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Abstract 16	

Intensification and western displacement of the North Atlantic Subtropical High (NASH) is 17	

projected for this century, which can decrease Caribbean and southeastern American rainfall on seasonal 18	

and annual timescales. However, additional hydroclimate records are needed from the northern 19	

Caribbean to understand the long-term behavior of the NASH, and better forecast its future behavior. 20	

Here we present a multi-proxy sinkhole lake reconstruction from a carbonate island that is proximal to 21	

the NASH (Abaco Island, The Bahamas). The reconstruction indicates the northern Bahamas experienced 22	

a drought from ~3300 to ~2500 Cal yrs BP, which coincides with evidence from other hydroclimate and 23	

oceanographic records (e.g., Africa, Caribbean, and South America) for a synchronous southern 24	

displacement of the Intertropical Convergence Zone and North Atlantic Hadley Cell. The specific cause 25	

of the hydroclimate change in the northeastern Caribbean region from ~3300 to ~2500 Cal yrs BP was 26	

probably coeval southern or western displacement of the NASH, which would have increased 27	

northeastern Caribbean exposure to subsiding air from higher altitudes.  28	
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1. Introduction 29	

Multiple proxy-based climate archives document significant hydroclimate variability in the 30	

tropical North Atlantic region during the Holocene. These include oxygen isotopic variability in 31	

speleothems (Mangini et al., 2007; Medina-Elizalde et al., 2010; Winter et al., 2011; Fensterer et al., 32	

2013) and microfossils (Hodell et al., 1991; Hodell et al., 2001), compound-specific stable isotope 33	

analysis (Lane et al., 2014), lake-level records (Holmes, 1998; Fritz et al., 2011; Burn et al., 2016), 34	

microfossils and sedimentology of inland saline ponds (Teeter and Quick, 1990; Teeter, 1995b; Dix et al., 35	

1999), coastal lagoon sedimentology, mineralogy, and water level variability (Hodell et al., 2005a; 36	

Malaizé et al., 2011; Gregory et al., 2015; Peros et al., 2015), terrestrial landscape change through pollen 37	

analysis (Kjellmark, 1996; Leyden et al., 1998; Higuera-Gundy et al., 1999; Kennedy et al., 2006; Lane et 38	

al., 2009; Slayton, 2010; Torrescano-Valle and Islebe, 2015), the Ti flux into the Cariaco Basin (Haug et 39	

al., 2001), among others. The available Holocene-scale hydroclimate records document a general increase 40	

in regional precipitation during the Holocene Climatic Optimum when boreal summer occurred near 41	

perihelion (~8000 to 6000 years ago), which was followed by an overall drying pattern over the last 42	

~5000 years (Hodell et al., 1991; Hodell et al., 1995; Higuera-Gundy et al., 1999; Haug et al., 2001; 43	

Fensterer et al., 2013). Superimposed upon this long-term trend, the Caribbean has experienced multiple 44	

centennial-scale droughts whose spatial pattern and associated forcing mechanisms remain under 45	

investigation. 46	

Previous droughts on the Yucatan Peninsula in Mexico are well documented. In the current climate 47	

regime, there is a regional precipitation gradient from the dryer northern region (~900 mm yr−1, ~21°N) to 48	

the wetter south (1700 mm yr−1, ~17°N)(Hodell et al., 2005b). This gradient is driven by seasonal 49	

migration of the Intertropical Convergence Zone (ITCZ), where oceanic warming during the boreal 50	

summer displaces the Atlantic ITCZ and the tropical rain belt northward (Hastenrath, 1976, 1984; Hu et 51	

al., 2007). As such, Yucatan droughts documented by lake level, pollen, and geochemical reconstructions 52	

at 4700-3600 Cal yrs BP, 3400-2500 Cal yrs BP, 2300-2100 Cal yrs BP, 1900-1700 Cal yrs BP, 1400-53	

1300 Cal yrs BP, 730 Cal yrs BP, and 560 Cal yrs BP (Hodell et al., 2005a; Hodell et al., 2005b; 54	

Torrescano-Valle and Islebe, 2015) are likely linked to meridional ITCZ displacements. However, the 55	

ITCZ is just one component of the Hadley Cell, so other areas in the tropical North Atlantic may 56	

experience different hydroclimate changes if Hadley circulation moves meridionally. As such, the precise 57	

regional-scale expression, ocean-atmospheric forcing, and specific timing of Yucatan droughts on other 58	

Caribbean islands remains under investigation (Lane et al., 2014). 59	

Compared with the Yucatan, knowledge of Holocene hydroclimate variability on Little Bahama 60	

Bank and Great Bahama Bank is still limited. A pollen-based reconstruction of landscape change on 61	
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Andros Island (Church’s Bluehole) indicates a dominance of salt- and drought tolerant shrubs typical in 62	

modern open and rocky sites (e.g., Piscidia-type, Dodonaea) from 3000 to 1500 years ago, which then 63	

shift to hardwoods and palms, and a final transition to the modern pine-dominated landscape by ~750 64	

years ago (Kjellmark, 1996). In a pollen record from Emerald Pond (sinkhole) on Abaco, an increase in 65	

Pinus and a decrease in palm pollen during the last ~700 years was the most significant floral change over 66	

the last ~8000 years (Slayton, 2010), which was also noted by van Hengstum et al. (2016) in the pollen 67	

record from Blackwood Sinkhole. However, an increase in grass on the landscape from ~3200 to 2300 68	

Cal yrs BP led Slayton (2010) to suggest this was a possible arid period in Abaco. 69	

Here we present evidence for a megadrought from ~3300 to ~2500 years ago on the Little 70	

Bahama Bank (Fig. 1). This is documented through a multi-proxy (i.e., microfossils, geochemistry, 71	

sedimentology) sinkhole-lake level reconstruction using sediment cores from No Man’s Land (NML) on 72	

Abaco Island (26.592°, −77.279°). The potential climatological forcing of this drought is also discussed, 73	

given that other Caribbean localities (e.g., Yucatan, Dominican Republic) have experienced synchronous 74	

aridity and Abaco Island is geographically far removed from precipitation caused directly by ITCZ 75	

convective activity (Figs. 1C, 1D). In contrast, the Little Bahama Bank is a key geographic locality to 76	

monitor the behavior of the NASH given is proximity to this large atmospheric feature (Fig. 1B). 77	

 78	

2. Regional rainfall 79	

Many large-scale ocean and atmospheric influences in the Pacific and Atlantic region impact 80	

Caribbean rainfall and evaporation (Hastenrath, 1976, 1984; Enfield and Alfaro, 1999; Gamble and 81	

Curtis, 2008), such as: the intensity and position of the North Atlantic Subtropical High (Davis et al., 82	

1997; Giannini et al., 2000; Li et al., 2011; Li et al., 2012a; Li et al., 2012b), the position of the Caribbean 83	

Low Level Jet (Wang, 2007; Whyte et al., 2008; Martin and Schumacher, 2011a; Herrera et al., 2015), the 84	

Madden-Julian Oscillation (Martin and Schumacher, 2011b), seasonal migration of the ITCZ (Hastenrath, 85	

1976), El Niño/Southern Oscillation (Nyberg et al., 2007; Jury, 2009), the North Atlantic Oscillation 86	

(Jury et al., 2007), hurricane activity, orographic effects (e.g., Cuba, Hispaniola) (Jury et al., 2007; 87	

Gamble and Curtis, 2008; Martin and Fahey, 2014), and sea surface temperatures in the North Atlantic 88	

warm pool (Wang et al., 2006). 89	

On millennial timescales, meridional displacements of the ITCZ are thought to be important 90	

drivers of Caribbean rainfall. The ITCZ is a band of strong convective activity and precipitation caused by 91	

the convergence of the trade winds, which oscillates seasonally between ~0° N to 13°N (see fig. 2G in Hu 92	

et al., 2007). The zonally-averaged ITCZ position is suggested to have only moved <2° latitude during the 93	
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Holocene based on time-sliced estimates of cross-equatorial atmospheric transport (McGee et al., 2014). 94	

However, there is evidence for Caribbean megadroughts across 18°N to 26°N during the Holocene. 95	

Therefore, regional ocean-atmospheric drivers of rainfall must be considered for understanding Caribbean 96	

hydroclimate variability on Holocene timescales. 97	

In general, annual Caribbean rainfall is bimodal with dry season from November through April 98	

and a wet season from May to October. However, the wet season is interrupted by a rainfall decrease 99	

known as the ‘Mid-Summer Drought’ (Magaña et al., 1999; Jury et al., 2007; Gamble et al., 2008). It is 100	

thought that the Mid-Summer Drought is caused by seasonal intensification and southwestern 101	

displacement of the NASH in the Caribbean region during boreal summer (Hastenrath, 1976, 1984; 102	

Gamble et al., 2008), in addition to potential amplifying effects from local vertical wind shear and 103	

atmospheric dust from Africa (Angeles et al., 2010). Gamble and Curtis (2008) presented a 5-part 104	

conceptual model to describe synoptic scale atmospheric drivers of annual and regional Caribbean rainfall 105	

patterns: (1) summertime expansion of the NASH, which decreases rainfall especially in the northeastern 106	

Caribbean, (2) large-scale subsidence concentrated at 70-75°W that decreases local precipitation [Zone 2 107	

in Fig. 1B, see fig. 4a Magaña and Caetano (2005)], (3) the Caribbean Low Level Jet that impacts the 108	

north coast of South America and the Lesser Antilles, (4) vertical wind shear, and (5) localized 109	

divergence of surface winds near Jamaica. Hastenrath (1976) observed that an early southward 110	

displacement and intensification of the NASH, stronger Trade Winds, and an equator-ward shift of the 111	

east Pacific ITCZ occurs during the winter preceding a particularly dry Caribbean summer. Likewise, the 112	

anomalously dry Caribbean decade from 1979-1989 CE has been largely attributed to intensification of 113	

the NASH (McLean et al., 2015).   114	

Still further, the timing and amplitude of rainfall across the western tropical North Atlantic margin 115	

is also variable. In the northeastern-most Bahamian Archipelago (e.g., Little and Great Bahama Banks) 116	

and northwestern Cuba, annual rainfall exceeds 1300 mm yr−1, as do the islands of Hispañiola, and those 117	

in the northern Lesser Antilles. However, Jury et al. (2007) documented that the southern Bahamian 118	

Archipelago, eastern Cuba, and Jamaica (Zone 2, Fig. 1B) receive only ~870 mm yr−1 of rainfall. It is 119	

thought that reduced annual mean precipitation in the central Caribbean (Zone 2) relates to local 120	

subsidence caused by large-scale divergence as the anticyclone flow splits between an axis south of Cuba 121	

and one re-curving towards Florida (Jury et al., 2007; Gamble and Curtis, 2008). The Mid-Summer 122	

Drought occurs in July, August, and September in the northern Bahamas; but it happens in June, July, and 123	

August in the lower Bahamian Archipelago (Fig. 1E). 124	

 125	
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3. Study Site 126	

The Bahamian Archipelago is a group of carbonate islands and banks along the western tropical 127	

North Atlantic margin that began forming in the late Jurassic, and this region has since weathered into a 128	

mature karst landscape (Mullins and Lynts, 1977; Mylroie and Carew, 1995; Mylroie et al., 1995a; 129	

Mylroie et al., 1995b). Sinkholes and blueholes are an important source of paleoenvironmental and 130	

paleohydrological information because sediment and fossils deposited into these systems can remain 131	

protected from subsequent bioturbation or physical reworking (Crotty and Teeter, 1984; Kjellmark, 1996; 132	

Alverez Zarikian et al., 2005; Steadman et al., 2007; van Hengstum et al., 2016). 133	

No Man’s Land on Great Abaco Island is one of the largest diameter inland lakes in the northern 134	

Bahamas (Fig. 2). In its modern state, the site is shallow (3 m deep), brackish (20.6 psu), 170 m in 135	

diameter, and ~700 m from the coastline. Although definitive evidence is lacking (e.g., speleothems along 136	

peripheral cliff wall), the circularity of No Man’s Land suggests that it is a destructional lake formed by 137	

karst processes, according to the model of carbonate lake formation of Park Bousch et al. (2014). 138	

Furthermore, destructive lakes can be subdivided into either lotic (open) systems that are well-connected 139	

into local groundwater systems (i.e., hydraulically-open), versus the lentic (closed) systems whose 140	

hydrologic conditions are independent from the local coastal aquifer (i.e., hydraulically-141	

closed)(Schmitter-Soto et al., 2002). No Man’s Land should not be considered a closed basin due to the 142	

high porosity and permeability of the upper stratigraphy (i.e., Lucayan Aquifer) of the antecedent 143	

carbonate (Whitaker and Smart, 1997). 144	

 145	

4. Methods 146	

A seismic reflection survey was completed with an Edgetech 424 CHIRP to image the subbottom 147	

stratigraphy, generate a bathymetric map, and identify targets for sediment coring (Fig. 2). Two-way 148	

travel time was converted to depth in meters using an assumed speed of sound in water of 1500 m/s. Five 149	

push cores were collected (70 to 120 cm in length) that all terminated on a terrestrial peat deposit, which 150	

correlates with a prominent acoustic reflector in the seismic reflection survey (Fig. 3, see Results below). 151	

After collection, sediment cores were split lengthwise in the laboratory, visually described following 152	

Schnurrenberger et al. (2003), photographed, X-radiographed to image sediment density, and 153	

subsequently stored at 4°C until further analysis. Given the heterogeneity of the recovered sediment, the 154	

variability in the coarse fraction was analyzed using the Sieve-first Loss-on-Ignition (Sieve-first LOI) 155	

procedure (van Hengstum et al., 2016). This procedure is well suited to investigating the variability of the 156	

coarse sediment fraction in highly heterogeneous sediments from carbonate landscapes. Contiguous 1-cm 157	

sediment sub-samples with a standardized initial volume of 2.5 cm3 were first wet sieved over a 63-µm 158	
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mesh and dried for 12 hours in an oven at 60˚C, and weighed to determine the original sediment mass. 159	

After they were dried and re-weighed, samples were ignited for 4.5 hours at 550˚C in a muffle furnace to 160	

remove organic matter from the sediment samples to concentrate the remaining mineral residue. The 161	

variability in coarse sediment was then expressed as mass per unit volume (D>63 um mg cm−3). A classic 162	

LOI procedure was then performed on new sediment sub-samples at contiguous 1-cm intervals downcore 163	

to determine bulk organic matter variability as per standard methods (550°C for 4.5 hrs) (Dean Jr, 1974; 164	

Heiri et al., 2001).  165	

The stable carbon isotopic value (δ13Corg) and C:N ratio of bulk organic matter from the recovered 166	

sapropel unit in core 4 and 5 (n = 30) was measured to investigate the possible salinity of the lake during 167	

its genesis (Rasmussen et al., 1990; Lamb et al., 2006; van Hengstum and Scott, 2011; van Hengstum et 168	

al., 2011). For comparative purposes, sediment samples (n = 20) were obtained from previously collected 169	

sediment cores from Mangrove Lake in Bermuda, which has been accumulating marine sapropel through 170	

the late Holocene (see Section 5.4). Carbonates were first digested from 1-cm sample sub-samples with a 171	

10% HCl for 24 hrs, followed by residue desiccation at 80°C and powdering. Measurements on samples 172	

from NML were then performed on a Costech ECS4010 Elemental Analyzer interfaced to a 173	

ThermoFisher Scientific Delta V Advantage Isotope Ratio Mass Spectrometer at the University of South 174	

Florida, with the samples from Mangrove Lake in Bermuda measured at the Baylor University Stable 175	

Isotope Laboratory by a Thermo-Electron Delta V Advantage Isotope Ratio Mass Spectrometer. Final results 176	

are expressed as ratios in the standard delta (δ) notation in per mil (‰) against Vienna PeeDee Belemnite 177	

(VPDB). 178	

Cores 3, 4, and 5 were selected for detailed microfossil analysis to document changes in 179	

groundwater salinity on millennial timescales (Crotty, 1982; Teeter, 1989, 1995b; van Hengstum et al., 180	

2008; van Hengstum et al., 2010; van Hengstum and Scott, 2012). No testate amoebae (thecamoebians) or 181	

agglutinated foraminifera (e.g., Trochammina inflata or Jadammina macrescens) were observed during 182	

initial inspection of wet sediment residues that were concentrated on a 45-µm mesh, but ostracodes were 183	

abundant. Ostracodes are crustaceans that are highly sensitive to salinity in their environment (Keyser, 184	

1977), and their shell has a high preservation potential following death of the animal. During ostracodes 185	

analysis, calcareous foraminifera were enumerated in cores 4 and 5, and charophyte gyrogonites (reported 186	

as individuals per cm3) were counted from core 5. Charophytes are submerged macro-algae that are found 187	

in fresh to oligohaline waters, so their calcified fructifications (i.e., gyrogonites) are indicators of limnic 188	

to slightly brackish conditions (Soulié-Märsche, 2008; Soulié-Märsche and García, 2015). 189	
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Ostracodes were concentrated by wet-sieving a sediment sub-sample (1.25 to 2.5 cm3) over a 63-190	

µm mesh to achieve census counts generally exceeding 120 valves per sample. The remaining coarse 191	

fraction was then dried overnight, and ostracodes valves were picked from the dried residue and mounted 192	

onto standard micropaleonotological slides. Taxonomy was verified with a Hitachi TM3000 desktop 193	

scanning electron microscope (Fig. 4), and followed available references (Furtos, 1936; Swain, 1955; Van 194	

Morkhoven, 1963; Krutak, 1971; Keyser, 1975, 1977; Teeter, 1980; Teeter, 1995a; Keyser and Schöning, 195	

2000; Pérez et al., 2010). Only 13 different taxonomic units of ostracodes were observed, thus, the 196	

estimated 2σ standard error on the ostracode relative abundance never exceeds 10%, with most standard 197	

error estimates in the range of 1-5% (Patterson and Fishbein, 1989). An original data matrix of 85 samples 198	

× 13 ostracode observations was produced for Q-mode cluster analysis. Raw relative abundance data was 199	

first log transformed to emphasize broader ecological community patterns (Legandre and Legandre, 200	

1998), and this data matrix was then subjected to unconstrained Q-mode cluster analysis using a Euclidian 201	

Distance coefficient to identify biofacies in the cores. 202	

Wood fragments were submitted for radiocarbon dating to National Ocean Sciences Accelerator 203	

Mass Spectrometry when available, but bulk organic material was dated when terrestrial plant 204	

macrofossils were absent at key stratigraphic horizons. The bulk organic matter dated was sapropel 205	

produced by aquatic algae. To help characterize the possible hardwater effect that was imparted on the 206	

bulk organic matter generated by algae living in groundwater, the conventional 14C age of the twig sample 207	

from NML-C5 24 to 25 cm (3090 ± 20 conventional years ago) was subtracted from the bulk organic 208	

sample of NML-C4 46 to 47 cm (3730 ± 20 conventional years ago). It is assumed that these samples 209	

were deposited synchronously given the small size of the basin and their positioning below the same 210	

salient stratigraphic contact. This hardwater effect (640 ± 40 conventional years ago) was subtracted from 211	

the conventional ages obtained on other bulk organic matter samples. All radiocarbon ages were then 212	

calibrated into years before present (Cal yrs BP1950), where present refers to 1950 CE, using IntCal13 213	

(Reimer et al., 2013). Only the highest probability 1σ calibration results are used in interpretations, but all 214	

calibration results are provided in Table 1. Detailed age models were not developed for the sediment cores 215	

because the most significant observation is the emplacement history for the primary stratigraphic units. 216	

 217	

5. Results: stratigraphy, chronology, and microfossils 218	

5.1. Terrestrial Peat: prior to 6500 years ago 219	

The basal sedimentary unit in the cores was a peat deposit (>70% organic matter, Figs. 3, 5) that 220	

was accumulating until 6440 ± 40 Cal yrs BP, based on the limiting age on a twig from near the top 221	
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contact with the carbonate mud unit in core 4. The deposit is a fragmental granular to woody peat because 222	

plant fragments ranged from 0.1 to >2 mm, and rootlets were not commonly observed (Schnurrenberger 223	

et al., 2003). No microfossils or invertebrate remains were observed in this unit. 224	

 225	

5.2. Carbonate mud: 6500 to 4200 years ago 226	

In all the cores, the basal peat deposit passes into a sequence of weakly-laminated carbonates that 227	

were deposited from ~6500 to ~4200 Cal yrs BP. The carbonate mud has a light grey to whitish hue, and 228	

contains gastropods tentatively placed within the families Planorbidae (c.f. Heliosoma sp. (Pilsbry, 1934) 229	

and Hydrobidae (not identified). Organic content generally ranges from 4-15%, but was higher in 230	

occasional organic-rich horizons (e.g., core 1, 52-54 cm: 40%), and coarse sediment content was 231	

generally low (D>63 um mg cm−3: 0-25). Charophyte gyrogonites were present throughout the unit, but were 232	

most abundant towards the base of the facies (Fig. 6). The only foraminifera observed in this unit were 233	

Helenina davescottensis from 70 to 80 cm in core 4, which is a low salinity taxa previously described 234	

from palustrine-lacustrine marsh environments in Grand Bahamas (van Hengstum and Bernhard, 2016). 235	

No evidence of desiccation was observed (i.e., indurated or gypsum horizons). 236	

Ostracodes were abundant, well preserved, and formed three biofacies in the carbonate mud unit 237	

(Fig. 6). The Freshwater Biofacies is from 95 to 112 cm in core 5, which is dominated by Darwinula 238	

stevensoni (mean 89.3%) and Cypridopsis vidua (mean 7.6%). The lack of a Freshwater Biofacies in 239	

cores 3 and 4 indicates that sedimentation was not uniform during initial inundation of the basin, and that 240	

there is likely a depositional hiatus (i.e., disconformity) in cores 3 and 4 between the basal peat deposits 241	

and the carbonate mud. In core 5, the Freshwater Biofacies passes upsection into the Low Diversity 242	

Oligohaline Biofacies that is also present in cores 3 and 4. The Low Diversity Oligohaline Biofacies has a 243	

higher diversity than the Freshwater Biofacies, and is dominated by Candona annae (mean 25.8%), 244	

Cypridopsis vidua (mean 34.1%), Darwinula stevensoni (mean 19.3%), and Limnocythere floridensis 245	

(mean 19.2%). Finally, the uppermost biofacies in the carbonate mud unit is the High Diversity 246	

Oligohaline Biofacies, which is dominated by Cypridopsis vidua (87.2%) and Candona annae (10%), 247	

along with limited abundance of Cytheridella ilyosvai and an unidentified ostracode (Unknown sp.). 248	

 249	

5.3. Laminated unit: 4200 to 3200 years ago 250	

In the cores from the deeper part of the basin (cores 3, 4, and 5), the carbonate mud transitions 251	

upsection into 15 to 25 cm of laminated carbonate sediment that retained hues of green, purple, and 252	

brown. Deposition is temporally constrained by a radiocarbon dated twig in core 5 at 39 cm (4180 ± 30 253	

Cal yrs BP), and at the upper contact with the algal sapropel unit in cores 5 and 4 (3270 ± 20, 3300 ± 70 254	
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Cal yrs BP). Organic matter content increases from approximately 10% to >40%, and negligible vertical 255	

sediment mixing occurred based on the intact laminations throughout. The only ostracodes present were 256	

Physocypria globula (mean 68.3%) and Cyprideis americana (mean 31.5%), which comprise the Low 257	

Oxic Biofacies. Physocypria globula is a nektonic freshwater ostracode (Pérez et al., 2010b) that is 258	

diagnosed by the tuberculated margins of the right valve (Furtos, 1933). Physocypria globula dominates 259	

the assemblage at the onset of the Low Oxic Biofacies (e.g., 96% in core 4, 55.5 cm), but the topmost 1-2 260	

samples of the biofacies (which were physically obtained from the algal sapropel unit: see Fig. 7) are 261	

dominated by C. americana (e.g., 100% at 39.5 cm in core 3) with highly friable valves. 262	

 263	

5.4. Algal sapropel unit: ~3200 to 2500 years ago 264	

Cores from slightly deeper water depths preserve an organic-rich algal sapropel unit (core 3: 17-265	

40 cm, core 4: 20-48 cm, core 5: 12-26 cm). Onset of deposition is constrained by a radiocarbon date on a 266	

twig in core 5 to 3270 ± 30 Cal yrs BP, and dates at the upper contact with the carbonate sand unit in 267	

cores 3 and 4 of 2540 ± 50 and 2550 ± 60 Cal yrs BP, respectively. A leaf dated to 2920 ± 30 Cal yrs BP 268	

in core 3 at 23 cm is in stratigraphic succession with these minimum and maximum constraining ages 269	

(Fig. 3). 270	

The sapropel could be divided into a lower light brown interval that was separated from a dark 271	

brown layer by a contact that is both visually distinct and present in the X-radiograph (core 3: 37 cm, core 272	

4: 39 cm, core 5: 19 cm, Fig. 3). Overall, the algal sapropel had a mean δ13Corg and C:N value of −23.8‰ 273	

and 15.3 (n = 30), respectively. However, organic matter in each separate layer of the algal sapropel unit 274	

had a slightly different geochemical signature. The stratigraphically lower, light brown layer had a mean 275	

δ13Corg and C:N value of approximately −22‰ and 14, versus the stratigraphically higher dark brown 276	

layer that had values of approximately −25‰ and 14 (Fig. 8). Previously published δ13Corg values indicate 277	

that organic matter generated by planktonic primary producers in marine versus freshwater aquatic 278	

settings are approximately −23‰ and −35‰, respectively (France, 1995). For example, the δ13Corg values 279	

are more depleted from a late Holocene freshwater sapropel from Carwash Cave System, Mexico (<4 psu) 280	

that accumulated over the last 6500 years (n = 153) (Fig. 8). The freshwater sapropel in Carwash Cave is 281	

derived from organic matter particles that are either transported into the cave from the terrestrial surface, 282	

or produced in the adjacent freshwater pond-like setting (van Hengstum et al., 2010). Furthermore, the 283	

δ13Corg values and C:N ratio from the light brown NML sapropel are more enriched like the upper 284	

sapropel sediment from Mangrove Lake, Bermuda (n = 20, mean δ13Corg = −18.6‰, mean C:N = 10.5). 285	

Mangrove Lake is shallow (<2 m depth), with currently marine and anoxic benthic conditions, and a 286	
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similar marine sapropel has been accumulating in Mangrove Lake through the late Holocene (Hatcher et 287	

al., 1982; Hatcher et al., 1984; Watts and Hansen, 1986). These results indicate that salinity in NML during 288	

production and deposition of the lighter brown sapropel layer was slightly elevated in comparison to the 289	

darker brown layer, with a likely more marine salinity in the basin during deposition of the light brown 290	

sapropel unit. 291	

The only microfossils preserved were the 1-2 samples dominated by C. americana at the base of 292	

the unit (as described above), which formed a visually distinct layer in the core. Taphonomically, the 293	

ostracode valves from the basal 1-2 cm of the algal sapropel unit were notably friable with evidence of 294	

dissolution on their shell surface (e.g., pitting). No other microfossils or carbonate particles were observed 295	

(e.g., testate amoebae, charophytes, or ostracodes), which is striking, given that microfossils are highly 296	

prolific in oxygenated Bahamian lakes, sinkholes, and coastal lagoons of any salinity regime (Dwyer and 297	

Teeter, 1991; Dix et al., 1999). At the top of the unit in the darker brown-hued layer were vertical burrows 298	

below the contact with the carbonate sand unit above. 299	

 300	

5.5. Carbonate sand: ~2500 years ago until present 301	

 All core tops are characterized by a carbonate sand deposit (Fig. 3), and the contact between this 302	

unit and the underlying algal sapropel in cores 3 and 4 was 2540 ± 50 and 2550 ± 60 Cal yrs BP, 303	

respectively. The sand content decreases towards the top of each core because the modern sediment-water 304	

interface is covered by algae (Fig. 5). This indicates that the carbonate sand began deposition by 2500 Cal 305	

yrs BP. Both pelcypods and gastropods are abundant, which have been tentatively identified as 306	

Anomalocardia and Batillaria. The benthic foraminifera Ammonia beccarii, Elphidium poeyanum, and 307	

Elphidium gunteri were dominant (Fig. 7), with lesser abundances of Triloculina oblonga, and rare 308	

Spirillina vivipara. The carbonate sand unit contained the highest diversity ostracodes assemblage with 309	

the Polyhaline Biofaces (species richness of 10), and was dominated by Malzella floridana (mean 59.8%), 310	

Cyprideis americana var. “nodes” (mean 11%), Loxoconcha matagordensis (mean 11.5%), Candona 311	

annae (mean 7.7%), Haplocytheridea setipunctata (mean 4.6%), and Perissocytheridea bicelliforma 312	

(mean 4.5%). The presence of the ecophenotype C. americana var. “nodes” indicates this taxon is living 313	

near its lower limit of salinity tolerance because the development of nodes (tubercles, hollow 314	

protuberances) are a biological adaptation to lower salinity conditions (Meyer et al., 2016). 315	

	316	

6. Discussion 317	

6.1 Paleoenvironmental reconstruction of No Man’s Land 318	
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The transition at ~6500 Cal yrs BP (core 4) from terrestrial peat deposition to carbonate mud with 319	

freshwater invertebrates (e.g., Planorbis) and charophytes indicates the onset of aquatic conditions in 320	

NML (Fig. 9). The ostracode assemblage is dominated by Darwinula stevensoni (Freshwater Biofacies), 321	

which is a widespread taxon that prefers salinities <2 psu (Keyser, 1977; Holmes, 1997; Pérez et al., 322	

2010a). Along the periphery of the basin (cores 1 and 2), carbonate mud deposition is interspaced with 323	

brown organic-rich units containing plant fragments. The sediment and microfossils reflect palustrine-324	

lacustrine environmental conditions in NML during the middle Holocene, which develop when carbonate-325	

saturated groundwater floods a subaerial surface and promotes carbonate precipitation, but intermittent 326	

drying or localized vegetation can initiate some pedogenesis (e.g., cores 1 and 2) to create organic-rich 327	

horizons (Alonso-Zarza and Wright, 2010). 328	

The onset of aquatic conditions in NML at ~6500 years ago was likely related to increased 329	

regional precipitation from a more northerly displaced ITCZ (Hodell et al., 1991; Hodell et al., 1995; 330	

Fensterer et al., 2013). In general, the absolute elevation of the water table in porous eogenetic carbonate 331	

aquifers is dictated by local sea level. There is no stratigraphic evidence in NML for basin desiccation, 332	

suggesting that the shallow, freshwater aquatic environments were maintained after 6500 Cal yrs BP. A 333	

recent compilation of Bahamian sea-level indicators (Neumann and Land, 1975; Rasmussen and 334	

Neumann, 1988; Khan et al., 2017) that conform well to modeled estimates of relative sea-level rise 335	

(Milne and Peros, 2017, Fig. 10A) suggest that the bedrock bottom of NML may have been up to +1.5 m 336	

above sea level at ~6500 Cal yrs BP (Fig. 10A). Indeed, obtaining higher resolution local sea level 337	

indicators may help resolve this uncertainty. Nevertheless, aquatic freshwater environments would have 338	

been promoted by a more northerly ITCZ during the middle Holocene, which would have increased 339	

moisture delivery to the northern Bahamas, increased Ti flux to the Cariaco Basin (Haug et al., 2001), 340	

depleted δ18O values in a Cuban speleothem (Fensterer et al., 2013) and lacustrine ostracodes from Haiti 341	

(Hodell et al., 1991). These proxies from elsewhere all indicate that ~7000 to ~5000 years ago was one of 342	

the wettest periods during the Holocene in the Caribbean. The additional supply of precipitation to the 343	

northern Bahamas likely promoted an increased flux of meteoric water and groundwater through NML, 344	

which likely initiated the mantling of carbonate sediment in the basin. At some point between ~5500 and 345	

4500 Cal yrs BP, however, subsequent maintenance of the aquatic environments in NML would have 346	

been maintained by upward vertical migration of the coastal aquifer in response to Holocene sea-level 347	

rise. 348	

Other ostracode biofacies in the carbonate mud unit (the High Diversity Oligohaline and Low 349	

Diversity Oligohaline Biofacies) most likely reflect habitat variability in NML between 6500 to 4200 350	
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years ago from (a) deepening of NML from concomitant Holocene sea-level and ground-water level rise, 351	

and (b) subtle climate-driven salinity variations in the oligohaline range (1-3.5 psu). The older, Lower 352	

Diversity Oligohaline Assemblage is dominated by Cypridopsis vidua, which is a cosmopolitan taxa that 353	

inhabits well-oxygenated lacustrine habitats across North America. It is also common in shallow, 354	

oligohaline waters in Florida (Keyser, 1977). In the Higher Diversity Oligohaline Assemblage, additional 355	

taxa appear that have a slightly higher salinity tolerance (e.g., Cytheridella ilsosvyi in Core 5). Based on 356	

the ostracode fauna in the most expanded section of core 5, the increase in ostracode diversity through 357	

time (i.e., upsection) suggest that although the environment was primarily oligohaline, benthic conditions 358	

were likely fluctuating to slightly higher salinity regimes towards ~4200 Cal yrs BP. 359	

It is worth noting that carbonate sedimentation does not appear uniform throughout the basin from 360	

6500 Cal yrs BP until deposition of the carbonate sand unit at the top. There is likely a depositional hiatus 361	

between the peat and carbonate mud units in core 4, and the laminated and sapropel units are absent from 362	

cores 1 and 2. Given the bathymetric map and depth at which the hardground was encountered (Figs. 2, 363	

3), there appears to be a deepening of the hardground surface towards the center of the basin. As such, the 364	

deepest areas of the basin would have been inundated first by ponding water (core 5) relative to the basin 365	

margin (cores 1 and 2), and the variability in this surface likely lead to the hiatus in core 4. Despite the 366	

overall subtle relief on the hardground surface (< 1 m), the recovered successions indicate that there was 367	

contemporary lateral facies transitions in NML. For example, pedogenic horizons were prevalent on the 368	

basin periphery (cores 1 and 2) than in deeper areas (cores 4 and 5, see Fig. 9). Overall, carbonate 369	

sedimentation in NML decreased as hydroclimate conditions began to shift towards aridity (discussed 370	

further below). First, carbonate sedimentation ceased along the periphery first to create a hiatus in cores 1 371	

and 2 (no laminated mud unit), then in the deeper areas during deposition of sapropel. It is possible that 372	

enough fetch is available on NML to allow wave action to concentrate organic matter accumulation in the 373	

deepest areas of the base (cores 3, 4 and 5) during deposition of the sapropel. These results indicate just 374	

how sensitive sedimentation in inland tropical carbonate lakes is to both internal (e.g., basin geometry, 375	

bathymetry) and external factors (e.g., hydroclimate balance, local groundwater elevation and salinity 376	

changes). 377	

At ~4200 Cal yrs BP, laminated carbonate sediment with gastropods began accumulating in 378	

deeper areas of NML. Microbialites in hypersaline lakes have deposited similar looking strata in the lower 379	

Bahamian islands (e.g., San Salvador) (Sipahioglu, 2008; Glunk et al., 2011), and freshwater 380	

microbialites are extremely rare (Garcia-Pichel et al., 2004; Gischler et al., 2008). The dominant 381	

ostracode in the laminated carbonate unit is the limnic Physocypria globula (>75%, Low Oxic Biofacies), 382	

but upsection in all cores the abundance of P. globula decreases and the relative abundance of C. 383	
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americana increases to >90% (Fig. 6). Rather than microbialites, a more plausible explanation is that the 384	

laminated unit was deposited when a pycnocline was present near the sediment-water interface, and the 385	

benthos was seasonally, or intermittently, flooded by either a freshwater lens or anoxic saline 386	

groundwater. In Lago Petén Itzá (0.2 psu), P. globula was found tolerant of lower dissolved oxygen 387	

concentrations (to 2-4 mg/L), and to be an indicator of lake water below the thermocline in the 388	

hypolimnion (Pérez et al., 2010b). In Laguna de Yaxhá (25 m depth), Deevey et al. (1980) found P. 389	

globula (misidentified as Cypria petenesis) to exhibit a planktic life mode, and tolerated deeper water 390	

with lower dissolved oxygen concentrations. Based on relative sea-level rise (Fig. 10A), concomitant 391	

vertical migration of the coastal aquifer and Holocene sea-level rise likely ensured that NML was 392	

permanently flooded by the upper section of the local coastal aquifer (i.e., meteoric lens) by 4200 Cal yrs 393	

BP, so the water column should have been ~1-2 m deep in NML (Figs. 9, 10). The dominance of P. 394	

globula likely indicates a stratified freshwater column with lower dissolved oxygen concentrations in the 395	

hypolimnion during accumulation of the laminated unit. However, the upcore increase in C. americana 396	

likely indicates salinity was continually increasing at the sediment-water interface. Additional regional 397	

hydroclimate records will be required to resolve uncertainty as to whether this upcore microfossil trend is 398	

driven by Holocene sea-level rise (i.e., upward movement of freshwater lens), changing hydroclimate 399	

from an initial southern migration of the ITCZ at 4200 Cal yrs BP (see Figs. 9, 10), or both. Nevertheless, 400	

the most significant observation is that P. globula indicates that NML was primarily limnic from ~4200 to 401	

3300 Cal yrs BP, with potentially stratified oxygenation. 402	

At ~3300 years ago, the stratigraphic and microfossil evidence collectively indicate that a 403	

shallow, stratified basin with a freshwater cap abruptly transitioned into an anoxic marine setting at 3200 404	

Cal yrs BP. First, there is an abrupt increase in marine-tolerant ostracodes at the base of the sapropel unit 405	

in all cores whose shells are pitted and friable (90-100% samples of C. americana plot on the dendrogram 406	

with Low Oxic Biofacies in Fig. 6), which indicates a rapid increase in salinity and exposure to corrosive 407	

conditions. Second, the absence of benthic invertebrates in NML from 3300 to 2500 Cal yrs BP most 408	

likely indicates benthic anoxia, given the widespread distribution of freshwater to hypersaline-tolerant 409	

invertebrates (i.e., ostraocodes, bivalves, gastropods) in the tropical North Atlantic lakes. Lastly, the 410	

δ13Corg ratios indicate that phytoplankton living in marine conditions (lower light brown sapropel layer) 411	

initially produced the algal sapropel unit (Fig. 8). Perhaps some of the organic matter in the sapropel unit 412	

was generated during a seasonal brackish water-cap thereafter, but overall it was not produced by 413	

freshwater phytoplankton, as one would expect if a freshwater lens was present in NML. Based on local 414	

sea-level indicators, no abrupt change in sea-level occurred at 3300 Cal yrs BP, and NML should have 415	
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been a stabilized aquatic environment by ~4200 Cal yrs BP (Fig. 9). Therefore, in order for the benthos in 416	

NML to become flooded by anoxic saline groundwater for a multi-centennial time period, the local 417	

meteoric lens (freshwater lens) that was previously flooding NML must have abruptly contracted in 418	

response to decreased rainfall (discussed further below). 419	

 The final environmental transition in NML was the shift to the modern polyhaline (~20 psu) and 420	

well-oxygenated environment at ~2500 years ago. From a hydrogeological perspective, NML became 421	

flooded by a ‘brackish water lens’, which have developed elsewhere when meteoric water and saline 422	

groundwater are able to rapidly mix (Cant and Weech, 1986). At 2500 Cal yrs BP, NML was re-colonized 423	

by brackish gastropods (Batillaria), foraminifera (Ammonia beccarii, Elphidium gunteri, Triloculina 424	

oblonga), and ostracodes (Malzella floridana, Loxoconcha matagordensis), and infaunal bivalves 425	

(Anomalocardia) that bioturbated into the sapropel unit below. Continual shoreline migration associated 426	

with sea-level rise means that the land area (i.e., catchment) surrounding NML is no longer capable of 427	

generating and supporting an extensive freshwater lens, however, enough freshwater is available such that 428	

a local brackish water lens has become established. 429	

 430	

6.2 Evidence and drivers of Caribbean drought and rainfall from 3300 to 2500 Cal yrs BP 431	

 On Holocene timescales, relative sea-level rise causes the upward vertical migration of 432	

groundwater on carbonate platforms, which systematically causes landscape inundation and facies 433	

succession on exposed carbonate banktops. For example, the greatest depression on the antecedent Little 434	

Bahama Bank platform occurs in the Bight of Abaco, between Abaco Island and Grand Bahama Island. 435	

During its Holocene inundation, the local facies succession proceeded as follows: paleosol, limnic, 436	

brackish, hypersaline and finally marine (Rasmussen et al., 1990). In a similar depression on the Bermuda 437	

carbonate banktop (Port Royal Bay), Holocene facies progression included: freshwater peat, freshwater to 438	

oligohaline sapropel, followed by marine micrite deposition (Ashmore and Leatherman, 1984). In the case 439	

of NML, Holocene relative sea-level rise alone can not account for the observed facies succession (e.g., 440	

Section 6.1, onset of limnic conditions at ~6500 Cal Yrs BP, Fig. 10A). 441	

Most importantly, the transition of NML from an oxic freshwater basin to an anoxic marine basin 442	

from 3300 to 2500 Cal yrs BP, followed by a reversion to a brackish basin is consistent with an abrupt 443	

change to a negative regional water balance. Both changes in land surface area and rainfall can influence 444	

the salinity at the water table on millennial timescales, assuming changes in topography and hydraulic 445	

conductivity of the coastal aquifer remain negligible (Cant and Weech, 1986). Intense hurricane activity 446	

can also be a significant factor to cause salinization of coastal carbonate aquifers (Holding and Allen, 447	

2015), but 3300 to 2500 Cal yrs BP coincides with a less active period in terms of intense hurricane 448	
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activity on the western tropical North Atlantic margin (Donnelly and Woodruff, 2007; van Hengstum et 449	

al., 2016). Indeed, smaller islands are associated with smaller freshwater lenses (Cant and Weech, 1986), 450	

but even Little Exuma Island has a freshwater lens (~1.6 km at widest point, 25.9 km2 of land area, 0.89 451	

km2 of freshwater, less annual rainfall than Abaco: ~1000 mm yr−1), whereas a brackish lens surrounds 452	

the area of NML (2.4 km wide, rainfall: ~1500 mm yr−1). No abrupt sea-level change occurred during the 453	

last 3000 years to explain a concomitant reduction in land area and increased salinity at the water table 454	

(Fig. 10A). Indeed, inundation of tidal creeks and generation of wetlands to the north and south of NML 455	

would promote local groundwater salinization through increased aquifer evaporation, which likely 456	

explains the modern local brackish lens instead of a freshwater lens. However, this does not explain the 457	

loss of a freshwater lens at 3300 Cal yrs BP, then subsequent regeneration of a brackish water lens in 458	

NML after 2500 Cal yrs BP. In the modern climate, brackish water lenses typically develop on Bahamian 459	

islands with rainfall below 900 mm yr−1 (Cant and Weech, 1986). By extension, a decrease in regional 460	

rainfall, which was superimposed upon the long-term signal of relative sea-level rise, would explain the 461	

abrupt loss of a freshwater lens in NML from 3300 to 2500 Cal yrs BP. 462	

3300 to 2500 Cal yrs BP is a known period of aridity in the tropical North Atlantic, but the drivers 463	

of aridity versus deluges at the island-scale remain an active area of research. This interval has been 464	

previously referred to as the ‘Pan-Caribbean Dry Period’ due to widespread evidence for aridity (Berman 465	

and Pearsall, 2000). It is likely that the Hadley Cell in the tropical North Atlantic region likely initiated a 466	

long-term, low-frequency southern oscillation at ~4000 Cal yrs BP, as evidenced by increased terrigenous 467	

runoff into the Cariaco Basin, decreased extratropical hemispheric temperature difference, and increased 468	

intense precipitation events in Laguna Pallcacocha in Ecuador (Fig. 10B, C, D). A shift of the ITCZ to the 469	

southern hemisphere is also supported by a cooling of sea surface temperatures (SSTs) in the western 470	

equatorial Atlantic from ~3700 to 2500 years ago at both 2°N (Waldeab et al., 2005) and 20°N 471	

(deMenocal et al., 2000). In the high latitudes, the most significant late Holocene reduction in North 472	

Atlantic Deep Water formation occurred at ~2800 Cal yrs BP (Oppo et al., 2003), suggesting linked ocean 473	

and atmospheric changes at this time. Also, Gasse (2000) reviewed increased aridity in equatorial Africa 474	

from ~4200 to 2200 years ago based on lowering of regional lake levels (e.g., Lake Bosumtwi, Bahr-el-475	

Ghazal, Lake Abhé), and the most extreme changes in moisture balance occurred from 4200 to 4000 years 476	

ago. The cooling of the western equatorial Atlantic SSTs and changes in African terrestrial water balance 477	

are consistent with a southern displacement of the ITCZ from 4200 to 2500 years ago. 478	

A southern displacement of the ITCZ from 4200 to 2500 Cal yrs BP and the rest of the northern 479	

Hadley Cell likely caused differential impacts on regional Caribbean hydroclimate, assuming late 480	

Holocene rainfall in the western tropical North Atlantic was like today and geographically variable (Fig. 481	
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1). Based on available records: (1) regions where modern rainfall is linked to seasonal ITCZ 482	

displacements appear to have rapidly responded to a lack of seasonal moisture delivery when the ITCZ 483	

moved southwards at ~4000 Cal yrs BP (e.g., Yucatan Peninsula, equatorial Africa), (2) regions where 484	

modern intensification or displacement of the NASH cause increased aridity seem to have become even 485	

more arid at ~3200 Cal yrs BP (Little Bahama Bank, Florida), and (3) regions where modern synchronous 486	

intensification of the NASH, easterlies, and Caribbean Low Level Jet deliver increased seasonal 487	

precipitation conversely become wetter during the Pan-Caribbean Dry Period (e.g., Grenada).  488	

Building on the modern rainfall zones of Jury et al. (2007), precipitation in the northeastern 489	

Bahamas and Cuba is significantly linked to season southwestern expansion of the NASH (Fig. 1). The 490	

collapse of the freshwater lens flooding NML from 3300 to 2500 years indicates that a change to the 491	

water balance in Abaco occurred. Previous pollen-reconstructions from Abaco (Blackwood Sinkhole and 492	

Emerald Pond) suggest that terrestrial vegetation (tropical hardwoods and palms) changed negligibly from 493	

3200 to 2500 Cal yrs BP (Slayton, 2010; van Hengstum et al., 2016), other than a potential increase in 494	

grasses in the understory (Slayton, 2010). However, at least 4 species of bats on Abaco became extirpated 495	

after 3600 years ago (Soto-Centeno and Steadman, 2015), which may be related to the change in regional 496	

water balance that is documented by NML. On nearby Florida where rainfall is also linked to seasonality 497	

of the NASH, Glaser et al. (2012) documented a marked shift to drier conditions in the Everglades after 498	

2800 Cal yrs BP. In northern Cuba, a speleothem collected from Dos Anas Cave abruptly ceased growth 499	

from 3300 to 2500 Cal yrs (Fensterer et al., 2013). While speleothem growth hiatuses can also be driven 500	

entirely by stochastic processes, decreasing regional rainfall is also a significant environmental cause for 501	

disrupting speleothem growth. Elsewhere, shallow coastal lagoons in northern Cuba (Playa Bailen, Punta 502	

de Cartas) likely became anoxic and gypsum precipitated from approximately 3500 to 2500 years ago 503	

(Gregory et al., 2015), both of which could be caused by increased evaporation, decreased precipitation, 504	

and upward displacement of local saline groundwater. 505	

Precipitation on the island of Hispañiola in the current climate is driven by both synoptic-scale 506	

atmospheric circulation and regional orographic effects from the Cordillera Central (Kennedy et al., 2006, 507	

Jury et al., 2007)(Martin and Fahey, 2014). Hydroclimate records from 3500 to 2500 Cal yrs BP on 508	

Hispañiola appear equivocal, but they do document an anti-phased hydroclimate shift between the 509	

northern versus southern regions that may elude to the combined effects of changing intensity of the trade 510	

winds and orographic effects. A pollen record from a high altitude bog (Valle de Boa) in the Cordillera 511	

Central indicates diminished moist-forest taxa and low water levels from ~3700 to 1200 Cal yrs BP 512	

(Kennedy et al., 2006). However, organic matter sedimentation did reinitiate at ~2500 Cal yrs BP, which 513	

suggests that the local watershed re-adjusted to some external forcing. Along the northern coast in the 514	
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Dominican Republic, Laguna Saladilla documents a significant environmental change from ~3500 to 515	

2500 years ago, but local geomorphologic effects introduce uncertainty on the specific magnitude and 516	

sign of water balance change (Caffrey et al., 2015). On the southside of the Hispañiola, a pollen record 517	

from Lake Miragoâne in Haiti documents the greatest relative abundance of pollen from mesic forest from 518	

~7000 to 3200 years, after which a drying trend was initiated that likely caused extinction of local 519	

mammals, including bats, rodents, and a primate (Morgan and Woods, 1986; Higuera-Gundy et al., 1999). 520	

Stable oxygen isotopic ratios measured on benthic ostracodes (Candona) from Lake Miragoâne have a 521	

two-step enrichment from ~3200 to 2400 Cal yrs BP, then ~2400 to 1500 Cal yrs BP (Hodell et al., 1991). 522	

Similarly, there is a dominance of shrubs (e.g., Piscidia-type, Dodonaea) and minimal hardwoods or 523	

pinewoods on the low-lying Andros Island in the Bahamas from 3200 to 1500 years ago, which has been 524	

traditionally interpreted as indicating increasing aridity (Kjellmark, 1996). Still further, it remains 525	

uncertain how increased intense hurricane activity along the western tropical North Atlantic margin from 526	

2500 to 1000 Cal yrs BP (Donnelly and Woodruff, 2007; van Hengstum et al., 2016) may be acting as a 527	

lurking variable impacting both terrestrial vegetation and lake hydrological records at this time.   528	

Both lake hydrology and landscape flora indicate increased aridity on the Yucatan Peninsula (Mexico, 529	

Belize) from ~4000 to 2500 years ago and especially centered around ~3500 Cal yrs BP. In a 7900 year 530	

pollen record from Lake Silvituc, Mexico, a drought interval was inferred from 3400 to 2500 Cal yrs BP 531	

based on the decline of local tropical forest taxa Moraceae, Brosimum alicastrum, Ficus, among others 532	

(Torrescano-Valle and Islebe, 2015). The driest conditions of the last 8700 years in Lago Puerto Arturo 533	

was observed at ~3000 Cal yrs BP, based on enriched oxygen isotopic values on the gastropod 534	

Pyrgophorus (Wahl et al., 2014). Aguada X’caamal is a semi-closed sinkhole lake in the northern 535	

Yucatan whose lake water δ18O ratio over the last 5000 years reflects both climate change and physical 536	

alteration of its hydrological budget (Hodell et al., 2005b). Notably, an abrupt shift to more 18O-enriched 537	

subfossil ostracodes and gastropod shells from ~3200 to 2700 Cal yrs BP likely reflects decreased 538	

regional precipitation. In Lake Tzib, there is a shift to more enriched δ18O values on the gastropod 539	

Assiminea from 3500-2600 Cal yrs BP, with the appearance of disturbance taxa Cecropia peltata, Croton, 540	

and Merremia at 3500 Cal yrs BP (Carrillo-Bastos et al., 2010). On Turneffe Atoll, Belize, a vegetation 541	

shift from mangroves (Rhizophora) to Chenopodiaceae-Amaranthaceae and Myrica from 4100 to 2900 542	

Cal yrs BP has been interpreted as environmental change driven by aridity (Wooller et al., 2009). 543	

The impacts of decreased rainfall during this time also affected the subterranean component of the 544	

hydrologic cycle on the eastern Yucatan Peninsula in Mexico. Based on a 4-year hydrogeologic 545	

monitoring project (Coutino et al., 2017; Kovacs et al., 2017), increasing precipitation and salinity of the 546	
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meteoric lens in the coastal aquifer covary because rainfall enhances mixing of the meteoric lens with the 547	

lower saline groundwater. As such, wetter climatic conditions can be expected to increase the net salinity 548	

of the coastal meteoric lens on millennial timescales (Kovacs et al., 2017). Using sediment cores collected 549	

from an underwater cave flooded by the coastal aquifer near Tulum on the Yucatan (Carwash Cave), van 550	

Hengstum et al. (2010) used microfossils to document a low-frequency stepwise-decrease in the salinity 551	

of the meteoric lens over the last 5000 years, most likely in response to southern migration of the ITCZ 552	

(Hodell et al., 1991, Haug et al., 2001). Indeed, the sedimentation rate is variable in Carwash Cave 553	

through time, but the microfossils documented three salinity phases: (i) High Oligohaline (>3.5 psu): 554	

6500-4300 Cal yrs BP, (ii) Medium Oligohaline (2-3.5 psu): 4200 to ~2700 Cal yrs BP, and (iii) Low 555	

Oligohaline (1.5 psu): 2700 Cal yrs BP to present. The stepwise and low-frequency salinity decreases in 556	

Carwash Cave from 4200-2700 Cal yrs BP do partially overlap with the Pan-Caribbean Drought (3200 to 557	

2600 Cal yrs BP). It is possible that the proximity of Carwash Cave to the ITCZ may be responsible for 558	

the earlier onset for the effects of decreased rainfall, and its subsequent impact on decreased aquifer 559	

salinity (Kovacs et al., 2017), similar to equatorial African locales. 560	

 In contrast to higher Caribbean latitudes, the southern Lesser Antilles experienced increasing 561	

rainfall from 3300 to 2500 Cal yrs BP. In Lake Antoine in Grenada (Fig. 1A), increasing abundance of the 562	

diatom Pseudostaurosirella brevistriata indicates the lake deepened from increased rainfall from 3200 to 563	

2600 years ago (Fritz et al., 2011). Despite observations of drought elsewhere in the tropical North 564	

Atlantic at this time, the local response in the Lesser Antilles can be reconciled with both intensification 565	

and southern displacement of the NASH from a southern Hadley Cell displacement. In the modern 566	

climate, seasonal precipitation in the Lesser Antilles is more unimodal in comparison to elsewhere in the 567	

tropical North Atlantic, with a poorly developed Mid-Summer Drought during the wet season (Jury et al., 568	

2007). Coincident with the seasonal intensification of the NASH causing the Mid-Summer drought in 569	

Zone 1 (Fig. 1), intensification the Caribbean Low Level Jet (CLLJ) in the lower tropical latitudes causes 570	

a seasonal precipitation maximum. The CLLJ is a localized amplification of easterly zonal winds at 925 571	

hPa that positively co-vary with intensification of the NASH, and the CLLJ plays a critical role 572	

transporting moisture from the tropical North Atlantic Ocean into the Caribbean Sea (Wang, 2007; Martin 573	

and Schumacher, 2011a). Indeed, intensified easterly trade winds can be inferred from an increase in the 574	

upwelling indicator Globigerina bulloides in the Cariaco Basin from 3300 to 2500 Cal yrs BP (Peterson et 575	

al., 1991). Based on modern relationships between the NASH and CLLJ, one would expect that rainfall in 576	

the lower Lesser Antilles and northern Bahamas may be anti-phased over the last several millennia, but 577	

additional hydroclimate records are needed to test this hypothesis. 578	

 579	
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7.0 Conclusions 580	

• A sinkhole-lake level reconstruction from Abaco Island on the Little Bahama Bank documents an 581	

abrupt shift from a freshwater environment that is low oxic, to a marine environment with benthic 582	

anoxia from 3300 to 2500 Cal yrs BP. 583	

• Given constraints from low rates of relative sea-level rise during the late Holocene, the change in 584	

bottom water conditions is most likely linked to contraction of the local freshwater lens from a change 585	

in local water balance (decreased precipitation or increased evaporation). 586	

• This suggests that the Little Bahama Bank experienced a drought from 3300 to 2500 years ago, 587	

similar to other Caribbean islands. However, it remains uncertain how the seasonality of precipitation 588	

changed. 589	

• When considering the geographic location of Abaco Island and regional drivers of Caribbean rainfall, 590	

this change in local water balance from 3300 to 2500 years ago on the Little Bahama Bank is likely 591	

linked to decreased moisture delivery to Abaco from southward or westward expansion of the NASH 592	

synchronous with southern ITCZ displacement. 593	

• These results further contribute to our growing knowledge on the geographic and temporal variability 594	

of Holocene hydroclimate extremes in the tropical North Atlantic, and provide several testable 595	

hypotheses for further numerical and climate modeling and paleoclimate reconstructions. 596	
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Figure and Table Captions 920	

 921	
Fig. 1. Maximum daily potential rainfall (mm/day, 1948 to 2016 CE, Panel A and B) and resultant vectors of 922	
monthly mean wind (u/v) at 1000 millibars (m/s, 1986 to 2016 CE, Panel C and D) in the Caribbean region 923	
from the NCEP/NCAR Reanalysis Project, averaged over the November to April dry season, and the Mid-924	
Summer drought from July and August on the Little Bahama Bank during the wet season. Panel A notes 925	
locations of other Caribbean climate records: (1) Aquada X’caamal, Mexico (Hodell et al., 2005a), (2) Lake 926	
Tzib, Mexico (Carrillo-Bastos et al., 2010),  (3) Laguna Silvituc, Mexico (Torrescano-Valle and Islebe, 2015), 927	
(4) Turneffe Atoll, Belize (Wooller et al., 2009), (5) Playa Bailen and Punta de Cartas, Cuba (Gregory et al., 928	
2015), (6) Dos Anas Cave, Cuba (Fensterer et al., 2013), (7) Northeast Shark River Slough, Florida (Glaser et 929	
al., 2012), (8) This work (No Man’s Land), and Emerald Pond (Slayton, 2010), and Blackwood Sinkhole (van 930	
Hengstum et al., 2016), (9) Church’s Bluehole, Andros (Kjellmark, 1996), (10) Lake Miragoane, Haiti (Hodell 931	
et al., 1991; Higuera-Gundy et al., 1999), (11) Valle de Bao, Dominican Republic (Kennedy et al., 2006), (12) 932	
Grand-Case Pond, Saint Martin (Malaizé et al., 2011), (13) Lake Antoine, Grenada (Fritz et al., 2011), (14) 933	
Cariaco Basin, Venezuela (Haug et al., 2001). The appearance of significant aridity above ~25°N is an artifact 934	
of long term averaging of the variable position of the western boundary of the NASH (Li et al., 2011). Panel B 935	
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illustrates the four eastern Caribbean hydroclimate zones based on meteorological data from 1951 to 1981 CE 936	
from 35 stations (black squares, Jury et al., 2007), with Panel E describing the annual cycles for each zone. 937	
Acronyms: ITCZ: Intertropical Convergence Zone, NASH: North Atlantic Subtropical High, MSD: Mid-938	
Summer Drought. 939	
 940	

 941	
Fig. 2. (A) No Man’s Land is located in the Northern Bahamas in the tropical North Atlantic Ocean. (B) 942	
Locations of prominent blueholes and sinkholes on the major islands of the Little Bahama Bank. (C) Aerial 943	
photograph of No Man’s Land facing the west (‘The Marls’, and out to the Bight of Abaco). (D) Bathymetric 944	
map of No Man’s and core locations. (E) Representative seismic reflection image along cross section A-A’ 945	
from Panel B. 946	
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 947	
Fig 3. Core logs for sediment cores from No Man’s Land (A) and representative photograph of upper section 948	
of core 4. 949	
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 950	
Fig. 4. Scanning electron micrographs of representative ostracodes and their dominant internal muscle scar 951	
pattern. (A, B) Darwinula stevensoni (Brady and Robertson, 1870); (C, D) Cypridopsis vidua (Müller, 1776), 952	
(E, F) Candona annae (Mehes, 1914), (G, H) Cytheridella ilosvayi Daday, 1905,  (I, J) Loxoconcha 953	
matagordensis Swain, 1955, (K, L) Physocypria globulus Furtos, 1933, arrows point to tuberculated margins 954	
on right valve, (M, N) Unknown sp., (O, P) Limnocythere floridensis Keyser, 1975, (Q, R) Malzella floridana 955	
(Benson and Coleman, 1963), (S, T) Perissocytheridea bicelliforma Swain, 1955, (U, V) Cyprideis americana 956	
(Sharpe, 1908), (W, X), Cyprideis americana var. nodes; (Y) Haplocytheridella setipunctata (Brady, 1969). 957	
Scale bar represents 250 µm. 958	
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 959	
Fig. 5. Downcore bulk organic matter and textural variability. Brown line refers to bulk organic matter. 960	
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 961	
Fig. 6. Dendrogram produced from Q-mode cluster to identify biofacies in the ostracode data. 962	
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 963	
Fig 7. Down core lithology, radiocarbon dates, and detailed microfossil changes and biofacies. Yellow 964	
highlighted intervals correspond to the increased abundance of Cyprideis americana (see Fig. 6), and abrupt 965	
increase in bottom water salinity.  966	
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 967	
Fig 8. Stable carbon isotopic value (δ13Corg) and C:N ratio of bulk organic matter from the algal sapropel unit 968	
in No Man’s Land compared with those from a marine sapropel from Mangrove Lake in Bermuda (n = 20, 32-969	
35 psu) and a freshwater sapropel from Carwash Cave in Mexico (1.5 psu)(van Hengstum et al., 2010). 970	

 971	
Fig. 9. Conceptual model describing paleoenvironmental changes in No Man’s Land from 6500 years ago until 972	
present. 973	
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 974	
Fig. 10. Comparison of regional hydroclimate records with an idealized stratigraphic column from No Man’s 975	
Land, Abaco Island, The Bahamas. (A) Regional sea-level framework after Khan et al. (2017), with additional 976	
older sea-level indicators from Abaco Island (Neumann and Land, 1975; Rasmussen et al., 1990), and ICE-5G 977	
model results with an upper mantle viscosity (UMV) = 5 x 1021 Pas and lower mantle viscosity (LMV) of 5 x 978	
1022 Pas (dotted line) and EUST3 with an UMV = 2 x 1021 Pas and LMV = 5 x 1022 Pas (dashed line) (after 979	
Milne and Person, 2013); evidence for southern displacement of the ITCZ based on (B) terrigenous runoff into 980	
the Cariaco Basin (light purple) and (C) inter-hemispheric extratropical temperature contrast (dark purple) 981	
(Haug et al., 2001; Schneider et al., 2014); (D) increased intense rainfall events around Laguna Pallcacocha, 982	
Ecuador (Moy et al., 2002); Intense hurricane activity on the western North Atlantic margin as recorded in 983	
Abaco (E) (van Hengstum et al., 2016) and Puerto Rico (F) (Donnelly and Woodruff, 2007); eastern equatorial 984	
Atlantic (off West Africa) sea surface temperature variability (G) (Waldeab et al., 2005) and evidence for 985	
African equatorial lake-level lowering (H) (Gasse, 2000), indicators of drought from ~3300 to 2500 on the 986	
Western North Atlantic (I), including speleothem growth hiatus in Dos Anas Cave in Cuba, (Fensterer et al., 987	
2013), increased aridity-tolerant plants in Andros (Kjellmark, 1996) Abaco (Slayton, 2010), and the 988	
Dominican Republic (Kennedy et al., 2006), gypsum precipitation and anoxia in Cuban lagoons (Gregory et 989	
al., 2015), and coastal pond lowstand in Saint Martin, northern Lesser Antilles (Malaizé et al., 2011), and 990	
idealized stratigraphic column from No Man’s Land with respect to time (this study). 991	
 992	
 993	


