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ARTICLE INFO ABSTRACT

Karst basins (e.g., blueholes, sinkholes) accumulate well-preserved sedimentary successions that provide
transformative paleoclimatic and paleoenvironmental information. However, the sedimentary processes within
these basins are not yet fully understood. Here we present stable carbon isotopic values (813C0rg) and C:N ratios
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Ka;St el 1 of bulk organic matter in well-dated sediment cores from Blackwood Sinkhole (Abaco, The Bahamas) to in-
zzrggi;f andscape vestigate the changing flux of organic matter into the sinkhole during the late Holocene. The provenance of

preserved organic matter changed through the late Holocene between three primary sources, as determined by
three-endmember mixing modeling: wetland organic matter from the adjacent epikarst surface, authigenic
primary productivity in the oligohaline meteoric lens, and terrestrial organic matter from the surrounding
landscape. Expansion of wetlands on the adjacent epikarst surface played a critical role by increasing the flux of
wetland organic matter to the sinkhole, especially during the last 1000 years. Hurricanes and regional rainfall
may have mediated organic matter delivery to the benthos, either through hampering wetland development
(prior to 1000 cal yr BP) or by changing dissolved nutrient concentrations available in the basin for primary
producers. These results demonstrate that organic matter provenance in karst basins is not constant through
time, and is significantly dependent upon both landscape vegetation on the epikarst surface and changing hy-
drographic conditions that impacts nutrient availability to primary producers.

1. Introduction karst basins documents centennial to millennial-scale climate change

(Grimm et al., 1993; Kjellmark, 1996). Microfossil ecology (e.g., for-

The sediment in karst basins (e.g., sinkholes, blueholes) provides
useful paleoclimate and paleoecological information from carbonate
landscapes. In general, the Holocene parasequence on North Atlantic
carbonate platforms is relatively thin, with preservation potential lim-
ited by local sediment re-working (physical and biological) or off-bank
sediment export (Rasmussen et al., 1990; Mackinnon and Jones, 2001;
Maloof and Grotzinger, 2012). In contrast, karst basins are natural se-
diment and fossil traps that develop from subsurface dissolution and
collapse of antecedent carbonates during the Quaternary (Mylroie et al.,
1995; Shinn et al., 1996; Smart et al., 2006). Their often dysoxic to
anoxic bottom water leads to excellent sediment preservation that is
useful for developing records of hydroclimate and environmental
change.

For example, fossil pollen composition in Floridian and Bahamian
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aminifera, ostracodes) has been used to document long-term ground-
water salinity changes (Teeter, 1989; Alverez Zarikian et al., 2005; van
Hengstum et al., 2010), and microfossil geochemistry can document
local evaporation-precipitation ratio changes (Hodell et al., 2001;
Hodell et al., 2005). Deposits in karst basins have transformed knowl-
edge of regional faunal changes (Hearty et al., 2004; Steadman et al.,
2014), while more recently, coarse-grained overwash deposits in
coastal systems have been used to generate paleo hurricane re-
constructions (Lane et al., 2011; Denomee et al., 2014; van Hengstum
et al., 2014). However, investigation of the sedimentary processes that
operate within karst basins remains an area of active research, which is
required for accurate interpretation of paleo records from karst basins.

Arguably, the most important variable influencing lifetime sedi-
mentary processes within sinkholes during the Quaternary is the
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relationship between the elevation of the karst basin in the carbonate
and local groundwater level, which is largely driven by eustatic sea-
level change (Richards et al., 1994; Dutton et al., 2009; van Hengstum
et al., 2011). The direct infiltration of meteoric water into subsurface
aquifers means that fluvial-style sedimentary processes and landforms
are limited on the subaerial surface of carbonate landscapes. Similar to
large, dish-shaped depressions on the antecedent carbonate surface
(Ashmore and Leatherman, 1984; Rasmussen et al., 1990; Mackinnon
and Jones, 2001), karst basins are inundated first from within by con-
comitant groundwater and sea-level rise. Eventually, offshore blueholes
are created if continual sea-level rise completely inundates a karst basin
(Shinn et al., 1996). This creates a natural lifetime progression of se-
dimentary processes influenced first by terrestrial conditions, then
mixed aquatic and terrestrial conditions, and finally marine conditions
during a transgressive event (Shinn et al., 1996; Gregory et al., 2015).

Recent work indicates sedimentation in partially flooded karst ba-
sins is complex, and influenced by multiple factors. For example, se-
dimentation is impacted by erosion of terrestrial soils and aquatic or-
ganic matter (van Hengstum et al., 2010), fluctuations in primary
productivity (van Hengstum et al., 2018), variable inorganic mineral
production (Kovacs et al., 2017), the transport and delivery of sediment
through biologic vectors (Collins et al., 2015a), and the morphology of
conduits and the basin itself (Gregory et al., 2016). Vegetation on the
land surface is also significant, because wetlands can either increase (by
increasing sediment supply, Collins et al., 2015b) or decrease (by baf-
fling sediment flux, Gregory et al., 2016) sedimentation in adjacent
karst basins. Regardless, bulk organic matter is a dominant component
of sediment records from karst basins, and the ability to deconstruct the
provenance and quantity of organic matter through time would better
inform regional paleoenvironmental change.

This study investigates organic matter provenance in a terrestrial
sinkhole during the late Holocene where: (a) significant shifts in ter-
restrial and aquatic flora have been reported from co-stratigraphic
pollen records, (b) the adjacent coastline experienced multi-decadal
changes in intense hurricane activity, and (c) the adjacent epikarst
surface experienced wetland expansion during the late Holocene. More
specifically, we analyze the stable carbon isotopic ratio (813C0rg) and
C:N ratio of bulk organic matter in well dated late Holocene sediment
successions, and apply a three end-member mixing model to investigate
how and why (based on local vs. climate drivers) organic matter pro-
venance in the sediment record has changed through time.

2. Study site

The Bahamas are a group of carbonate islands and banks covering
300,000 km? in the North Atlantic Ocean (Carew and Mylroie, 1997), in
which emergent islands make up 5.5% of the total area (Mylroie et al.,
1995; Whitaker and Smart, 1997). Geologically, the islands are typi-
cally low-lying and preferentially occur on the eastern side of the banks
due to build up associated with northeastly trade winds. These condi-
tions result in topographically elevated eolianite ridges limited to the
windward side of the island (Carew and Mylroie, 1997; Whitaker and
Smart, 1997). The northernmost Bahamian carbonate platform is Little
Bahama Bank (26.79°N, 77.42°W), characterized by two large islands:
Grand Bahamas and Great Abaco Island (Walker et al., 2008). Black-
wood Sinkhole is located 220 m from the northeastern shoreline on
Great Abaco Island (Fig. 1). The sediment within the sinkhole is lacking
marine bioclasts and reef-dwelling foraminifera that are abundant in
the adjacent modern beach sediment. It is likely that the sediment ac-
cumulating within the sinkhole is dominated by the adjacent terrestrial
and mangrove environments that are less than ~220m away (van
Hengstum et al., 2016).

Tidal range in Abaco is ~1 m, and given the proximity of Blackwood
Sinkhole to the ocean, the water level in the sinkhole is effectively sea
level. Blackwood Sinkhole has a surface expression as a ~32m dia-
meter sinkhole lake, with a depth to the sediment-water interface in the
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primary basin ranging from 33 to 38 m below sea level (mbsl). A sec-
ondary, cylindrical karst feature (ranging from ~46 to 61 mbsl, and
known as ‘The Pit’) is connected to Blackwood Sinkhole through a cave
tunnel at 32 mbsl that ranges in depth from ~46 to 61 mbsl (Fig. 2).
This secondary basin has not yet experienced ceiling collapse. The
sinkhole is bordered by significant wetland development on the eastern
periphery (Fig. 1C), and is a groundwater-fed basin that receives no
stream discharge. The sinkhole is hydrographically stratified, with
surface salinity in the low oligohaline range (1.8 psu on date of ana-
lysis) and anoxic, saline groundwater from 15 to 40 mbsl (Fig. 1D).

Rainfall in the tropical North Atlantic is characteristically bimodal,
with a dry season from November through April, and a wet season from
May to October that is interrupted by a ‘Mid-Summer Drought’ (Magana
et al., 1999; Jury et al., 2007; Gamble et al., 2008). In Abaco, the rainy
season occurs from June to December with the Mid-Summer Drought
occurring in July to August (Jury et al., 2007). The dry season extends
from December to June (Jury et al., 2007). The mean annual pre-
cipitation on Abaco Island is approximately 1400 mmyr~' from data
accumulated for a 31-year time period (1951-1981). Modern vegeta-
tion on Abaco Island consists of an upper canopy of Bahamian pine and
an understory of tropical hardwoods. However, low topographic areas
support a ‘coppice vegetation’ that includes poisonwood (Metopium
toxiferum), cassada wood (Bumelia salicifolia), tetrazigia (Tetrazigia bi-
color), five-finger/chicken toe (Tabebuia bahamensis), quicksilver
(Thouinia discolor), saw palmetto (Serenoa repens), among others
(Kjellmark, 1996; Steadman et al., 2007; Slayton, 2010).

3. Methods

Sediment cores were collected from Blackwood Sinkhole (BLWD-C2:
2011, BLWD-C3: 2015; Fig. 2) using advanced technical scuba diving
procedures following guidelines established by the American Academy
of Underwater Sciences. An earlier sediment core is not analyzed here
(BLWD-C1) due to stratigraphic evidence for slumping (van Hengstum
et al., 2016). A push core was also collected from an area with the most
expanded peat succession in the adjacent wetland (2015: BLWD-C6),
which was located by mapping undulations in the underlying eolianite
with a sediment probe (Fig. 1C). After collection, sediment cores were
split lengthwise in the laboratory, visually described following
Schnurrenberger et al. (2003), photographed, X-radiographed, and
subsequently stored at 4°C prior to analysis. Variability in 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 for measuring coarse sediment fraction variability in highly
heterogeneous sediments from lakes on carbonate landscapes. Con-
tiguous 0.5-cm (BLWD-C2) or l-cm (BLWD-C3, C6) sediment sub-
samples (volume 2.5 cm®) were wet sieved using 63-um mesh, oven-
dried for 12 h at 60 °C, and weighed to determine the original sediment
mass. Afterwards, samples were ignited for 4.5h at 550 °C in a muffle
furnace to remove OM and to concentrate the remaining mineral re-
sidue (Dean Jr, 1974; Heiri et al., 2001). The proportion of coarse se-
diment was then expressed as mass per unit volume (D - g3um
mg cm ™ 2). Previously generated pollen data from BLWD-C2 were used
for comparison to the present study (Fall et al., unpublished results; van
Hengstum et al., 2016).

To establish age control for the cores, terrestrial plant macrofossils
(e.g., twigs, leaves) were radiocarbon dated at National Ocean Sciences
Accelerator Mass Spectrometry at Woods Hole Oceanographic
Institution (Table 1). Conventional radiocarbon age results were cali-
brated into calendar years before present (cal yr BP) with IntCAL13,
using 1950 CE as present (Reimer et al., 2013). Final downcore Baye-
sian age models for BLWD-C2 and BLWD-C3 were computed using the R
program Bacon v2.2 (Fig. 3), which provides probability estimates at
each core depth (Blaauw and Christen, 2011).

Geochemical proxies such as 8'3C,;; and 8'°N,, total organic
carbon (TOC), total nitrogen (TN), and atomic C:N ratios are useful
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Fig. 1. (A) Map of the study area. Blackwood Sinkhole in in the western North Atlantic region. Other locations discussed in this study (1) Lake Tulane, Florida
(Grimm et al., 2006); (2) Dos Anas cave system, Cuba (Fensterer et al., 2012); (3) Dos Anas and Santo Tomas cave system, Cuba (Fensterer et al., 2013); (4) Playa
Bailen and Punta de Cartas, Cuba (Gregory et al., 2015); and (5) Church's Bluehole, offshore Andros Island, Bahamas (Kjellmark, 1996). (B) Islands on the Little
Bahama Bank (Grand Bahama Island and Great Abaco Island) noting the locations of sinkholes and blueholes mentioned in the text. (C) Aerial photograph of
Blackwood Sinkhole facing a northeasterly direction. Note that the row of trees along the beach edge is the invasive Casurina (Australian pine). (D) Conceptual model
of the landscape surrounding Blackwood Sinkhole and some modern sedimentary processes (modified after van Hengstum et al., 2016). The minimum age for
emplacement of the wetland on the epikarst surface is 1330-1409 (20 calibrated result). Primary features (meteoric lens, mixing zone, saline groundwater) in the
local coastal aquifer are defined by groundwater hydrographic variability (as mbsl, or meters below sea level), dissolved in O, (in mgL ™), and salinity in psu.

Acronyms: Meteoric Lens (ML), mixing zone (MZ), saline groundwater (SG).

tracers of organic matter provenance within coastal environments
(Peters et al., 1978; Hedges et al. 1997; Lamb et al., 2006). Each core
was sampled contiguously sampled for geochemical analysis. For
BLWD-C2, a 5 mm sub-sample was obtained every 1 cm downcore from
0 to 110 cm, and isotopic analysis was conducted on samples taken
every 1cm (n = 110). A 1-cm interval was sampled from BLWD-C3
(n = 127), and a 1 cm sub-sample was obtained from BLWD-C6 every-
other 2 cm (disregarding the upper 6 cm due to large root fragments)
(n = 49). First, Total Carbon (TC) and Total Nitrogen (TN) were mea-
sured on freeze-dried 5 mg bulk sediment samples (not acidified) using
a Costech™ 200 Elemental Analyzer, the TN was subsequently used in
the C:N ratio calculation. Data calibration was determined relative to
acetanilide and standard reference material for marine sediments ac-
cording to the National Institute of Standards and Technology (NIST). A
separate 100 mg sediment sample was then subjected to wet acidifica-
tion with 8 mL of 1 M hydrochloric acid for 24 h, or until effervescence
ceased, then desiccated at 50°C, and re-homogenized. The 813Corg and
8"'°Noxg ratios of bulk organic matter, in addition to TOC and TN of the
acidified sediment sub-samples, were measured at the Baylor University
Stable Isotope Laboratory by a Thermo-Electron Delta V Advantage
Isotope Ratio Mass Spectrometer. Final isotopic ratios are reported re-
lative to the standard Vienna Pee Dee Belemnite (VPDB) for carbon and
atmospheric nitrogen (expressed as parts per mil [%o]). Analytical

precision for two international standards, USGS 40 and 41 which re-
present a range of 8'3C and 8'°N values for a two-point calibration, are
within 0.2%o (10) for 8'°N and < 0.1%o (10) for 8'3C. An additional
internal standard (acetanilide) was used as an internal check for re-
producibility, sample replicates are within a yielded a mean precision
of 5.0%. The potential loss of carbon from the direct acidification
process was corrected by multiplying the percent of sample remaining
(post-acidification weight subtracted from pre-acidification weight/pre-
acidification weight) and the TC% value measured after direct acid-
ification (taken with isotopic measurements) for TOC (%) values. TOC%
was divided by TN% (unacidified) and multiplied by the molecular
weight ratio (14.01/12.01) to calculate the atomic C:N ratio.

4. Endmember analysis and mixing model implementation

Samples of modern particulate organic matter were obtained from
several other karst basins on Abaco and the coastal ocean to examine as
possible endmembers (Table 2). Modern water samples (1.5L) were
collected at 1 m water depth in the center of the sinkhole, and vacuum
pumped through a combusted 47 um GEF/F filter. Filters were fume
acidified with concentrated HCI for 24 h. Modern particulate organic
matter samples were run for 8'Corg, 8'°Noyrg, and C:N analyses at the
Texas A&M University Stable Isotope Geoscience Facility, processed on
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Fig. 2. Position of the sediment cores in Blackwood Sinkhole.

an Erba NA 1500 Elemental Analyzer, coupled with a Thermo Scientific
DELTAP!S jsotope ratio mass spectrometer. Final isotopic ratios are
reported relative to the standard Vienna Pee Dee Belemnite (VPDB) for
Carbon and atmospheric Nitrogen for Nitrogen in per mil (%o). Analy-
tical precision for two international standards, USGS 40 and 41a which
represent a range of 8'°C and §'°N values for a two-point calibration,
are within 0.2%o (10) for 8'°N and 8'3C. Additional internal standards
(rice and acetanilide) were used as an internal check for reproduci-
bility.

Indeed, it cannot be assumed that seston is debris only from living
organisms, as the geochemical signature of seston can be biased by non-
living organic matter particles (Yang et al., 2014). However, the
average 813C0rg value of the collected particulate organic matter from
blueholes and sinkholes in Abaco is —35%o, while the particulate or-
ganic matter from the ocean located 200m east from Blackwood
Sinkhole was —25%o. This result is markedly consistent with a com-
pilation of the 8'°C,, value of freshwater phytoplankton of
—32 * 3%o (France, 1995). As such, the particulate organic matter
collected from the local karst basins is likely derived from primary
producers in the sinkhole basin.

The sediment core collected from the adjacent wetland (BLWD-C6)
was analyzed as a potential sediment source of wetland organic matter.
In BLWD-C6, the long-term geochemical signal likely reflects both in-
creased deposition of organic matter through time and geochemical
degradation (diagenesis) from microbial activity. The 813C0rg value of
the bulk organic matter ranges from —28 to —26%o, with a mean
8'3Corg Of —26.6%0 = —0.5 (Fig. 4). The mean &8N,y is
3.3%0 * 1.6%o. However, there is a significant downcore trend in both
8"°Noyg values and C:N from 1 to 6%o and ~14 to 33, respectively. This
enrichment in 8'°N,, values may be related to the preferential pre-
servation of OM with a heavier §'°N,,, (Gonneea et al., 2004), or en-
hanced diagenesis of the organic matter in the oxic wetland environ-
ment altering its geochemical signature though time. However, to avoid
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potentially biased interpretations related to diagentic alteration of OM
in the surficial wetland, and because of a lack of sedimentary material
in the upper 6 cm due to root presence, mean values from 9 samples
from 6 to 40 cm were used as an end-member in subsequent mixing
models (see Fig. 5).

Samples from the base of BLWD-C3 (122 to 136 cm, n = 10) were
selected to a represent an endmember of terrestrial organic matter,
specifically from a time when Pinus was not dominant on the Abaco
landscape or elsewhere in the northern Bahamas (pre-1000 cal yr BP,
Slayton, 2010; Kjellmark, 1996). The base of BLWD-C3 was notable for
its coarse terrestrial organic matter fragments (e.g., leaves, wood
fragments, twigs), with negligible fine-grained sedimentary matrix
(either organic or inorganic constituents). These sediments were likely
deposited during a period of episodic deposition in the sinkhole center.

Cross-plots between 815Norg, 813Corg, and C:N were first used to
explore core-based geochemical results and investigate the provenance
of organic matter entering Blackwood Sinkhole through time, with re-
spect to (a) modern sinkhole particulate organic matter (813C0rg:
—34.5%0, mean of n=6), (b) wetland organic matter (8'3Cory:
—26.6%0, mean of n = 9), and (c) terrestrial organic matter (813C0rg:
—26.9%0, mean of n = 10). These cross-plots do reveal a tripartite di-
vision of organic matter sources entering the sinkhole, which is most
evident in the crossplot between 813COrg and C:N (Fig. 6). Previous work
has demonstrated that the provenance and relative change in organic
matter entering coastal environments through time from specific
sources can be estimated using mixing models (Gonneea et al., 2004),
when suitable endmembers can be constrained for a given environment.
A ternary diagram, or three-endmember mixing model was used to
calculate the change in organic matter provenance through time,
whereby a specific organic matter sources occupies a corner of the
triangle (Dittmar et al., 2001).

Phillips and Koch (2002) presented a set of equations for a two
isotope, three end-member mixing model that additionally incorporates
relative elemental concentrations (e.g., carbon [C], nitrogen [N]) con-
tributing to the accumulating biomass within a system. This con-
centration-weighted approach is useful because it takes into account
proportional increase of an element (which is assumed, as varied
sources are contributing to a system), and eliminates the assumption
that the carbon intake from one source is equal to the nitrogen intake
from that source (Phillips and Koch, 2002). Although Phillips and Koch
(2002) used this approach to differentiate food source contributions to
mammalian diets, we employ this methodology to calculate relative
source contribution of changing surrounding vegetation and authigenic
productivity to the sedimentary organic matter accumulating within a
sinkhole system. According to Phillips and Koch (2002), the weighted
concentration model will account for large variations of elemental
concentrations within the three different contributing sources. Tradi-
tionally, 8'>Corg and 8'°N,, used as the tracers of organic matter to the
system and remain the reconstructed terms within a source-contribu-
tion mixing model. However, we used 813C0rg and the elemental N:C
within the mixing model equation set. The division of organic matter
within the system is most strongly evident between the relationship of
8'3C,rg and C:N. However, mathematically, Loftis and Meile (2014)
suggest that utilizing the N:C ratio as a parameter is necessary in sol-
ving for fractional end-member contributions, as both N:C and 813COrg
correspond to the carbon parameter signal. Therefore, with modified
equations from Phillips and Koch (2002), mixture contributions can be
calculated relative to the organic carbon from three defined end-
members (wetland organic matter (OCy), particulate organic matter
(OCp), and terrestrial organic matter (OCr)). Goneea et al. (2004)
successfully utilized a similar approach in an estuary on the coastal
carbonate landscape of the Yucatan Peninsula, Mexico.

End-members within Table 2 and the following equations adopted
from Phillips and Koch (2002) were used to calculated the relative
fraction of the §'3C,,, (ultimately represented by fx v, z () that was
sourced by either the named OCy, OCp, or OCr end-member. In
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addition, the equations below were translated into both R and Python
scripts for use by other researchers in similar applications. The scripts
can be located at https://github.com/sergey-molodtsov/end_member.

Eq. (1): Mass balance equation for 8'>Corg 8'>Corg is representative
of the modeled bulk carbon isotopic signature of the mixture (or sample
interval downcore), fx ¢, fyc, fzc are the fractional contributions cal-
culated for C. §'3Cy, 8'Cy, 8'3C; are the §'3C,,, of the selected end-
members (OCw: X, OCp: Y,0Ct: Z), respectively.
513Cm = fX,CSBCX + fY’CsBCY + fZ,CSBCZ (l)

Egs. (2)—(4): Sum of the fractions for 813Ccrg (fx,v,z (o) fx,v,z avy), and
accumulated biomass (fxy z @))-

1=fxc+fyc+fzc 2)
1=1fxn+fyn+1fzn 3)
1= fX,B + fy’B + fZ,B 4

Egs. (5)-(8): Phillips and Koch (2002) published matrix notation to
solve for combining the system of linear equations necessary for cal-
culating the fraction of assimilated biomass (fxp, fys, fzs) within a
mixture interval.

AF = B (F = A''B) )
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(88Cy — 8BCr)icx) (BCy — 82C)icy)  (81C, — 8%Cr)icy)
A=] (N:C—=N:Cp)cy] (N:Cy—N:Cpcy; (N: Cz = N: Cicyl
L 1 1 1
(6)
[ fx s
F= fY,B
| Sz 7
[0
B=]o0
[ 1 (8)

Egs. (9)-(11): fx ¢, fy,c, fz,c represent the fractional contributions of
the calculated assimilated biomass (fx s, fy s, fz5) relative to the C and
N concentrations within end-member selected values.

fx8[Clx

fx.c =

fx8[Clx + fxs[Cly + fx5[Cl, (©)]
foo = fy[Cly
v.c =

fxs[Clx + fxs[Cly + fx[C], (10)
- fz,8[Clz
zc =

fx8[Clx + fxs[Cly + fx[C], 11

The selected end-members can successfully estimate the organic
matter provenance for approximately 56% of the data from BLWD-C2
and BLWD-C3. For the remaining 44% of the data, modeled estimates of
organic matter sources had one of the tripartite sources either below 0%
or above 100%. Such intervals were interpreted as representing the
extremities of the end-member source contributions. For example, in-
tervals that documented fractions (fxc, fyc, fzc) <1 (i.e., negligible
contribution from that particular source end-member) were forced to 0,
while intervals that documented fractions > 1 (i.e., significant con-
tribution from that particular source end-member) were forced to 1.

To test the assumption that only 3 endmembers explain the dataset,
the 813C0rg was back-calculated by using: (a) the fractional output of
organic matter sources the original model run, modified by forcing
excessive values to either 0 or 100%, and (b) the endmembers used. The
resultant calculated §'C,,, values were highly correlated to the ori-
ginally measured 813C0rg values (r? = 0.84, with p < 00.05,n = 218).
This indicates that the model tends to underestimate the measured
concentrations of 8'>Coy,, especially for enriched values. Perhaps this is
related to an under representation of ocean-derived OCp delivered to
the sinkhole during high-intensity events (e.g., hurricanes, see cross-
plot in Fig. 6), but in general, the model capture the overall geo-
chemical trends.

5. Results
5.1. Lithology

The sinkhole cores terminate on a carbonate gravel deposit (pebbles
to cobbles), above which is either terrestrial plant macrofossils or la-
minated algal sapropel (i.e., gyttja) interbedded with layers of in-
creased calcium carbonate. In addition, the sapropel matrix was inter-
spaced by horizons of increased coarse-grained particles. Lamination
thickness varied from the pm-scale to mm-scale, and alternated be-
tween horizons rich in calcium carbonate versus organic matter. There
is no evidence of bioturbation evident within the cores, likely from the
benthic anoxia. The cores are generally devoid of shell material, except
occasional brackish water bivalves (i.e., pea clams) that are likely dis-
placed from micro-habitat along the vertical sinkhole wall flooded by
the upper meteoric lens or adjacent wetland. Other than the striking
laminations, the most salient sedimentary feature is a prominent hor-
izon of non-laminated sapropel containing no coarse-grained particles
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Table 2
End-member values for sinkhole particular organic matter, and wetland/terrestrial organic matter.

End-member Site GPS location Salinity (psu) 8 Corg (o00) N:C

Sinkhole particulate Treasure Cay 0.88 -36.2 0.10

Organic matter Emerald Pond 26.536°, —77.108° 1.30 -33.2 0.08
Blackwood 26.798°, —77.423° 1.79 -37.6 0.12
Great Cistern 26.570°, —77.118° 5.48 —-33.0 0.15
Sawmill Sink 26.217°, —77.210° 0.86 —-32.0 0.09
Lost Reel 0.66 -35.1 0.12
Mean (n=6) = 10 1.83 —345 = 25 0.11 + 0.02

Wetland BLWD-C6, 6-8 cm 26.799°, —77.422° —27.2 0.07

Organic matter BLWD-C6, 8-10 cm —26.8 0.06
BLWD-C6, 14-16 cm -27.1 0.06
BLWD-C6, 24-26 cm —26.4 0.05
BLWD C6, 26-28 cm —26.3 0.05
BLWD C6, 28-30 cm —26.2 0.05
BLWD C6, 32-34 cm —26.3 0.06
BLWD C6, 36-38 cm —26.4 0.04
BLWD C6, 40-42 cm —26.8 0.04
Mean (n =9,6-40cm) = 10 —26.6 + 0.4 0.05 + 0.01

Terrestrial BLWD-C3, 122-123 cm 26.798°, —77.423° —-29.0 0.03

Organic matter BLWD-C3, 123-124 cm —-29.0 0.03
BLWD-C3, 124-125cm —28.2 0.02
BLWD-C3, 125-126 cm —26.7 0.01
BLWD-C3, 126-127 cm —26.3 0.01
BLWD-C3, 127-128 cm —-25.1 0.02
BLWD C3, 128-129 cm —26.4 0.02
BLWD-C3, 129-130 cm —26.5 0.02
BLWD-C3, 130-131 cm —-26.1 0.02
BLWD-C3, 131-132cm —-25.6 0.02
Mean (n = 10, 122-131) = 1 o —-269 = 1.3 0.02 = 0.01

that can be correlated between cores, and which occurs from 10 to
16 cm (median age: ~371-158 cal yr BP) in core 2, and from 25 to
31 cm depth in core 3 (median age: ~291-223 cal yr BP).

5.2. Age models and sedimentation rates

The benthic sinkhole periphery (BLWD-C2) was likely characterized
by episodic sedimentation from 109 to 122 cm, which equates to 7622
to 7494 cal yr BP1950 (20, 0.99 probability) until 2960 to 2838 cal yr BP
(20, 0.91 probability). Afterwards, the sedimentation rate was nearly
constant through the late Holocene (3000 years to present) from 109 to
Ocm (least squares linear regression: 2 =0.99, n = 11 dates, 0.3 to
0.6 mmyr~'). Since sediment was sampled at every-other 5mm in-
terval downcore, each sample represents 16 to 32 years, providing a
multi-decadal late Holocene geochemical record from BLWD-C2.

The sinkhole center (BLWD-C3) had an age of 1412 to 1568 cal yr
BP (20, 0.99) at 122 cm depth. This means that the sedimentation rate
in the sinkhole center doubled that along the periphery (BLWD-C2), but
only during the last ~1500 years. If one includes the year of core col-
lection in 2013, a simple linear model describes the age-depth re-
lationship between the radiocarbon dates using the midpoint of the
highest probability calibrated 2o result (least squares linear regression:
2 =0.99, n =6, ~1.2mmyr ). Since sediment was sampled at con-
tinuous 10 mm intervals downcore, each sample represents ~8.3 years
down core, providing an approximately decadal geochemical record
from BLWD-C3.

Geochemical and sedimentary results from below 122 c¢cm in core 3
(~1540 cal yr BP) and below 110 cm in core 2 (~2800 cal yr BP) are not
plotted age-wise because of poor age control, the potential for episodic
sedimentation, and sedimentary evidence for basal condensed horizons
(discussed below).

5.3. Isotopic and geochemical signals preserved in bulk organic matter
Similar downcore trends are observed in the geochemical signatures

from BLWD-C2 and BLWD-C3. In general, a similar range of 8'3Corq
values between these cores indicates consistent organic matter source
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deposition whether in the center or periphery of the sinkhole. However,
the 815NOrg value of organic matter deposited in the sinkhole center
(BLWD-C2) is slightly more depleted than along the periphery (BLWD-
C3). The model assumes that only three sources of organic matter were
supplied to Blackwood Sinkhole over the last 3000 years based on the
ternary model between 813C0rg and N:C. The mixing model suggests
that the dominant organic matter source fluxed to the sinkhole can be
summarized as primarily OCy from ~3000 to ~1500 cal yr BP, OCp
from ~1500 to ~1000 cal yr BP, and OCy from ~1000 cal yr to present
(Fig. 7).

The oldest part of the record dates from ~3000 to ~1500 cal yr BP,
and is only represented in BLWD-C2. The mean 8'°N,,, values are
~3%o, C:N ~30, and 813C0rg values oscillate around — 31%o. The values
of 813C0rg and C:N align with previously published values of terrestrial
vegetation and aquatic productivity sources (O'Leary, 1988; Keeley and
Sandquist, 1992; Meyers, 1994; Lamb et al., 2006). Mean C:N values are
highest within this interval, and by comparison with published values
of C:N, SlsNorg and 813C0rg, high C:N values are consistent with organic
matter primarily derived from terrestrial plants (Thornton and
McManus, 1994; Ogrinc et al., 2005; Lamb et al., 2006 and references
therein). During this interval, there is a dominant > 75% calculated
OCr contributing to the organic matter within the sinkhole. However,
this interval also shows marked contributions from OCp.

A dominant OCy (> 75%) contribution begins to diminish at
~1500 cal yr BP-present to approximately ~30%, with episodic fluc-
tuations of up to 60% (Fig. 7). From ~1500 to ~1000 cal yr BP, the
8"°Norg value oscillates from 3 to 6%o and the §'C,,, value oscillates
from —35 to —28%o, which is consistent with literature values re-
presenting freshwater algae in lake zones (France, 1995). There is an
approximate 80% increase in OCp (%) flux to the benthos during this
interval.

From ~1000 cal yr BP to present, the SlsNorg value oscillates from 0
to 2%o and the 613COrg value oscillates from —29 to —26%o. The 813COrg
and 8"°N,,, values and C:N ratio signatures fall within accepted values
for other mangrove and wetland species abundant in similar marginal
marine environments (including those fringed with Rhizophora, which
is abundant within the Caribbean) (Gonneea et al., 2004; Larsen et al.,
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Fig. 4. Core photographs, X-radiographs, sand content, and bulk organic matter geochemistry, including the deposition of the three primary sources of organic
matter based on 3-endmember mixing models for BLWD C2 (top), and BLWD C3 (bottom).

2012). There is an approximate > 80% increase in OCy contributing to
the organic matter during this time interval. There are notable fluc-
tuations of depleted 813COrg (approximately ~3%o) at 770-550, and
300-100 cal yr BP, corresponding to increases of OCp % (approximately
30-40%) and OCt % (approximately 60%) contributions.

6. Discussion
6.1. Deposition prior to 3000 cal yr BP

Neither sinkhole core preserves a significant sedimentary record
prior to 3000 cal yr BP. During the early and middle Holocene when
relative sea level and local groundwater level were lower, it is possible
that organic matter and other sediments were exported into the lower
cave chamber (The Pit, Fig. 2). In Hoyo Negro in Mexico, which has
very similar conduit geometric relationships to Blackwood Sinkhole,
Collins et al. (2015a) documented that during lower water levels of the
early Holocene sediment bypassed shallower conduits and instead ac-
cumulated in deeper depocenters. It is possible that a similar process
impacted Blackwood Sinkhole, and indeed, divers have observed det-
rital peat deposits in The Pit adjacent to Blackwood Sinkhole (Brian
Kakuk, personal communication). From 7000 to 3000 cal yr BP, some
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organic sediment began accumulating in Blackwood along the sinkhole
periphery at the site of core 2, and the base of core 3 has a condensed
horizon of wood fragments. However, this deposition appears episodic
and continuous deposition does not begin at the base of Blackwood
Sinkhole during the late Holocene.

6.2. Lateral changes in inorganic coarse particle deposition

Lateral changes in coarse particle deposition were observed between
the sinkhole periphery and center. For example, horizons with coarser
particles were more common in the sinkhole periphery (BLWD-C2). The
coarse particles were weathered and friable inorganic fragments of
limestone, and also biologic remains such small bivalves (e.g., pea
clams). These coarse particles were often associated with horizons of
fine grained calcium carbonate (see Fig. 2 in van Hengstum et al.,
2016), perhaps suggesting a linkage between intense rain events and
fine-grained carbonate deposition in the basin. The mean grain size of
deposited particles was not measured, but karst fragments that were 0.5
to 1cm in diameter were frequently preserved in BLWD-C2 (van
Hengstum et al., 2016). No such particles were observed in BLWD-C3.
Previous analysis of sediment 220 m away on the beach documented
abundant tests of marine benthic foraminifera (e.g., Archaias) in the
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Fig. 7. Comparison of geochemical results from BLWD-C2 and BLWD-C3 to regional climate and vegetation signals, 0 is 2000 CE. (A-B) Age-wise trends in 83C°rg,
85N, and C:N, (D-F) Age-wise variability in wetland organic matter (OCy), particulate organic matter (OCp), and terrestrial organic matter (OCr), and (G) dominant

pollen preserved in BLWD-C3.

deposition exceeded 20mgem ™3 (50 to 352mgcem ™), especially
during the interval from ~1300 to 2600 cal yr BP (van Hengstum et al.,
2016). For example, the most recent increase in coarse particle de-
position in BLWD-C2 is within dating uncertainties of either Hurricane
Floyd (1999) or Hurricane Jeanne (2003) (van Hengstum et al., 2016).
In contrast, deposition of coarse particles was generally higher in
BLWD-C3, with a background deposition of D . g3um of 20 to
30 mg cm . Rarely did coarse particle deposition exceed 40 mg cm ™3
in BLWD-C3, and, unfortunately, there is negligible sediment record in
BLWD-C2 older than 1300 cal yr BP for comparison to BLWD-C2.

This apparent sorting of particles can be explained by simple ad-
vective settling, whereby during intense hurricane events the largest
particles are preferentially deposited proximal to a physical barrier that
causes a decrease in water velocities at depth, and therefore decreases
the water's transport competency (Woodruff et al., 2008). In the case of
Blackwood Sinkhole, this physical barrier is the structural edge of the
sinkhole. We speculate that ongoing wind action likely elevates back-
ground coarse particle deposition in the sinkhole center (BLWD-C3)
versus periphery (BLWD-C2).

The core from the adjacent wetland (BLWD-C6) only contains peat
with no evidence of sedimentary particles derived from the adjacent
beach. Given the proximity of the shorelines to the site of BLWD-C6, the
lack of any beach sediment accumulating in the wetland suggests
conditions not locally favorable for its preservation (i.e., acidic). In
general, coarse particle deposition was low (D ezm of 1 to
3mg cm ™ %), but the lowermost section (100-110cm) contains in-
creased coarse particles content (D - g3,m exceeds 60 mg cm ™). This
interval also coincides with a slight color change to lighter-hued peat
with increased fine-grained sedimentary matrix. Scanning electron
microscopy indicates these coarse particles are pyrite frambiod ag-
gregates up to 20 um in diameter, which are likely pore water pre-
cipitates related to early diagenesis (Taylor and Macquaker, 2000). A
radiocarbon sample from the base of core 6 (BLWD-MC1 in van
Hengstum et al., 2016) was dated to 1330 to 1409 cal yr BP (20, 1.0
probability, Table 1), which is the deepest peat deposits mapped from
this area. This provides a minimum age for emplacement of the wetland
adjacent to Blackwood Sinkhole (Fig. 1). The presence of pyrite fram-
boids at the basal stratigraphic interval of BLWD-C6 suggests an in-
crease in aerial coverage of wetland vegetation on the landscape, likely
due to a transgression of sea level (Brown and Cohen, 1995).

6.3. Large-scale changes in OM provenance at 1500 and 1000 cal yr BP

Bulk organic matter was dominated by OCr sources from 3000 to
~1500 cal yr BP (> 80%), based on BLWD-C2 (Fig. 7). One may hy-
pothesize that this increased OCr delivery may be related to hurricane
activity alone. However, the western North Atlantic margin experi-
enced increased intense hurricane activity (category =3, Saffir-
Simpson Scale) from 2600 to 1000 cal yr BP (Donnelly and Woodruff,
2007; van Hengstum et al., 2016), suggesting additional factors are
influencing sediment delivery into the sinkhole. Deposition of organic
matter along the sinkhole periphery was perhaps favored over the
center of the basin by advective settling, similar to the accumulation of
coarse inorganic particles. On the adjacent terrestrial landscape, the
pollen record from BLWD-C2 indicates that tropical hardwoods (e.g.,
Myrtaceae) and palms (Arecaceae) dominated the forest community
(Fig. 7G). A similar result was obtained based on a pollen record from
another Abaconian karst basin (Emerald Pond; Slayton, 2010). These
plant species would have provided an adequate supply of OCr with a
requisite stable carbon isotopic ratio for erosion into Blackwood Sink-
hole.
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The ternary model indicates that negligible OCy was transported
into the sinkhole from 3000 to 1500 cal yr BP, which suggests that there
was limited wetland development on the adjacent epikarst surface. In
addition, the high C:N ratios preserved in the sedimentary record sug-
gest that terrestrially-derived organic matter fluxing into the sinkhole
was minimally degraded. Some uncertainty may result from some
vascular plants having a similar §'C,, value as wetland plants, which
may have biased the results of the mixing model. However, the geo-
chemical result is consistent with the pollen preserved in BLWD-C2,
which documents negligible wetland taxa during this time (Fig. 7G). We
note that minimal relative sea-level change occurred in the Bahamas
during the late Holocene (Khan et al., 2015), so the absence of wetlands
on the epikarst surface at this time is curious. It may have been possible
that wetlands were hampered on the epikarst surface prior to
1000 cal yr BP during the period of intense regional hurricane activity.

At 1500 cal yr BP, a constant (i.e., linear) sedimentation rate was
initiated in the center of the basin (BLWD-C3: ~1.2 mmyrfl) that
doubled sedimentation rates around the periphery of the periphery
(BLWD-C2: ~0.3 to 0.6 mm yr_l). Based on a minimum age from the
core in the adjacent wetland (BLWD-C6), wetland environments be-
came established on the adjacent epikarst surface by ~1400 cal yr BP
(Fig. 1D, Table 1), which no doubt began influencing sedimentation and
environmental conditions in the sinkhole. Indeed, the increased sedi-
mentation rate alone in BLWD-C3 indicates elevated sedimentary flux
from the wetland. However, the geochemical ternary model also esti-
mates OCyy fluctuations to > 80% archived in BLWD-C3 (Fig. 7F). This
demonstrates the success of wetlands on the adjacent epikarst surface at
providing a competent sediment flux to karst basins in the Bahamas, as
has been similarly observed on the Yucatan Peninsula (Collins et al.,
2015b).

From 1500 to 1000 cal yr BP, the flux of OCp to the benthos along
the periphery of Blackwood Sinkhole increased and remained above
50% (BLWD-C2, Fig. 7E). The sinkhole walls do provide ecospace that
can be colonized by benthic primary producers, which likely is in-
creasing the OCp flux to the sinkhole periphery relative to the center.
However, the abrupt change in OCp sedimentation at 1000 cal yr BP is
unlikely related to change in the surface of this vertical habitat relative
cause by sea-level change because rates of relative sea-level rise have
been minimal over the last 2000 years (Khan et al., 2015).

This period also coincides with an increase in Lemna (duckweed) in
the pollen record, which is a free-floating aquatic plant (Fig. 7G). The
combined increase in OCp and Lemna points toward an increase in
nutrients and primary productivity in the water column, coincident
with the installation of the wetland on the adjacent epikarst surface at
~1300calyr BP. This suggests an additional role of the wetland
whereby it enhanced primary productivity in the sinkhole basin, per-
haps through a subaerial flux of particles and OCy. Increased primary
productivity from more eutrophic conditions within the sinkhole could
progressively fractionate the residual dissolved inorganic nitrogen
(DIN) pool in the sinkhole (Talbot and Laerdal, 2000; Brandenberger
et al., 2011). This process could have potentially enriched the nitrogen
isotopic ratio of the subsequently produced OCp from 1500 to
1000 cal yr BP. Given that the upper portion of the aquifer is the me-
teoric lens (ML, Fig. 1D), which is constantly discharging at the nearby
coastline (Fig. 1D), it remains uncertain whether this increased pro-
ductivity was driven by a local increase in nutrient residence time or
concentration, in response to some broader hydroclimate change
(ocean-atmospheric cause) or just the adjacent wetland (local cause).
However, the wetland itself must not be the sole driver of the OCp flux
to the benthos since additional OCp oscillations occur from 1500 cal yr
BP to present when the adjacent wetland is assumingly most developed.
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The final most prominent geochemical trend is the shift to > 80%
OCy deposition from 1000 cal yr BP to the present at both core sites,
and decreased contribution from OCp and OCr. The pollen record in-
dicates that this shift also coincides with a significant decrease in tro-
pical hardwoods and palms (Arecaceae) and increase in wetland taxa on
the adjacent landscape (e.g., Conocarpus, Typha augustifolia). Elsewhere,
Collins et al. (2015b) noted that sedimentation in an anchialine cave in
Mexico (Yax Chen) increased when mangroves colonized the adjacent
epikarst surface from inundation by Holocene sea-level rise. A similar
process has impacted Blackwood Sinkhole as indicated by the pollen
and geochemical records, whereby colonization of wetlands on the
adjacent epikarst surface by ~1300 cal yr BP first initiated sedimenta-
tion on the subaerial topographic depression. At Blackwood Sinkhole,
however, enhanced sedimentation of OCy is slightly delayed until
1000 cal yr BP, perhaps due to local hurricane activity (suppressing tree
development) or regional hydroclimate variability. This final period of
wetland expansion during the last millennia on Abaco also coincides
with pine forests colonizing the Abaco landscape (at ~700 cal yr BP;
van Hengstum et al., 2016), with a concomitant loss in the dominance
of tropical hardwoods and palms (Arecaceae).

The last 1000 years are known as a period of considerable change in
the Caribbean region with humans continually modifying the land-
scape, and evidence of regional hydroclimatic change resulting from
northern hemisphere cooling during Little Ice Age. However, the re-
lative role of humans versus hydroclimate (seasonality, direction and
magnitude) on a regional scale remains uncertain. On nearby Andros, a
coeval increase in Pinus on the landscape in the last ~700 years has also
been documented like on Abaco (Kjellmark, 1996), which some may
argue is caused by Native Lucayan activities. Only in the northern Ba-
hamian islands is Pinus significantly present on the landscape (Grand
Bahama, Abaco, Andros, New Providence). As previously discussed, the
sources of allochthonous sedimentary organic matter (OCy, OCy) in
Blackwood are from a ~220 m radius of the site, with internal hydro-
graphic conditions and nutrient concentrations likely impacting OCp
sedimentation. Therefore, sedimentary organic matter quality and
quantity become a proxy for water column conditions that are ne-
cessarily linked to regional rainfall either by changing the dissolved or
particulate flux of nutrients. In addition, centennial-scale correlations
between flora (terrestrial and wetland) in the pollen record and OCp can
be drawn during the last 1000 years in Blackwood Sinkhole. For ex-
ample, decreased wetland taxa (e.g., Conocarpus and Typha augustifolia)
correspond with increased OCp%, OCt %, and Pinus on the landscape
(e.g., 550-700, and 100 to 300calyr BP). However, resolving the
magnitude, direction, or annual timing of rainfall delivery (i.e., sea-
sonality) remains uncertain based on the OCp percentage change alone.

On Holocene timescales, Caribbean rainfall is linked to solar in-
solation (Hodell et al., 2001), but the drivers of regional rainfall on
shorter times scales are complex and still under investigation (e.g., Fritz
et al., 2011.). Based on factor analysis of modern precipitation data,
Jury et al. (2007) group both the northwestern region of Cuba, the
Little Bahama Bank and the Great Bahama Bank in the same Caribbean
precipitation zone. This suggests that these areas should have experi-
enced a similar hydroclimate change in recent time. Isotopic results on
northwestern Cuban speleothems suggest either an abrupt shift to in-
creased precipitation at 1000 years ago (Fensterer et al., 2013) or a
long-term increase in precipitation over the last 1000 years (Fensterer
et al., 2012). In contrast, trace metal runoff proxies in a coastal lagoon
from northwestern Cuba suggest drying over the last 1000 years
(Gregory et al., 2015). On nearby Florida, a pollen record from Lake
Tulane (~400 km to the west of Blackwood Sinkhole, closer than Cuba)
pointing to the expansion of pines during the last 5000 years and during
previous Heinrich Events, is ascribed increased regional moisture
(Grimm et al., 2006). Clearly, additional records are needed from the
northern Caribbean to understand the regional hydroclimate changes
over the last millennium, and fully understand how rainfall impacted
primary productivity in Blackwood Sinkhole.
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Nutrient availability in the water column within a groundwater-fed
carbonate sinkhole is complex and not yet fully understood. However,
both oligotropic and eutrophic conditions are known from tropical karst
basins. Assuming that similar hydrogeological forcing conditions also
operated in the past and that these are real features of the local sedi-
mentary dynamics, a change in primary productivity potentially sug-
gests: (a) changing nutrient residence time in the sinkhole, or (b)
changing nutrient delivery to, or concentration within the sinkhole
water column. Both changing nutrient residence time in the sinkhole
and changing nutrient delivery within the water column could be due to
variations in regional rainfall. It appears worthwhile to further examine
the drivers of primary productivity in karst basins to better resolve the
climatic significance of the OCp signal archived in terrestrial karst ba-
sins, especially considering the isotopic variability of algal biomarkers
in karst basin sediment records are useful hydroclimate proxies (Richey
and Sachs, 2016).

7. Conclusions

e During the late Holocene (3000 cal yr BP to present), Blackwood
Sinkhole on Great Abaco Island in The Bahamas received organic
matter supplied from three primary sources: wetland organic matter
from the adjacent epikarst surface, autochthonous primary pro-
ductivity in the upper meteoric lens (oligohaline salinity), and ter-
restrial organic matter from the surrounding landscape.

e Based on a three-endmember mixing model using §'C, and N:C,

the dominant source of organic matter accumulating in the sinkhole

changed through time: OCr from ~3000 to ~1500 cal yr BP, OCp
from ~1500 to ~1000 calyr BP, and OCy from ~1000 calyr to
present.

From 1500 to 1000 cal yr BP, an increase in organic matter derived

from primary productivity suggests an increase in nutrient residence

time or concentration in the basin. The drivers of this nutrient in-
crease appear linked to the expansion of wetlands on the adjacent
epikarst surface.

In the last 1000 years, organic matter derived from wetlands on the

adjacent epikarst surface dominates deposition in Blackwood

Sinkhole. Broadscale forcing from this change at ~1000 cal yr BP is

unlikely sea-level change alone, given the modest changes in re-

lative sea-level during the last 1000 years in the Bahamas. However,

a decrease in local intense hurricane activity after 1000 cal yr BP,

combined with changing regional precipitation may have collec-

tively promoted wetland expansion in the last millennium.

® There are fluctuations of OCp (20-40%) supplied to the sinkhole
benthos throughout the last millennium. Further evaluation of nu-
trient residence time and delivery in karst basins is warranted to
understand the possible linkage between primary productivity in the
meteoric lens of karst basins and regional rainfall.
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