that are well-connected into local groundwater 4. Methods

systems (i.e., hydraulically-open), versus the lentic (closed) systems

whose hydrologic conditions are independent from the local A seismic reflection survey was completed with an Edgetech 424
CHIRP to image the subbottom stratigraphy, generate a bathymetric
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Fig. 2. (A) No Man's Land is located in the Northern Bahamas in the tropical North Atlantic Ocean. (B) Locations of prominent blueholes and sinkholes on the major islands of the
Little Bahama Bank. (C) Aerial photograph of No Man's Land facing the west (‘The Marls’, and out to the Bight of Abaco). (D) Bathymetric map of No Man's and core locations. (E)

Representative seismic reflection image along cross section A-A’ from Panel B.

map, and identify targets for sediment coring (Fig. 2). Two-way
travel time was converted to depth in meters using an assumed
speed of sound in water of 1500 m/s. Five push cores were collected
(70—120 cm in length) that all terminated on a terrestrial peat
deposit, which correlates with a prominent acoustic reflector in the
seismic reflection survey (Fig 2E, Fig. 3). After collection, sediment
cores were split lengthwise in the laboratory, visually described
following Schnurrenberger et al. (2003), photographed, X-radio-
graphed to image sediment density, and subsequently stored at 4 °C
until further analysis. Given the heterogeneity of the recovered
sediment, the variability in the coarse fraction was analyzed using
the Sieve-first Loss-on-Ignition (Sieve-first LOI) procedure (van
Hengstum et al., 2016). This procedure is well suited to investi-
gating the variability of the coarse sediment fraction in highly
heterogeneous sediments from carbonate landscapes. Contiguous
1-cm sediment sub-samples with a standardized initial volume of
2.5 cm? were first wet sieved over a 63-um mesh and dried for 12 h
in an oven at 60 °C, and weighed to determine the original sedi-
ment mass. After they were dried and re-weighed, samples were
ignited for 4.5h at 550 °C in a muffle furnace to remove organic
matter from the sediment samples to concentrate the remaining
mineral residue. The variability in coarse sediment was then
expressed as mass per unit volume (D63 ym mg cm*3). A classic LOI
procedure was then performed on new sediment sub-samples at
contiguous 1-cm intervals downcore to determine bulk organic
matter variability as per standard methods (550°C for 4.5 hrs)

(Dean Jr, 1974; Heiri et al., 2001).

The stable carbon isotopic value (513C0rg) and C:N ratio of bulk
organic matter from the recovered sapropel unit in core 4 and 5
(n=30) was measured to investigate the possible salinity of the
lake during its genesis (Rasmussen et al., 1990; Lamb et al., 2006;
van Hengstum and Scott, 2011; van Hengstum et al., 2011). For
comparative purposes, sediment samples (n=20) were obtained
from previously collected sediment cores from Mangrove Lake in
Bermuda, which has been accumulating marine sapropel through
the late Holocene (see Section 5.4). Carbonates were first digested
from 1-cm sample sub-samples with a 10% HCl for 24 hrs, followed
by residue desiccation at 80 °C and powdering. Measurements on
samples from NML were then performed on a Costech ECS4010
Elemental Analyzer interfaced to a ThermoFisher Scientific Delta V
Advantage Isotope Ratio Mass Spectrometer at the University of
South Florida, with the samples from Mangrove Lake in Bermuda
measured at the Baylor University Stable Isotope Laboratory by a
Thermo-Electron Delta V Advantage Isotope Ratio Mass Spec-
trometer. Final results are expressed as ratios in the standard delta
(3) notation in per mil (%o) against Vienna PeeDee Belemnite
(VPDB).

Cores 3, 4, and 5 were selected for detailed microfossil analysis
to document changes in groundwater salinity on millennial time-
scales (Crotty, 1982; Teeter, 1989, 1995b; van Hengstum et al., 2008;
van Hengstum et al.,, 2010; van Hengstum and Scott, 2012). No
testate amoebae (thecamoebians) or agglutinated foraminifera
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Fig. 3. Core logs for sediment cores from No Man's Land and representative photograph of upper section of core 4.

(e.g., Trochammina inflata or Jadammina macrescens) were observed
during initial inspection of wet sediment residues that were
concentrated on a 45-um mesh, but ostracodes were abundant.
Ostracodes are crustaceans that are highly sensitive to salinity in
their environment (Keyser, 1977), and their shell has a high pres-
ervation potential following death of the animal. During ostracode
analysis, calcareous foraminifera were enumerated in cores 4 and 5,
and charophyte gyrogonites (reported as individuals per cm?) were
counted from core 5. Charophytes are submerged macro-algae that
are found in fresh to oligohaline waters, so their calcified fructifi-
cations (i.e., gyrogonites) are indicators of limnic to slightly
brackish conditions (Soulié-Marsche, 2008; Soulié-Marsche and
Garcia, 2015).

Ostracodes were concentrated by wet-sieving a sediment sub-
sample (1.25—-2.5cm>) over a 63-ym mesh to achieve census
counts generally exceeding 120 valves per sample. The remaining
coarse fraction was then dried overnight, and ostracodes valves
were picked from the dried residue and mounted onto standard
micropaleonotological slides. Taxonomy was verified with a Hitachi
TM3000 desktop scanning electron microscope (Fig. 4), and fol-
lowed available references (Furtos, 1933; Furtos, 1936; Swain, 1955;
Van Morkhoven, 1963; Krutak, 1971; Keyser, 1975; 1977; Teeter,
1980, 1995a; Keyser and Schoning, 2000; Pérez et al., 2010a).
Only 13 different taxonomic units of ostracodes were observed,
thus, the estimated 2c¢ standard error on the ostracode relative
abundance never exceeds 10%, with most standard error estimates
in the range of 1-5% (Patterson and Fishbein, 1989). An original
data matrix of 85 samples x 13 ostracode observations was pro-
duced for Q-mode cluster analysis. Raw relative abundance data
was first log transformed to emphasize broader ecological com-
munity patterns (Legandre and Legandre, 1998), and this data
matrix was then subjected to unconstrained Q-mode cluster anal-
ysis using a Euclidian Distance coefficient to identify biofacies in
the cores.

Wood fragments were submitted for radiocarbon dating to
National Ocean Sciences Accelerator Mass Spectrometry when

available, but bulk organic material was dated when terrestrial
plant macrofossils were absent at key stratigraphic horizons. The
bulk organic matter dated was sapropel produced by aquatic algae.
To help characterize the possible hardwater effect that was
imparted on the bulk organic matter generated by algae living in
groundwater, the conventional C age of the twig sample from
NML-C5 24—25cm (3090 + 20 conventional years ago) was sub-
tracted from the bulk organic sample of NML-C4 46—47 cm
(3730 + 20 conventional years ago). It is assumed that these sam-
ples were deposited synchronously given the small size of the basin
and their positioning below the same salient stratigraphic contact.
This hardwater effect (640 + 40 conventional years ago) was sub-
tracted from the conventional ages obtained on other bulk organic
matter samples. All radiocarbon ages were then calibrated into
years before present (Cal yrs BP1g50), where present refers to 1950
CE, using IntCal13 (Reimer et al., 2013). Only the highest probability
10 calibration results are used in interpretations, but all calibration
results are provided in Table 1. Detailed age models were not
developed for the sediment cores because the most significant
observation is the emplacement history for the primary strati-
graphic units.

5. Results: stratigraphy, chronology, and microfossils
5.1. Terrestrial peat: prior to 6500 years ago

The basal sedimentary unit in the cores was a peat deposit
(>70% organic matter, Figs. 3 and 5) that was accumulating until
6440 + 40 Cal yrs BP, based on the limiting age on a twig from near
the top contact with the carbonate mud unit in core 4. The deposit
is a fragmental granular to woody peat because plant fragments
ranged from 0.1 to >2mm, and rootlets were not commonly
observed (Schnurrenberger et al., 2003). No microfossils or inver-
tebrate remains were observed in this unit.
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Fig. 4. Scanning electron micrographs of representative ostracodes and their dominant internal muscle scar pattern. (A, B) Darwinula stevensoni (Brady and Robertson, 1870); (C, D)
Cypridopsis vidua (Miiller, 1776), (E, F) Candona annae (Mehes, 1914), (G, H) Cytheridella ilosvayi Daday, 1905, (I, J) Loxoconcha matagordensis Swain, 1955, (K, L) Physocypria globulus
Furtos, 1933, arrows point to tuberculated margins on right valve, (M, N) Unknown sp., (O, P) Limnocythere floridensis Keyser, 1975, (Q, R) Malzella floridana (Benson and Coleman,
1963), (S, T) Perissocytheridea bicelliforma Swain, 1955, (U, V) Cyprideis americana (Sharpe, 1908), (W, X), Cyprideis americana var. nodes; (Y) Haplocytheridella setipunctata (Brady,

1869). Scale bar represents 250 pum.

5.2. Carbonate mud: 6500 to 4200 years ago

In all the cores, the basal peat deposit passes into a sequence of
weakly-laminated carbonates that were deposited from ~6500 to
~4200 Cal yrs BP. The carbonate mud has a light grey to whitish hue,
and contains gastropods tentatively placed within the families
Planorbidae (c.f. Heliosoma sp. (Pilsbry, 1934) and Hydrobidae (not
identified). Organic content generally ranges from 4 to 15%, but was
higher in occasional organic-rich horizons (e.g., core 1, 52—54 cm:
40%), and coarse sediment content was generally low (D63 ym mg
cm~3: 0—25). Charophyte gyrogonites were present throughout the
unit, but were most abundant towards the base of the facies (Fig. 6).
The only foraminifera observed in this unit were Helenina

davescottensis from 70 to 80 cm in core 4, which is a low salinity
taxa previously described from palustrine-lacustrine marsh envi-
ronments in Grand Bahamas (van Hengstum and Bernhard, 2016).
No evidence of desiccation was observed (i.e., indurated or gypsum
horizons).

Ostracodes were abundant, well preserved, and formed three
biofacies in the carbonate mud unit (Fig. 6). The Freshwater Bio-
facies is from 95 to 112 cm in core 5, which is dominated by Dar-
winula stevensoni (mean 89.3%) and Cypridopsis vidua (mean 7.6%).
The lack of a Freshwater Biofacies in core 4 indicates that sedi-
mentation was not uniform during initial inundation of the basin,
and that there is likely a depositional hiatus (i.e., disconformity) in
cores 3 and 4 between the basal peat deposit and the carbonate



Table 1
Radiocarbon results.

Index  Accession Core Core depth Material Fl4C Conventional '*C  Hardwater Effect Removed 3'3C 10 calendar ages in yrs. Bigso 20 calendar ages in yrs. Bygso
No. number (cm) dated age (640 + 40) (%o) (probability) (probability)
1 0S-128591 Cl1 15to 16 twig 0.6012 +0.0017 4090 + 20 —26.5 4527—-4584 (0.731) 4455 - 4457 (0.004)
4599-4609 (0.093) 4521-4644 (0.790)
4768 - 4782 (0.176) 4678 - 4692 (0.018)
4762 - 4800 (0.189)
2 0S-128592 Cl 23to24 twig 0.5656 + 0.0018 4580 + 25 —28.09 5148 - 5151 (0.027) 5075 - 5106 (0.092)
52895320 (0.888) 5134 - 5163 (0.112)
5424 - 5433 (0.085) 52805323 (0.673)
5417 - 5442 (0.124)
3 0S-128595 c2 30 twig 0.5704 +0.0016 4510 + 20 —25.77 5064—5112 (0.370) 5053—5190 (0.688)
5119 - 5149 (0.219) 5213 - 5296 (0.312)
5151 - 5184 (0.243)
5216 - 5221 (0.025)
5270 - 5289 (0.143)
4 0S-120797 C3 17to18 bulk 0.6749 +0.0015 3160 + 20 2520+ 60 —21.97 24942598 (0.544) 2380 - 2394 (0.016)
organics
2610 - 2639 (0.151) 2402 - 2413 (0.010)
2681 - 2741 (0.305) 2424 - 2751 (0.974)
5 0S-128718 c3 23 leaf 0.7051 +0.0016 2810 +20 —27.1 2877-2929 (0.881) 2859—-2959 (1.000)
2934 - 2943 (0.119)
6 0S-120796 C3 36to37 bulk 0.6401 +0.0018 3580 + 25 2940 + 65 —25.38 2995—-3180 (0.977) 2888 - 2907 (0.013)
organics
3200 - 3205 (0.023) 2922 - 3254 (0.957)
3294 - 3328 (0.029)
7 0S-120777 C3 57to58 stems 0.5844 +0.0015 4310+ 20 3670 + 60 —25.95 39204086 (1.000) 3840 - 4153 (1.000)
8 150M/0483 C4 195to20 bulk N/M 3150 +40 2510+ 60 N/M 24922602 (0.554) 2379 - 2395 (0.019)
organics
2607 - 2641 (0.167) 2400 - 2414 (0.018)
2678 - 2737 (0.279) 2421 - 2747 (0.963)
9 0S-120799 C4 385to39 bulk 0.6173 +0.0016 3880 + 20 3240 + 60 —24.83 3396—3509 (0.826) 3357 - 3608 (1.000)
organics
3531 - 3556 (0.174)
10 0S-120798 C4 46to47 bulk 0.6287 +0.0015 3730 + 20 3090 + 60 —22.2  3228-3370 (1.000) 3084 - 3087 (0.001)
organics
3156 - 3447 (0.999)
11 15P/0486 c4 83 bark N/M 5660 + 40 N/M 6405—6484 (1.000) 6319 - 6375 (0.107)
6386 - 6539 (0.893)
12 0S-115026 c4 99 twig 0.4717 +£0.0020 6040 + 35 —28.42 6805 - 6812 (0.069) 6790 - 6979 (1.000)
68506942 (0.931)
13 0S-113275 C5 24-25 twig 0.6803 +0.0016 3090 + 20 —24.85 32543293 (0.611) 3241 - 3364 (1.000)
3328 - 3356 (0.389)
14 0S-115027 c5 39 twig 0.6205 +0.0019 3830 +25 —25.87 4155—4208 (0.592) 4103 - 4109 (0.006)

4219 - 4250 (0.331)
4273 - 4283 (0.078)

4148 - 4299 (0.924)
4327 - 4354 (0.045)
4369 - 4385 (0.018)
4392 - 4401 (0.007)
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Fig. 5. Downcore bulk organic matter and textural variability. Brown line refers to bulk organic matter. (For interpretation of the references to colour in this figure legend, the reader

is referred to the Web version of this article.)

mud. In core 5, the Freshwater Biofacies passes upsection into the
Low Diversity Oligohaline Biofacies that is also present in cores 3
and 4. The Low Diversity Oligohaline Biofacies has a higher di-
versity than the Freshwater Biofacies, and is dominated by Candona
annae (mean 25.8%), Cypridopsis vidua (mean 34.1%), Darwinula
stevensoni (mean 19.3%), and Limnocythere floridensis (mean 19.2%).
Finally, the uppermost biofacies in the carbonate mud unit is the
High Diversity Oligohaline Biofacies, which is dominated by Cyp-
ridopsis vidua (87.2%) and Candona annae (10%), along with limited
abundance of Cytheridella ilyosvai and an unidentified ostracode
(Unknown sp.).

5.3. Laminated unit: 4200 to 3200 years ago

In the cores 