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Abstract: Syndepositional diagenesis is a complicating factor when interpreting geochemical proxies
in carbonate sedimentary environments. Previous studies have suggested that carbonate deposits
may preserve the geochemical and isotopic signatures of seawater that can be used for paleo-redox
reconstructions. However, more work is necessary to understand how these trace metals are pre-
served. The present study examines shallow marine carbonate sediments from the Bahamas to better
understand diagenetic effects on trace metal uptake and sequestration. Analysis of diagenetic effects
and trace metal uptake follows a multi-method approach, combining sequential extraction, stable
isotope analyses, and rare earth elemental analysis. Stable isotopes track bacterial sulfate reduction,
denitrification, and organic matter source and provide insight into thresholds and processes for the
authigenic trace metal uptake. Importantly, exchangeable phases exhibit authigenic accumulation of
molybdenum, uranium and vanadium, and intensified bacterial sulfate reduction is evidenced by
most depleted sulfur isotope signatures. In addition, rare earth element values are very indicative
proxies that suggest altered primary seawater trace element in carbonates (no cerium or lanthanum
anomaly, moderate heavy rare earth element enrichment, decreased y/ho ratios and positive correla-
tions between aluminum, manganese, and iron). Taken together, these results allow the development
of a framework to better understand how to apply sedimentary geochemistry of carbonate rocks to
paleo-environments as this study shows significant authigenic accumulation of redox-sensitive trace
metals by exchangeable phases.

Keywords: earth systems history; redox sensitive; sedimentary geochemistry; uranium isotopes;
sequential extraction; carbonate shelf; Bahamas depositional environment; diagenetic evolution

1. Introduction

The geochemistry of carbonate rocks has long been a useful tool for investigating
global ocean conditions, such as global oxygen and carbon cycles, over vast periods of
time [1–4]. More recently, novel metal isotope proxies (e.g., U and Mo isotopes) have
been developed which utilize carbonate rocks for reconstruction of global environmental
changes [5–7]. Ultimately, however, it is important to reconstruct the chemical composition
of seawater as recorded in the rock record without post-depositional alterations which
may obscure the recording of global signatures in seawater paleo-redox proxies [8–14]. For
example, recent studies have shown authigenic accumulations of U and Mo in shallow
Bahamian carbonates associated with shifts in the isotopic composition of bulk sediments.
However, the mode of uptake and diagenetic controls require further investigation [8–10].

The goal of the present study is to examine syndepositional diagenetic environments
possessing varying degrees of organic matter content and composition, terrestrial mineral
input, meteoric input, and restriction from the open sea, to systematically investigate the
effects of variable early diagenetic conditions on the alteration of the geochemical signatures
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of modern carbonates. The present study employs sequential extractions and stable isotope
analyses to investigate how REY and trace metals are incorporated into a variety of early
diagenetically altered carbonate sediments. The results reveal both the chemical phases in
which these elements are hosted and the driving factors of their uptake.

2. Materials and Methods
2.1. Site Location

The Bahamian carbonate platform is among the largest and best studied carbonate
platforms, e.g., [8,9,11–13]. As such, it is an ideal natural location to study early diagenesis
of shallow carbonates. The geographic isolation of the platform far from any continental
masses provides a unique environment for the study of primary and authigenic geochemi-
cal signatures, which are mostly isolated from terrestrial siliciclastic influence from nearby
continents. However, windblown dust may provide some siliciclastic material [14]. Car-
bonate sediment samples were collected from different locations around Eleuthera, Water
Cay in the Schooner Cays, and from Darby Island in the Exuma Cays (Figure 1).

Geosciences 2023, 13, x FOR PEER REVIEW  4  of  20 
 

 

 

Figure 1. Map of sampling locations on Eleuthera and Exuma Islands, Bahamas (A). Sediment cores 

1, 2, 3, and 4 were collected on the Exuma Island Chain of the Greater Bahamas near and around 

Little Darby Island (B). Near‐surface sediment grab samples were collected mainly around Eleu‐

thera and the Schooner Cays (C), with one sample from Darby Island. 

2.2. Inorganic Oxygen and Carbon Isotope Analysis 

All stable isotope analyses were performed at the Oxy‐Anion Stable Isotope Consor‐

tium (OASIC) at Louisiana State University. Isotopic measurements are reported in delta 

notation as per mil (‰) deviation relative to VPDB standard. 

Approximately 200 μg of sample was dried at 75 °C for 12 h after being loaded in 12 

mL borosilicate glass Exetainer vials (Labco Ltd., Lampeter, UK), then sealed and flushed 

Figure 1. Map of sampling locations on Eleuthera and Exuma Islands, Bahamas (A). Sediment cores
1, 2, 3, and 4 were collected on the Exuma Island Chain of the Greater Bahamas near and around
Little Darby Island (B). Near-surface sediment grab samples were collected mainly around Eleuthera
and the Schooner Cays (C), with one sample from Darby Island.
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2.1.1. Exuma Islands—Darby Island

Darby Island is a vegetated cay located in the Exuma Cays island chain. The Exuma
Cays are located along the southwestern margin of the Exuma Sound (Figure 1). Carbon-
ate sediment core samples in the present study were collected along the Exuma Islands,
centered around Little Darby (Figure 1). Geochemical work on these samples has been
carried out previously [8,9]. Samples from four cores from a variety of environments
and depths were resampled and analyzed. Cores 1 (42 cm long) and 2 (24 cm long) were
collected in the area around the Little Darby research station while cores 3 (22 cm long)
and 4 (30 cm long) were collected near Lee Stocking island. Core 1 was collected in an area
dominated by calcareous green algae and turtle grass and the core location was chosen
to avoid adjacent shrimp (Callianassa sp.) mounds and burrows. Core 2 was collected on
a tidal flat approximately 100 m to the southeast of core 1. The tidal flat was largely free
of any vegetation (turtle grass or green algae). Core 3 was collected in an area similar to
core 1, with dense turtle grass and calcareous green algae, but in a deeper water (4 m)
environment. Core 4 was collected from a saltwater pond which is tidally connected to the
open ocean (salinity = 39‰). For detailed core description, see [8].

2.1.2. Eleuthera Island

Holocene and Pleistocene sea-level fluctuations are the main influences for the con-
struction of Eleuthera during the Quaternary [15]. Periods of growth mainly occurred
when sediments that accumulated during interglacial periods were transported to the
island during glacial periods and lithified [15]. The sedimentary response to Quaternary
sea-level fluctuations is seen in the variety of carbonate deposits forming the island which
include beach, tidal, and aeolianite deposits along with in situ reefs and well developed
paleosols [15–17]. Additionally, with Eleuthera being exposed to the Atlantic on its Easterly
side, storms and high winds transport sediments to produce washover lobes on the leeward
side [15].

The five sampling locations on Eleuthera are Gregory Town, Governor′s Harbor,
Page Creek, Rawlins Creek, and Lighthouse Beach (Figure 1). Gregory Town, Governor′s
Harbor, and Lighthouse Beach are high-energy nearshore beach sand samples. Page Creek
and Rawlins Creek samples are collected from tide-dominated areas in southern Eleuthera
which contain tidal channels connected to calm shallow water environments (approximately
<1 m water depth) dominated by mangrove vegetation. Sediments below the SWI at Page
Creek and Rawlins Creek display a dark gray color and produce a strong sulfide odor,
indicating a sulfidic environment.

In total, eight samples were collected from Page Creek at different locations and
sediment depths: Page Creek Fine Mud 1 (PCFM1), Page Creek Mud 2 (PCM2), Page Creek
Fine Mud 3 1/2 (PCFM 3 1/2), Page Creek Fine Mud 3 2/2 (PCFM 3 2/2), Page Creek
Mud 3 Anoxic (PCM3A), Page Creek Mud 3 (PCM3), Page Creek Mud 4 (PCM4), and Page
Creek Black Mud (PCBM). Two samples were collected from Rawlins Creek: Rawlins Creek
(RC) and Lower Creek (LC; oolitic tidal channel sample). One sample each was collected
from Gregory Town (GT), Governor′s Harbor (GH), and Lighthouse Beach (EL).

2.1.3. Schooner Cays

The Schooner Cays is a 16 km × 60 km ooid shoal complex located off the coast of
Cape Eleuthera. The geological setting and depositional system of the Schooner Cays
have been well described [18] and is summarized here. The morphology of the ooid shoal
complex is mainly influenced by tidal cycles with flood tides coming in from, and ebb
tides going out to, the Exuma Sound to the south-west. General morphologic features of
the Schooner Cays include sand ridges, parabolic bars, and flow-oblique shoulder bars
along with tidal channels. Within the Schooner Cays there are six small vegetated cays,
four of which are located approximately 6.5 km to 9.5 km off the northern point of Cape
Eleuthera. Of these four, Schooner Cays samples in the present study were collected from
the eastern most cay named Water Cay. It is located approximately 6.5 km north of Cape
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Eleuthera with coordinates of 24◦54′16.1′′ N, 76◦21′12.5′′ W. Water Cay is approximately
100 m × 200 m to 150 m × 200 m, displaying a rough circular shape. The rim of the island
is composed of ooid sand with crusts of oolitic limestone, most likely derived from the
local ooid sand. The interior of the island is covered by moderate to thick vegetation.

Two samples were collected from Water Cay in the Schooner Cays. One sample was
collected near the coastline (Schooner Cays Near Shore; SCNS) and the other (Schooner
Cays Off Shore; SCOS) was collected further off shore within approximately 50 m of the
coastline of Water Cay. Sediments from the Schooner Cays were also hand-picked under
a microscope in order to produce pure ooid and non-ooid samples labeled SCPO and
SCNO, respectively.

2.2. Inorganic Oxygen and Carbon Isotope Analysis

All stable isotope analyses were performed at the Oxy-Anion Stable Isotope Consor-
tium (OASIC) at Louisiana State University. Isotopic measurements are reported in delta
notation as per mil (‰) deviation relative to VPDB standard.

Approximately 200 µg of sample was dried at 75 ◦C for 12 h after being loaded in
12 mL borosilicate glass Exetainer vials (Labco Ltd., Lampeter, UK), then sealed and flushed
with 99.999% He for 2 min. After flushing, sample vials were loaded into a 96-position
Thermo Finigan Gas Bench II kept at 72 ◦C. Samples were then reacted for 3 h with 100 µL
phosphoric acid (density = 1.92 g/mL) kept at 75 ◦C and added by manual injection. After
3 h, CO2 produced from the reaction was passed through a Nafion water trap and GC
in Gas Bench. Analysis was performed on a Delta V Advantage mass spectrometer. One
in-house standard CMA (δ13C = 2.57‰ and δ18O = −4.31‰) was used as check standards.
External precision (1σ) is less than 0.1‰ for δ13C and 0.2‰ for δ18O.

2.3. Organic Nitrogen, Organic Carbon, and Sulfur Isotopes and Elemental Analysis

Sediment core and grab samples were decalcified in 1 M HCl. Samples were then
washed with DI, dried, and weighed into combustible tin containers. Weights were deter-
mined by targeting ~400 µg of carbon and ~100 µg of N, approximately 2–20 mg of bulk
decalcified sample. CO2, N2, and SO2 gas produced from the samples by flash combusting
the tin capsules (at 950 ◦C for CO2 and N2, 1150 ◦C for SO2) in a furnace with an elemental
analyzer (Micro Vario Cube, Isoprime Ltd., Cheadle, UK) was analyzed by continuous flow
with an Isoprime100 (Isoprime 100, Cheadle, UK) gas source mass spectrometer.

Nitrogen and carbon isotopic composition was calibrated using one in-house standard
Acetanilide-OASIC (δ15N = + 1.61‰ and δ13C =−27.63‰). Analytical precision of Nitrogen
and carbon isotopic composition was <0.3‰ and 0.1‰, respectively. δ15N and δ13Corg
is reported in ‰ air and VPDB variation. Mass calibrations were performed to allow
adjustment of carbon content based on TOC%. TOC is calculated based on C concentration
of organics and mass calculations based on weight of the original samples. Sulfur isotope
compositions are reported in ‰ deviations from VCDT. Two in-house standards are used
for calibration (LSU-Ag2S-1: −4.3‰; LSU-Ag2S-2: +20.2‰;). Analytical precision is <0.3‰.

2.4. Sequential Extractions and ICP–MS Analyses
2.4.1. ICP–MS Elemental Analysis of Sediment Grab Samples

Elemental concentrations of minor and trace elements in the sediment grab samples
were measured using a Thermo iCap Qc quadrupole ICP–MS at Louisiana State Univer-
sity. Samples were prepared by dissolving approximately 1 g of sediment in 1M HCl to
dissolve the carbonate mineral phases, although dissolution of amorphous iron oxides and
desorption of metals adsorbed onto inorganic and organic material may also occur [19–21].
The residual organic and non-carbonate material was then removed by filtering the HCl
leachate through Whatman GF/C glass microfiber filters (pore size = 1.2 µm). The filtered
leachate was diluted with 2% HNO3 prior to analysis. The instrument was externally cali-
brated using a serial dilution of a solution containing QCP-QCS-3 multi-element standard,
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REE standard, and single-element standards of Ca, Mg, Rb, and Sr. Check standards and
internal standards were used to ensure minimal instrument drift and sample suppression.

2.4.2. ICP–MS Analysis of Sequentially Extracted Trace Elements

A subset of sediment core samples were sequentially extracted following a modified
Tessier extraction [21,22] method. The extraction method utilizes different reagents to chem-
ically separate sedimentary trace metals into separate partitions: exchangeable, carbonates,
oxyhydroxides, organics, and residual (Table 1). Modifications from the Tessier method
include modifying the exchangeable reagents to extract non-crystalline uranium [23]. Bi-
carbonate effectively leeches U from natural samples and is held in solution as a U(VI)–
carbonate complex [24]. Recent work has shown that sodium bicarbonate extraction is an
effective wet chemistry technique to separate non-crystalline U(IV) (reductively precipi-
tated U(IV) from U(VI), termed mononuclear U(IV)) from uraninite [25]. Other studies have
shown the relative importance of non-crystalline U(IV) as a microbial reduction product in
a variety of sediments [23,26–28]. Sodium bicarbonate dissociates in solution, supplying
HCO3

− and Na+ ions. The use of bicarbonate over other anions, such as CO3
2−, provides a

mild ionic strength and is stable at pH values near neutral and allows for the dissociation of
loose ionic bonds while not affecting the pH and associated reactions. HCO3

− likely has the
greatest leeching effect on positively charged elements, such as U. The difference in ionic
character between elements adds complications when directly comparing concentrations
of elements in the exchangeable phase.

Table 1. The list of parameters, reagents, and chemical phases used during the sequential extraction.
Extracts were performed using increasingly aggressive reagents, progressing down the table. Smp:Sol
is abbreviated for sample to solution ratio.

Sequential Extraction Reagents and Times

Chemical Phase Reagent Smp:Sol Ratio Physical Parameters

Exchangeable 1 M sodium bicarbonate 1:50 24 h at room temperature

Carbonate
1 M sodium acetate buffered to pH

of 5 with acetic acid followed by
1 M nitric acid

1:50 (sodium acetate); 24 h at room temperature (sodium
acetate) followed by 1 h at room

temperature (nitric)1:20 (Nitric)

Oxide 1 M hydroxylamine hydrochloride
in 25% acetic acid 1:50 6 h at 95 ◦C

Organic 0.02 M nitric acid in 30%
hydrogen peroxide 1:50 >24 h at 85 ◦C

Residual Concentrated nitric acid 1:10 >24 h at 95 ◦C

The chemical partitions were separated using progressively more aggressive chemical
leaches (Table 1). After each chemical leaching, samples were centrifuged at 5000 rpm for
5 min. The effluent was then carefully pipetted off of the remaining solids. The solids were
rinsed twice with DI before the next reagent was added. Total digests were performed
using a combination of H2O2 and concentrated nitric acid at 80 ◦C.

Samples were analyzed using an iCap Qc quadrupole ICP–MS at Louisiana State
University using the same calibration procedure as the sediment grab samples. REY calcu-
lations were also performed in the same manner as grab samples using Equations (1)–(4).
In preparation for analysis, all samples were dried and prepared in a 2% HNO3 solution.
Individual chemical phases from the sequential extraction were run separately in order to
reduce variations in matrix effects due to the variety of reagents used.

2.5. Normalization of Rare Earth Elements

REY were normalized to the Post-Archean Australian Shale (PAAS) [29]. Ce anomalies
(CeSN/CeSN*), Y/Ho ratios, and HREE enrichments were calculated using the formulas be-
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low. Subscript “SN” indicates shale-normalized values were used. Ce anomaly calculations
follow the formula of [30].

Total REY = Σ[REY] (1)

CeSN/CeSN
* = ([Ce]SN)/([Pr]2

SN/[Nd] SN) (2)

Y/Ho = Y⁄Ho (3)

HREE enrichment = [Yb]SN/[Nd]SN (4)

3. Results
3.1. Inorganic Carbon and Oxygen Isotopes

The δ13Ccarb and δ18Ocarb values from cores 1, 2, and 3 do not vary significantly
(Figure 2), plot near the equilibrium range for low-magnesium calcite (LMC), and are in
the range of expected values for marine carbonates [11]. Modern sediment grab samples
have similar δ13Ccarb to the samples of cores 1, 2, and 3. Grab samples likewise have similar
δ13Ccarb and δ18Ocarb values to modern sediment collected to the west of Andros on the
GBB (δ13Ccarb = 4.8 ± 0.3‰, δ18Ocarb = 0.4 ± 0.4‰).
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Core 4, collected from a restricted saltwater pond, exhibits depleted δ13Ccarb and
enriched δ18Ocarb values which change with depth (Figure 2) and are negatively correlated
(Figure 3). Core 4 contains isotopic values representative of two distinct environments. The
first environment is represented in the upper 14 cm of the core with δ13Ccarb and δ18Ocarb
near 0. The second environment is represented in the lower 16 cm and is identified by
decreasing δ13Ccarb to ~−5‰ and increasing δ18Ocarb to ~2‰. The lower 16 cm of core 4
additionally corresponds with elevated TOC up to 3%.
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3.2. Organic Carbon, Nitrogen, and Sulfur Isotopes

The δ13Corg values in samples from cores 1, 2, and 3 do not vary significantly (Figure 2).
In core 4, there is a shift to more negative δ13Corg at approximately 15 cm depth. δ13Corg
from the grab samples varies between −11.86‰ and −23.15‰. The isotopically lightest
values are observed in Page Creek and Rawlins Creek. A negative covariation between
TOC and δ13Corg is evident from the core samples (Figure 3). TOC data are not available
for the grab samples; however, highly negative δ13Corg and other similarities between Page
Creek samples and core 4 (Figures 3–5) suggest similar conditions.
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δ15N values in cores 1, 2, and 3 do not vary significantly (Figure 2). The δ15N values
vary between 0.13‰ and 0.66‰, with an average of 0.55‰. In core 4, δ15N varies between
2.82‰ and 8.43‰, with an average of 5.71‰. There is a shift in δ15N at approximately 15 cm
depth similar to the shift in δ13Corg, although the shift in δ15N is to isotopically heavier
values. The δ15N of grab samples varies between −0.23‰ and 4.17‰, with the majority
of samples being comparable to the cores 1, 2, and 3. The isotopically heaviest values
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are measured in Rawlins Creek. Except for core 4, which possesses a positive correlation
between TOC and δ15N, there is no correlation between TOC and δ15N (Figure 3).

δ34S values in all core samples show similar trends where δ34S decreases with depth
(Figure 2). Despite having the same trend, average δ34S values between the cores are
offset from each other. δ34S values in the cores vary between 5.94‰ and −20.40‰ with
isotopically lightest values in core 4, heaviest values in core 2, and intermediate values in
cores 1 and 3. δ34S measured in grab samples are also variable between sample locations
and fall within a similar range of values as core samples. Schooner Cays, Lighthouse Beach,
and Darby Island grab sample δ34S values are most similar to those measure in core 2.
δ34S in the remaining grab samples are isotopically lighter and most similar to cores 1, 3,
and 4. Sediment core δ34S values have a negative correlation with TOC and a positive
correlation with δ13Corg (Figure 3). There appears to be no correlation between δ34S and
δ15N (Figure 3)

3.3. Rare Earth Elements and Yttrium (REY) and Terrigenous Input Proxies (Al, Mn, Fe) in
Bahamian Cores and Grab Samples

The PAAS-normalized REYs in cores 1 through 3 and most grab samples from Darby
Island, Lighthouse Beach, Schooner Cays, and Rawlins Creek express slightly negative Ce
anomalies and Y/Ho ratios of approximately 50–60 (Figure 4). NdSN/YbSN ratios of near 2
in the previously listed core and grab samples indicates no significant LREE enrichment
(Figure 4) and these samples have low Al, Mn, and Fe concentrations (Figure 5).

Core 4 and Page Creek have REY patterns unlike those samples. Core 4 and Page
Creek samples show no Ce anomaly (Figure 4), moderate HREE enrichment, and lower
Y/Ho ratios. These samples also show a positive correlation between Al, Mn, and Fe
(Figure 5).

3.4. Uranium Concentrations in Bahamian Cores and its Distribution in Different Sediment Phases

Sequential extractions performed in the present study indicate all chemical phases
remain essentially constant downcore with respect to U (±0.5 ppm), with the exception of
the exchangeable fraction (Figure 6). While exchangeable U remains relatively constant in
core 2, the exchangeable fraction increases in concentration from ~1.3 to ~4.5 ppm in core 1,
~1.0 to ~1.9 ppm in core 3, and ~1.5 to ~4.5 ppm in core 4 (Figure 6). This suggests that the
exchangeable phases host the majority of authigenically accumulated U. The oxide and
residual phases both contain <1 ppm U and the organic phase contains <0.15 ppm U.

3.5. Molybdenum Concentrations in Bahamian Cores and its Distribution in Different
Sediment Phases

Similar to U, sequential extractions show that all chemical phases remain essentially
constant downcore with respect to Mo, with the exception of the exchangeable fraction
(Figure 6). The exchangeable fraction contains the largest fraction of Mo in the sedi-
ment (Figure 6), suggesting the exchangeable phases host the majority of authigenically
accumulated Mo.

3.6. Vanadium Concentrations in Bahamian Cores and its Distribution in Different
Sediment Phases

V is contained largely in the exchangeable phases of all sediment cores (Figure 6). V
correlates with Mo in the exchangeable phase of cores 2, 3, and 4 (Figure 6).
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4. Discussion
4.1. Multi-Proxy Organic Geochemistry of Bahamian Bulk and Core Sediments

Surface and shallow surface grab samples were collected from a variety of deposi-
tional environments in the Bahamas to constrain the variability of primary precipitates in
non-buried near-surface sediments that have not yet undergone extensive early diagenesis
in contact with porewater. In shallow water carbonates, the majority of the organic matter
is derived from shallow water carbonate organisms such as calcareous green algae or sea
grass, or from terrestrial input [11]. Marine organisms utilize C from dissolved inorganic
carbon (DIC), while terrestrial organisms sequester C from atmospheric CO2 [31]. Terres-
trial organic matter may be ~12–15‰ depleted in δ13Corg with respect to organic matter
produced in marine environments [12,32]. In the samples studied, a negative covariation
between TOC and δ13Corg suggests that the addition of terrestrial organics drives the
changes in organic C isotopes (Figure 3).

δ15Norg of cores 1, 2, and 3, show small variations (Figure 2) and poor correlations
with both TOC and δ13Corg (Figure 3), indicating little fractionation associated with den-
itrification is taking place. The lack of fractionation in nitrogen isotopes is indicative of
primary organic matter. Covariation between δ15Norg and TOC and a negative covariation
between δ15Norg and δ13Corg in core 4, however, indicates a relative increase in input of
terrestrial organic matter in the lower core as C3 and C4 saltmarsh organic matter possesses
δ15Norg of ~6–14‰, [33]. Grab samples show no correlations between δ15Norg and δ13Corg
and similar δ15Norg values to cores 1, 2, and 3 (Figures 2 and 3). Terrestrial organic matter
input may explain elevated δ15Norg in Rawlins Creek grab samples, as the Rawlins Creek
location contains abundant mangrove vegetation.
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Sulfur isotopes experience fractionation in pore waters during bacterial sulfate re-
duction (BSR), in which pore waters become isotopically heavy and preserved organics
become isotopically light [12,34]. Sulfide oxidation and sediment reworking keep levels
of free dissolved sulfide relatively low. Cores 1 and 3 have depleted δ34S values with
respect to core 2, indicating that BSR in cores 1 and 3 is preferentially releasing 34S to the
pore water and preserving 33S in organic material in agreement with previously reported
elevated sulfide (500–1500 µM) in pore waters [9]. The lack of covariation between TOC
and δ34S in cores 1 and 3 suggests that BSR affected a small percentage of TOC available
for oxidation [35] (Figure 3). Core 2 has a positive and invariant δ34S signature due to
decreased BSR, consistent with decreased porewater sulfide [9]. In core 4, δ34S decreases
with depth and negatively covaries with TOC (Figures 2 and 3).

Grab samples from the Schooner Cays, Darby Island, and Lighthouse beach have
similar δ34S to core 2 samples (Figures 2 and 3) and, likewise, indicate low levels of BSR.
Similar δ34S values to cores 1 and 3 in Rawlins Creek and Governor′s Harbor samples
suggests a greater influence of BSR in Rawlins Creek and Governor′s Harbor compared to
core 2, Schooner Cays, Darby Island, and Lighthouse beach samples. Core 4, Page Creek,
and Gregory Town samples have the most negative δ34S values, suggesting that BSR is an
important process in these sediments. In core 4, highly negatively fractionated δ34S may be
related to increased TOC which can facilitate a greater prevalence of anaerobic remineral-
ization pathways such as BSR [36]. While high TOC also likely drives BSR and negative
fractionation of δ34S in Page Creek and Gregory Town samples, a lack of grab sample TOC
data makes comparison somewhat difficult. However, the strong positive linear correlation
between δ34S and δ13Corg in core 4 and Page creek samples (Figure 3) suggests that input
of terrestrial organic matter, in addition to marine organic matter, is an important driver of
anaerobic processes and early diagenetic intensity in these environments.

4.2. Rare Earth and Yttrium Geochemistry of Bahamian Bulk and Core Sediments

Redox-sensitive proxies REY, U, Mo, and V have different mechanisms which affect
their accumulation and distribution in sediments. In terms of REY, rare earth elements
consist of fourteen elements forming the Lanthanide series. Y is often included with REEs
(hence REY) due to its similar chemical properties to Ho. The oxidation state of REY
(typically +3), ionic radius, and other chemical properties, result in predictable distribu-
tions in oceans and sediment [37,38]. REEs are supplied to the ocean by riverine input,
hydrothermal vents, or through eolian dust, and removed through particle scavenging to
the sediments [38,39]. Hydrothermal vents and riverine input carry flat shale-normalized
patterns. Once freshwater interacts with saline waters; however, patterns quickly acquire
seawater characteristics with negative Ce anomalies and HREE enrichments (low Ce/Ce*
and NdSN/YbSN ratios) [38]. Ce is unlike other REEs in that it occurs naturally in a 3+
or 4+ valance state, and can be readily removed to the sediment in the oxidized Ce(IV)
state [37,39]. This results in a negative Ce anomaly in oxidized oceans and can be used to
track redox conditions.

The PAAS-normalized REE’s express slightly negative Ce anomalies in cores 1 through
3 and grab samples (Figure 4) consistent with seawater values [37,40–42]. Y/Ho ratios are
~50–60 for these samples signifying little to no detrital input, as expected in Bahamian
samples [40].

Previous work has shown Light REE’s (LREEs) are enriched in Bahamian soils due
to aeolian dust input; however, there is no significant LREE enrichment, as reflected in
NdSN/YbSN ratios of ~2 in cores 1 through 3 and grab samples, suggesting that the REE
contribution from terrestrial soils are minimal in these samples [14]. The seawater-type
distribution of REYs and lack of covariation among diagenetic-sensitive elements suggests
that seawater REY values are preserved in cores 1, 2, and 3 (Figures 4 and 5). This indicates
that REY values are not significantly impacted, even during diagenesis under reducing
pore water conditions, consistent with previous studies of REE incorporation into carbonate
sediments [43,44].
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Core 4 and Page Creek have REY distributions unlike those of the remaining samples.
Core 4 and Page Creek samples show no Ce anomaly (Figure 4), moderate HREE enrich-
ment, and decreased Y/Ho ratios. The decreased Y/Ho ratios suggest increased terrestrial
input which is consistent with stable isotope data, positive correlations between Al, Mn,
and Fe, and high Al, Mn, and Fe concentrations (Figure 5). Thus, there is evidence for clay
leaching in core 4 and Page creek data which may impart increased ΣREY, lower Y/Ho,
and flatter REY profiles in carbonate leaches [39].

4.3. Paleoredox Applications
4.3.1. Uranium Sequestration

Authigenic accumulation of U can be partly controlled through BSR reactions as
sulfate-reducing organisms can gain energy for growth by electron transport to U(VI) [45].
This process for authigenic U accumulation is confirmed to be a driving factor for authigenic
U accumulation in the exchangeable phases, where authigenic U accumulates, through
negative covariation of U and δ34S in cores 1, 2, and 3 (Figure 7). Core 4 shows no
covariation between U and δ34S, as a result of the meteoric induced dolomitization in which
oxic waters flushed through the sediment, re-oxidizing and mobilizing authigenic U [46].
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The accumulation of U downcore in cores 1 and 3 in the exchangeable phases, along
with reducing pore water conditions conducive to precipitation of mononuclear U(IV),
suggests an authigenic accumulation of mononuclear U(IV). The remaining chemical phases
sum to a concentration of U between ~3 and 5 ppm, similar to primary precipitates [8],
indicating authigenically accumulated U is quantitatively removed in the first sequential
extraction phase.

Reduction of U(VI) to U(IV) provides the largest known natural fractionation of
238U/235U, making it a potentially valuable proxy for ocean redox conditions [5,6,8]. Due
to the long ocean residence time of U (~350 ka) compared to ocean mixing timescales
(~1.5 ka), the composition of open seawater should theoretically reflect the globally uniform
238U/235U values of a given time and give a global view of redox conditions [47]. While
primary precipitates incorporate the 238U/235U values of seawater, early diagenesis imparts
an authigenic signature creating a bulk heavier 238U/235U value of 0.2–0.4‰ with depth and
suggests an authigenic accumulation of isotopically heavy U downcore [10]. Until recently,
authigenic accumulations of U were generally thought to be the product of microbial or
chemical reduction and take the form of uraninite, though uraninite is rarely found in
nature [8,25,26]. Others have also demonstrated little isotope fractionation of U isotopes in
primary carbonate precipitates [48–50].

Isotopically heavy U may precipitate under reducing conditions [5,51,52]. An authi-
genic accumulation of non-crystalline U(IV) in reduced pore waters could contribute a heav-
ier isotopic signature to bulk carbonate values, consistent with previous observation [8].
Thus, instead of applying a correction factor to δ238U values of carbonates [8,53,54], it
may be more effective to chemically remove mononuclear U(IV) using sodium bicar-
bonate and authigenically precipitated carbonate in order to isotopically analyze the
remaining sediment.

Estimates for δ238U values of the isotopically heavier mononuclear U(IV) are possible.
Assuming that non-authigenic U records δ238U values of seawater and any increase above
that is due to authigenic enrichment in the exchangeable phases, a two end-member mixing
equation can be set up.

δ238Ubulk = δ238Uexchange ∗
(

fexchange

)
+ δ238Ubulk−exchange ∗

(
1− fexchange

)
where:

fexchange =
U ppm f rom exchangeable phase
Sum o f U ppm f rom all phases

δ238Ubulk is the isotopic composition of the bulk sediment, including all phases.
δ238Ubulk-exchange is the isotopic composition of the non-authigenic material, presumably repre-
senting the seawater composition. Using δ238Ubulk values from [8] and setting δ238Ubulk-exchange

to that of seawater (−0.4‰), δ238Uexchange ranges from 0.03–0.63‰ (average 0.31‰, stan-
dard deviation 0.15 ‰) in cores 1 and 3 where authigenic enrichment is observed. Slightly
higher δ238Uexchange values of 0.89–1.86‰ (average 1.36‰, standard deviation 0.36‰)
would be required in core 2 where very little U is measured. This range is similar to that
proposed by [8] (0.6–1.2‰) and consistent with studies of δ238U fractionation in reducing
environments [5,8,51,52,55], suggesting that it may be possible to remove the authigenic
diagenetic overprint through sequential extraction yielding a more reliable estimate of
the uranium isotopic composition of seawater. The above calculations are based on sam-
ples from the original U isotope work in The Bahamas [8], ensuring a direct comparison.
However, more recent work in that area are consistent with these values and magnitude of
isotope offsets [56,57].

4.3.2. Molybdenum Sequestration

Mo, as with U, has a long residence time in the open ocean (~700 ka) with respect to
ocean mixing time, making it additionally an attractive proxy for potentially recording
a globally integrated redox state [58]. Many studies have demonstrated molybdenum’s
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utility in black shales in which Mo may be quantitatively removed [59–61]. However,
black shales do not constitute all of geologic history and may be biased towards restrictive
epicontinental seas [62]. Furthermore, it is difficult to prove quantitative removal of Mo
which is necessary for obtaining reliable seawater value estimates [60,63,64]. Mo isotopic
signatures may be otherwise preserved in carbonate sediments [7,65,66], with little Mo
isotope fractionation, during Mo incorporation into calcite [67]. However, authigenic Mo
accumulations may be isotopically light and result in bulk values shifting away from
seawater [9].

Mo concentrations, as with U, are higher in shallow Bahamian sediment than the pri-
mary precipitates that make up the sediment based on the results of the grab sample—core
comparison. Mo concentrations are variable in the sediment cores (<0.1–30 ppm), while mod-
ern primary skeletal and non-skeletal precipitates are generally lower (0.005–0.17 ppm) [7,9].
Although a large percentage of the total concentration of Mo is soluble in the exchangeable
phases of the sequential extraction (Figure 6), carbonate phase Mo concentrations in cores
1, 2, and 3 are similar to those of primary precipitates (~0.1 ppm) and is generally constant
downcore. The similarities in Mo concentrations between the carbonate phase of cores 1, 2,
and 3 and primary precipitates, in addition to consistent downcore carbonate phase Mo
concentrations, suggests that the carbonate phase may retain Mo which coprecipitated with
primary precipitates.

Core 4 incorporates progressively more Mo with depth, primarily into the exchange-
able phases, but also into carbonate, oxide, and organic phases. As stable isotopes and
REY patterns have shown, core 4 experiences a high terrestrial influx, effecting the preser-
vation and uptake of trace metals. While much of the total Mo abundance occurs in the
exchangeable phases, it is unlikely that remaining phases of core 4 consist only of Mo from
primary precipitates as the concentration is much higher (~3–5 ppm) than those measured
in primary precipitates.

Authigenic enrichment of Mo is mediated by the amount of free H2S in the pore
waters produced through BSR [68]. As such, excluding an anomalously low Mo value
in core 4 (3.3 ppm Mo at depth 28 cm), Mo and δ34S negatively correlate with an R2 of
0.47. Similarly, using H2S data from [8], Mo and H2S correlate slightly better with an R2

of 0.61, suggesting H2S accumulation is driving authigenic Mo accumulation in core 4.
The remaining cores generally have poor correlations within themselves. However, when
considering all the cores together in a net capacity, exchangeable Mo and δ34S negatively
correlate (excluding the anomalous core 4 value). The net correlation of Mo and δ34S
between all cores suggests that more intense BSR enhances authigenic Mo accumulation
across the different depositional environments in the present study.

A “switching” point of 11 µM porewater H2S, after which MoO4
2− is rapidly con-

verted to MoS4
2−has been previously proposed [69]. Further studies and modelling have

suggested a step-wise conversion of MoO4
2− to MoS4

2−, with a series of intermediates,
MoOxS4−x

2−, and associated isotopic fractionations [9,60,70]. Sediments in which there
is a quantitative conversion of MoO4

2− to MoS4
2− are thought to capture seawater Mo

isotopic compositions, though it is unclear if shallow sediments (such as those found in
The Bahamas) are capable of such conditions [9,60,63,70,71]. Alternatively, non-skeletal
carbonate primary precipitates preserve seawater Mo isotopic values [7] with little Mo
isotope fractionation during Mo incorporation into calcite [67]. By chemically removing
the authigenic Mo fraction in bulk sediment through sequential extractions, it may be
possible to mitigate the complexities of stepwise Mo fractionation occurring in pore waters
and capture original seawater isotopic values in the non-exchangeable phases. Since the
majority of bulk sediment Mo is found in the exchangeable phases (~50–85%), a mass
balance of non-exchangeable phases could result in a wide range of isotopic values and
requires further study to determine the potential for directly recording seawater values.
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4.3.3. Vanadium Sequestration

The large fraction of V in the exchangeable phases suggests that free H2S in pore waters
drives the uptake of V, similarly to Mo. V may be taken up in organic complexes as well as
hydroxides, thus the presence of organics in these cores may aid in V uptake. In core 1, V
concentrations increase sharply with depth below ~15 cm in the exchangeable phases while
Mo concentrations remain relatively constant. The differing behavior between exchangeable
phase Mo and V concentrations indicate that Mo may have been quantitatively removed
from pore waters. Quantitative removal of Mo from pore waters is additionally evidenced
by decreasing δ98Mo in the lower 20 cm of core 1 [9]. In core 4, a decrease in V in the
bottom 16 cm can be explained by removal by flushing of oxic waters similar to the removal
of U. While V concentrations are low in all cores (up to 12 ppm compared to average
carbonates of 20 ppm) the increase with depth in the exchangeable phases and covariation
with Mo suggests a redox-controlled uptake in The Bahamas sections [72]. Similar to
the net correlation between exchangeable Mo and δ34S across all cores, exchangeable V
and δ34S also show a negative correlation across all cores with an R2 of 0.68 (excluding
two anomalous high V values from core 1 and V values from the bottom 16 cm of core 4).
This likewise suggests a large control of BSR on authigenic V accumulation across different
carbonate depositional environments.

4.4. U, Mo, and V Accumulation in Authigenic Carbonates

Results reported in the above sections indicate authigenic carbonate precipitation,
associated with increased BSR in some sediment samples partially evidenced by decreasing
δ13Ccarb beginning when δ34S decreases below 0 (Figure 7). Similar trends are seen between
the carbonate phase of redox-sensitive trace elements (U, Mo, and V) and δ34S where
U, Mo, and V concentrations increase when δ34S decreases below 0. Increased U, Mo,
and V concentrations when δ34S < 0 indicates euxinic environments appear to precipitate
authigenic carbonate which incorporates these elements and is indicative of a switch point
threshold for the beginning of intense trace metal sequestration resulting from intense
sulfate reduction. This seems most significant for Mo and V, which show concentrations 6x
larger in sample where δ34S < 0 than in samples where δ34S > 0. Therefore, measuring δ34S
concurrently with trace metal abundances is a potential screening tool for identifying the
presence of secondary trace metals that were sequestered during syndepositional diagenesis
which may obscure the primary seawater signature of the carbonate sediments.

4.5. Screening for Primary Geochemical Signals

Tidal flat sediments measured in core 2 lacked overlying vegetation and have low
TOC (~0.2%), which indicates little organic matter input. Any organic matter that is input
into the environment is quickly remineralized due to repeated reoxygenation that allows
for more sustained aerobic respiration which is thermodynamically more favorable and
kinetically faster than anaerobic respiration. BSR occurs further below the sediment-water
interface (depths > ~10 cm as indicated by measured pore water H2S; [10]), though at a
lower rate (relatively low H2S and high δ34S) than other depositional environments in this
study supposedly due to lower TOC content. Periodic flushing of oxidized water and a
low influence of BSR prevent accumulations of high U, Mo, and V concentrations in the
exchangeable phases. Low amounts of BSR also prevent significant incorporation of U, Mo,
and V in authigenic carbonates. Periodic flushing also does not alter the REY signature of
the carbonates and suggests that the combined isotope and organic geochemistry indicate
primary signatures.

Alternatively, cores from the slightly deeper, subtidal regime (cores 1 and 3) have
elevated TOC with respect to the tidal flat (~0.8%). Pore waters are more reducing (elevated
pore water H2S with respect to tidal flat; [8]) likely due to increased TOC input of mixed
marine and terrestrial sources supported by higher TOC content than the tidal flat and cor-
relation between δ13Corg and TOC. Porewaters are also more insulated from meteoric input
than the tidal flat. The above support the sulfurization of Mo and V and the incorporation
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of reduced U into the loosely bound exchangeable phases as well as accumulation of U,
Mo, and V into authigenic carbonates precipitated in these euxinic conditions. REY values
of the subtidal realm, as with those of the tidal flat, reflect seawater values, suggesting
that despite the conditions of this depositional environment, original seawater values are
preserved in the carbonate phase.

The tidal pond deposits from core 4 have the highest concentration of TOC, the lightest
δ13Corg values representing a large contribution of terrestrial organic input and supporting
the most significant amount of BSR. The pond concentrates terrestrial input, unlike the
other settings investigated, evidenced by elevated total Fe concentrations. Windblown
dust supplies Fe to the surrounding island, as runoff carries it into and concentrates in
the pond. The tidal pond study section has two distinct geochemical signatures. In the
top 14 cm, bacterial respiration in the pore waters drive reducing conditions allowing for
the sulfurization of Mo and V and the incorporation of reduced U into the loosely bound
exchangeable phases as well as trace metal accumulation in authigenic carbonates, similar
to enrichments seen in the subtidal flat. In contrast, in the lower 16 cm of core 4, flushing of
oxic waters remobilized U and V, decreasing concentrations in the exchangeable phases with
respect to the overlying 14 cm while Mo is still incorporated into the exchangeable phases
during early diagenesis. High BSR supports a significant accumulation of U, Mo, and V
into authigenic carbonates. REY distributions record an increase in terrestrial input (Y/Ho
and Ce anomalies) and do not represent open marine pristine seawater conditions. Samples
from Rawlins Creek and Page Creek possess similar geochemical signatures to core 4, but
TOC values are missing and therefore a direct comparison is not possible. However, both
of Rawlins and Page Creek originate from areas that drain enclosed shallow nearshore
areas containing a high abundance of mangrove vegetation. The abundant mangrove
vegetation may supply sediments in Rawlins and Page creek with substantial amounts
organic carbon, relative to other sediments from intertidal flats, which would better facilitate
the development of sulfate-reducing conditions. Overall, carbonate environments subject
to enhanced organic matter and/or terrestrial mineral input are inadequate archives for
reconstructing Earth history due to the accumulation of authigenic U, Mo, and V under
BSR conditions, as well as the alteration of REY distributions by terrestrial mineral input.

5. Conclusions

In the shallow modern Bahamian cores of the present study, syndepositional diagenesis
produces variable authigenic accumulation of U, Mo, and V depending on the intensity
of BSR and, therefore, the depositional environment. While environments which receive
little input of organic carbon are not subject to authigenic trace metal enrichments, such
as the intertidal flat in the present study, environments which receive enhanced inputs of
organic carbon may develop conditions which allow for accumulation of authigenic U, Mo,
and V. Higher TOC in subtidal flat and tidal pond sediments allow for the development of
sulfate-reducing conditions and precipitation of authigenic carbonate minerals, driving the
authigenic uptake of U, Mo, and V in exchangeable and carbonate phases of the sediments.
Diagenetic alteration by meteoric waters, however, may lead to removal of exchangeable
phase U and V while authigenic enrichments of U and V in the carbonate phase remain.

While cores which experienced intense BSR yielded authigenic trace metal accumu-
lation, PAAS-normalized REY values in many sediments reflect seawater characteristics,
regardless of specific diagenetic circumstances. Cores with Y/Ho ratios indicative of
a lack of terrestrial REY influence (~50–60) retained negative Ce anomalies (typical of
oxidized seawater) and HREE enrichment. In restricted terrestrially dominated environ-
ments, REY values show evidence of terrestrial influence such as lower Y/Ho ratios (~44).
Additionally, restricted terrestrially dominated environments possess more positive Ce
anomalies, indicative of a near shore restricted environment or reducing waters at the time
of carbonate precipitation.

Geochemical data presented from the depositional environments in the present study
therefore suggest the following: (1) sulfate-reducing conditions in carbonate sediments may
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yield subsequent authigenic accumulations of U, Mo, and V and alter their viability as paleo-
redox proxies and (2) PAAS-normalized REY values may retain seawater characteristics in
varying diagenetic environments given the absence of significant terrestrial mineral input.
Care should therefore be taken to ensure carbonates analyzed in future paleo-redox studies
were not subjected to authigenic trace metal accumulation or authigenic accumulation
should otherwise be accounted for. Additionally, future paleo-redox studies which involve
analysis of carbonate REY distributions should ensure distributions are not significantly
affected by terrestrial mineral input.
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