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ABSTRACT: Bulk concentrations of PTEs (potentially toxic elements) were assessed and compared with foraminiferal assemblages
from core sediments from TL (Torrecillas Lagoon), on the north coast of Puerto Rico. Temporal distributions of mud, Fe, Al (proxy for
terrigenous sedimentation), and rhenium (proxy for anoxia) reflected changes in land use within the drainage basin associated with hu-
man activities over the past century. The mud-dominated sediments provided a major “sink” for PTEs, while Fe oxides and sulfides
served as a secondary “sinks”. Temporal variability of Re revealed intervals of aerobic vs anaerobic conditions in the lagoon. The domi-
nant foraminiferal taxa, Ammonia beccarii, Quinqueloculina rhodiensis, Quinqueloculina seminula, and Ammobaculites agglutinans,
coupled with low foraminiferal densities and species diversities, as well as barren samples, are characteristic of stressed estuarine envi-
ronments. Overall bulk concentrations of Cu and Zn negatively correlated with foraminiferal absolute/relative abundances, diversity in-
dices and incidences of test deformities. However, there are no correlations with the assumed bioavailable counterparts (F2Tess-Cu and
F2Tess-Zn) were observed. These results indicate that fractionation of PTEs need to be considered in relation to their biological signifi-
cance to foraminiferal ecology, which may differ substantially from bioavailability to metazoans that ingest sediments. The application
of the acid-soluble F2Tess is not recommended in environmental studies using foraminifers as bioindicators, as PTEs in this fraction are
likely not bioavailable to these protists.

Keywords: Heavy metals, Foraminiferal Ecology, Fractionation, Bioavailability, Hypoxia

INTRODUCTION

Estuaries are unique ecotones that provide habitat for numerous
organisms, as well as ecosystem services including nursery and
feeding grounds for developmental stages of neritic and coastal
marine species. Unfortunately, in addition to natural stressors,
these coastal ecotones receive copious amounts of pollutants as
a consequence of industrialization and coastal urbanization
(Balachandran et al. 2006; Zitello et al. 2008; Seshan et al.
2010; many others). Numerous studies worldwide have as-
sessed estuarine resiliency in response to stressors such as sew-
age (Abu-Zeid et al. 2013) and PTEs (Martínez-Colón et al.
2009, 2018). Estuarine environments are well known as sinks of
PTEs, organic pollutants, and more recently, microplastics
(e.g., Ling et al. 2017; Sharma and Chatterjee 2017). In addi-
tion, PTE (re)mobilization and potential bioaccumulation are
dependent upon solubility in seawater, salinity, type of organic
matter among other factors (e.g., Martínez-Colón et al. 2009).
The impacts of PTEs on macro-/microbiota are highly depend-
ent on bioavailability, concentration, and duration and timing of
exposure (Pinto 2003). As PTEs have long lasting effects on the
overall health of an estuary, they impact the diversity and abun-
dance of benthic foraminifers (Yanko et al. 1998; Martins et al.
2015), thereby providing useful bioindicators of such pollution.

The TL (Torrecillas Lagoon) in northern Puerto Rico is influ-
enced by many point and nonpoint sources of pollution (e.g.,
sewage discharge, boat marinas, etc.) (text-fig. 1). Several stud-
ies have characterized and documented the presence of PTEs in
sediments, water or tissue samples (fish, clams, etc.) along with
anoxic conditions, high fecal coliform counts and excess of nu-
trients (Ellis and Gómez-Gómez 1976; Ellis 1976; Webb and
Gómez-Gómez 1998; SJBE 2000; SJBE 2009; Martínez-Colón
and Hallock 2010; and Martínez-Colón et al. 2018). Only two
studies have documented organic pollutants (e.g. PCBs, Diel-
drin, etc.) from surface and core sediments of TL (San Juan Bay
Estuary 2000; Webb and Gómez-Gómez 1998). For example,
Vistamar, Villa Carolina, and Round Hills sewage treatment
plants discharged into Quebrada Blasina until 1986, when the
effluents were redirected towards the Carolina Regional Sew-
age Treatment Plant (SJBE 2000). Raw sewage from the
Vistamar collection system occasionally reaches TL due to
overflow (SJBE 2000).

Ecological indicators allow assessment of environmental condi-
tions and trends over time (Dale and Beyel 2001). Bioindicators
of environmental stress in estuarine environments can be very
useful in identifying sources of pollution (Pinto et al. 2009;
Bouchet et al. 2012; Emrich et al. 2017). Over the past 50 years,
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benthic foraminiferal assemblages have been used as pollution
bioindicators (Martínez-Colón et al. 2009; Schönfeld et al.
2012; Sen Gupta 2013). Benthic foraminifers are sensitive to
spatial/temporal environmental changes and their relatively
rapid responses make them excellent sentinel organisms of pol-
lution (e.g., Alve 1995; Martínez-Colón et al. 2009). For exam-
ple test deformities are a biological response to stress. These
deformities can be attributed to the incorporation of Cu+2 and
other PTEs during biomineralization by potentially changing

the crystalline structure of CaCO3 (calcite) into other forms of
the mineral (e.g., malachite). Moreover, benthic foraminifers,
with inherently high surface-to-volume ratios, are potentially
susceptible to PTE exposure associated with contaminated sedi-
ments and porewaters.

Changes in temperature, salinity, DO (dissolved oxygen), pH,
sediment input, dissolved nutrients and organic carbon sources,
and other natural and anthropogenic parameters influence
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TEXT-FIGURE 1
Core sites in Torrecillas Lagoon (TL): TLCI07 and TLCI09. Insert: black arrow points to study area on the island of Puerto Rico.
Red: dredging. Faded yellow: dredge spoil fill (from Ellis, 1976). Adapted from Martínez-Colón et al. (2018).



foraminiferal assemblages (e.g., Martínez-Colón et al. 2009;
Mateu-Vicens et al. 2014; Yanko et al. 2017). In estuarine envi-
ronments in Puerto Rico, benthic foraminifers were first used as
bioindicators of pollution by Seiglie (1968, 1971, 1974). In TL
only three studies have previously assessed foraminiferal as-
semblage distributions and the dominance of Ammonia becarii
and Quinqueloculina rhodiensis and their deformities as re-
sponse signals of excess organic matter and PTE pollution cou-
pled with sub- to anoxic conditions (Seiglie 1975b;
Martínez-Colón and Hallock 2010; Martínez-Colón et al.
2018).

This research investigated the use of benthic foraminiferal as-
semblages as bioindicators of PTE pollution coming from sedi-
ment cores collected in TL. The objectives were to determine
the distribution and bioavailability of PTEs in the cores to as-
sess their influence on the temporal distributions of benthic
foraminifers.

METHODOLOGY

Location

The SJBE (San Juan Bay Estuary) system, the largest estuary in
Puerto Rico, comprises ~240 km2 of land (drainage basin), of
which 25 km2 are submerged (Webb and Gómez-Gómez 1998).
The SJBE system consists of semi-enclosed bays, lagoons, and
natural and dredged channels (Martínez-Colón et al. 2018).
Within the eastern subtidal portion of the SJBE system
(text-fig. 1), TL has an average depth of 2.4 m and is influenced
by sources of normal marine, fresh, and brackish waters
(Gómez-Gómez et al. 1983).

The semidiurnal tidal range of TL is approximately 0.60 m
(Bunch et al. 2000). The tidal regime has been impacted by
dredging activities, resulting in increased residence times and
increased volume of 110% compared to pre-dredging condi-
tions (Ellis 1976). In several areas in TL, anoxic conditions
(>3.5 m water depth), a well-defined halocline (1–2 m) and
thermocline (0–6 m), and waters corrosive to CaCO3 (>5 m;
pH<7.4) have been documented (Martínez-Colón et al. 2018).

These stratifications are attributed to disruption of circulation
by dredging (Ellis 1976; Martínez-Colón et al. 2018), which im-
pedes mixing and diffusion of oxygen, allowing slightly deeper
areas to serve as “nutrient traps” (Ellis 1976). The average sur-
face-water salinity (27 PSU), pH (7.9), temperature (32°C), and
DO (6.9 mg/L) were recorded at the time of surface-sediment
sampling describe by Martínez-Colón et al. (2018). Highest sa-
linity (35 PSU) was recorded in the NE sector, while the lowest
DO (0.6 mg/L) values were found towards the SE section of the
lagoon.

Field Sampling

Sediment push cores (43–57 cm) were collected during sam-
pling trips in June 2007 (TLCI07: 18°26’22”N, 65°58’59”W;
1.4 m water depth) and June 2009 (TLCI09: 18°26’52”N,
65°58’35”W; 12 m water depth) (text-fig. 1). Acid-washed
polycarbonate core liners (10 cm diameter) were used to collect
sediment cores. To minimize potential disturbances of sedi-
ments within the core barrel, excess tubing without sediment
was removed. The top of the core was capped as close as possi-
ble to the sediment surface. Within three hours after collection,
cores were frozen at -4°C. A YSI-probe was used to determine
in situ water column temperature (°C), pH, salinity, and DO
(mg/L) profiles during field sampling.

Laboratory Sample Preparation

Sediment Samples

Frozen cores were X-rayed to identify sediment stratification,
structure, and potential bioturbation. The cores where subse-
quently thawed, extruded, placed into acid-washed (10% HCl
solution) plastic Nalgene© containers, frozen, and subsequently
freeze dried and subsampled. The following analyses were con-
ducted on all subsamples: grain size, TOC (percent total organic
carbon), CO3 (percent carbonate content), bulk sediment PTE
concentrations, and bioavailable PTE concentrations in the mud
fraction. In this study, what is reported as “bioavailable”
(F2Tess-Cu, F2Tess-Zn, F2Tess-Fe) was the F2Tess-CO3 fraction
based on operational “bioavailability” and defined as the second
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TEXT-FIGURE 2
Composite x-ray radiographs of cores TLCI07 and TLCI09.



most bioavailable fraction by Tessier et al. (1979). For sedimen-
tation rates and dating, sampling resolution was 0.5 cm for the
first 5 cm (Pb/Cs dating) and 2 cm intervals thereafter.

Grain size, TOC, CO3, bulk and bioavailable PTE concentra-
tions were analyzed following the protocols described in detail
in Martínez-Colón et al. (2018). In summary, subsamples were
wet sieved over a 63 µm mesh (assess mud-size sediments by
weigh difference) and dried followed by standard sieving for
grain size analysis. Units are expressed in phi (Ö). For TOC and
CO3, subsamples were analyzed by titration using a UIC Car-
bon Coulometer. For bulk PTE analyses, subsamples were sent
to ACTLABS Laboratories Inc. (www.actlabs.com) in Canada
for preparation and geochemical analysis (ICP-MS) of Cu, Zn,
Ni, Pb, As, Li, Se, Fe, Mn, V, Re, and Al. For the acid-soluble
concentrations of F2Tess-Cu, F2Tess-Zn, and F2Tess-Fe,
subsamples were analyzed by Atomic Absorption Spectros-
copy.

Radiometric dating was achieved by measuring 210Pb via
gamma spectrometry and applying the CRS (Constant Rate of

Supply) model which takes into account excess 210Pb and sedi-
ment mass from each interval to determine mass accumulation
rates and ages (Appleby 2001). This model is ideal in shallow
systems such as TL where 210Pb-supply is dominated by atmo-
spheric input (Appleby 2001). For a detailed account of the pro-
cedures and instruments used for sample preparation and
gamma counting, see Breithaupt et al. (2014) and Smoak et al.
(2013).

Foraminiferal Samples

Subsamples of sediment were analyzed for total foraminiferal
assemblages following the protocols described in Martínez-
Colón et al. (2018). Freeze-dried sediment subsamples (sedi-
ment mass range 3.0–4.6 g [TLCI07]; 2.7–10.6 g [TLCI09])
were wet sieved (63 µm mesh) to remove clay particles and then
dried at 50oC. Well preserved foraminiferal tests were picked
until 160–300 individuals were counted. Specimens were iden-
tified using the generic taxonomy established by Loeblich and
Tappan (1987) and to species level when possible, following
Poag (1981) and Seiglie (1971, 1975a,b). The relative abun-
dances of the dominant species assemblage were calculated as
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TEXT-FIGURE 3
Vertical distributions of Mud (percent mud), TOC (percent total organic carbon), and CO3 (percent carbonate) in cores TLCI07
(A–C) and TLCI09 (D–G). Light gray bar: higher terrigenous influence. Dark gray bar: anoxic conditions.



the number of tests of each species divided by the total number
of specimens in the subsample (ARA- Ammonia beccarii;
QRA- Quinqueloculina rhodiensis; AmRA- Ammobaculites
agglutinans; and QsRA- Quinqueloculina seminula). Absolute
abundances for all the species refer to number of tests per gram
found in a subsample.

Data Analysis

For diversity indices and statistical tools, the protocols de-
scribed by Martínez-Colón et al. (2018) were implemented. In
summary, the parameters assessed include: (1) S (Species rich-
ness); (2) FD (Foraminiferal Density); (3) H(S) (Shannon In-
dex); (4) E (Equitability Index); and (5) DF (Deformed
Foraminifers). Hierarchical cluster analysis was performed on
foraminiferal data, after adjustments for distribution and trans-
formations (fourth-root) to determine ecological assemblages
as described in Martínez-Colón et al. (2018).

The PTE data were assessed following the protocols of
Acevedo-Figueroa et al. (2006) for EF (enrichment factor):

EF = ([M]i / [E]i)sediment / ([M]r / [E]r)earth’s crust

Where Mi is the PTE concentration and E is the concentration of
the normalizing element (Al) in sediment; Mr and Er are the PTE
and normalizing element (Al) concentrations in the Earth’s
crust. Although Abrahim and Parker (2008) demonstrated the
utility of using the pre-industrial concentrations of the normal-
izing element from the studied area, our temporal data in both
cores were not sufficiently clear to assign a local baseline of
pre-industrial values for Al. For this reason, the PTEs were nor-
malized for the average Al concentration found in shales, which
are considered a world-wide standard reference guide for unpol-
luted sediments (Ekengele et al. 2008).

The EF index determines the relative incorporation of PTEs into
the sediments. Values calculated represent the number of times
the concentration of the PTE is above background level
(Green-Ruíz et al. 2005). Values of EF <1 show “no enrich-
ment”; 1–3 “minor enrichment”; 3–5 “moderate enrichment”;
5–10 “moderate severe enrichment”; 10–25 “severe enrich-
ment”; 25–50 “very severe enrichment; and >50 “extremely se-
vere enrichment” (Acevedo-Figueróa et al. 2006).

Pearson correlation analysis was performed using PRIMER© (v.
6) statistical software (Clarke and Gorley 2006) to determine if
any significant trends were found based on log-transformed
data (Parker and Arnold 1999). Pearson correlation analyses in-
cluded mud, TOC, and CO3, bulk PTE concentration,
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TABLE 1
Depth, percent CO3 (carbonate) and TOC (percent total organic carbon) for all samples.



F2Tess-bioavailable copper (F2Tess-Cu), zinc (F2Tess-Zn), and
iron (F2Tess-Fe) concentrations, foraminiferal species absolute
and relative abundances, S, FD, H(S), E, and DF.

RESULTS

Core Description

Core TLCI07, with a maximum length of 43 cm, was collected
at a water depth of 0.65 m. A radiograph image of the core re-
vealed four distinctive sedimentary “units” (text-fig. 2). The
lower facies, which represent anoxic conditions, and consists of
three units: Unit 1, observed between 43–35 cm, consisted of
non-laminated sediments; Unit 2 is an oyster-shell layer be-
tween 35–25 cm depth; and Unit 3 consisted of a layer of oyster
shell fragments in plastic clay at the 25–19 cm depth interval.
The upper facies, which represent oxic conditions, consists of
Unit 4 which is a layer of shell fragments mixed with mud be-
tween 19–0.5 cm.

Percent mud fluctuated between 33–68% between 43–19 cm
depth (text-fig. 3a). From 19 cm upward, a consistent increase
was observed, peaking at 86% at 9 cm depth, decreasing to 47%
above that maximum. The highest TOC was 10.1% at 39 cm
(Table 1), decreasing four-fold from core-base to core-top
(text-fig. 3b). The CO3 fraction varied from 6–36% (Table 1),
with highest percentages in the lower facies where oyster shell
fragments were visually dominant (text-fig. 2), with lower per-
centages above 30 cm depth in the core (text-fig. 3c).

Core TLCI09, with a maximum length of 57 cm, was collected
at a water depth of 12 m. A radiograph image of the core
showed two distinctive sedimentary “units”. The lower facies
consisted of laminated sediments between 53–33 cm (Unit 1).
The upper facies consist of Unit 2 which is comprised by
non-laminated sediments although this could be an
overexposure artifact of the radiograph due to excess ice that
masked laminations. Based on PTE, TOC, and CO3 distribu-
tions, two distinct intervals are observed between 33–19 cm (in-
termediate) and 19–0.5 cm (upper).

All samples were mud dominated. The variability was minimal
(77–100%) through most of the core (text-fig. 3e). Below 43
cm, mud was somewhat more variable. The TOC values ranged
from 1–10% (Table 1) with values as low at 1% in the 35–19 cm
depth interval, and values of ~6% at both the core base and core
top (text-fig. 3f). The CO3 was consistently <6% (Table 1,
text-fig. 3g).

Only Core TLCI09, sampled on May 22, 2009, provided reli-
able sedimentation rates and ages. Calibrated dates for the core
ranged from 2009 (0–0.5 cm interval) to 1908 (23–25 cm inter-
val), with average mass-sedimentation rate of 124 mg/cm2-yr
(text-fig. 3d). Due to possible bioturbation, no earlier ages were
determined. All raw data and calculated dates are presented in
Appendix A (supplemental material).

Potentially Toxic Element Distribution in Sediments

Twelve PTEs were assessed for bulk concentrations. Only Cu,
Zn, and Fe were considered for bioavailability, since Cu and Zn
previously have been correlated with foraminiferal assemblage
changes in field and culture studies; Fe was selected due to its
significance as a redox indicator.

Raw data for all core samples (TLCI07 and TLCI09), including
their respective EF and bioavailable concentrations, are found
in Appendix B (supplemental material).

Torrecillas Lagoon Core TLCI07

Temporal distributions of PTEs are shown in text-figure 4. Cop-
per, Zn, Ni, Pb, Li, Fe and V all showed peaks in the 3–19 cm
core interval, consistent with the highest mud and Al (text-figs.
3a and 4l). Other noticeable trends include in the stratigraphic
distribution of As, Se and Re, with peaks at ~35 cm depth
(text-figs. 4e, 4g, and 4k), which were consistent with TOC
(text-figs. 3b). Manganese generally increased from core-base
to core-top (text-fig. 4i).

The ERL (Effects range low) criteria, as defined by Long et al.
(1995), were only available for Cu (34–270 ppm), Zn (150–410
ppm), Ni (20.9–51.6), Pb (46.7–218), and As (8.2–70) (text-fig.
4). Copper and As were both consistently above the ERL con-
centrations, Zn and Pb were below, and Ni exceeded the defined
ERL at its peak in the 3–19 cm depth range.

Relative to EF, Ni and Li show “no enrichment” while other
bulk PTE concentrations indicated “minor enrichment” of Cu,
Zn, V, Fe, Mn (text-fig 5). Selenium and As decreased upcore.
Their concentration range from “moderate-severe enrichment”
to “no enrichment” from 43–11 cm. A rapid increase towards
“moderate-severe enrichment” and “minor enrichment” of As
and Se, respectively (text-fig 5) occurred from 11–0.5 cm. From
core-base to core top, Pb distribution reveal “no enrichment”
except for a spike to “moderate-severe enrichment” at 2.5 cm.

Aluminum concentrations range from 3.7–6% below 19 cm
depth in the core (text-fig. 4l). A consistent upcore increase
from 19 cm reaching a maximum value of 9.7% at a depth of 11
cm is observed. Its concentration decreases to 3.7% at a depth of
3 cm. The concentrations of Re range from 0.009–0.081 mg/kg
(text-fig. 4k). The overall distribution trend of Re throughout
the core (base: 0.05 mg/kg; top: 0.02 mg/kg) was similar to that
of TOC, As and Se, but opposite to Mn and V. As a conservative
element in the oceans, Re concentration in sediments increases
when sequestered by organic material. In this study, Re was
used as an indicator of anoxic conditions.

Acid-soluble fractions of only three PTEs were assessed to indi-
cate bioavailability, and all revealed similar temporal distribu-
tions. The F2Tess-Cu and F2Tess-Zn had a 10-fold and two-fold
increase in concentrations ranging from 1.50–15.8 mg/kg and
7.93–17.31 mg/kg respectively from core-base to core-top
(text-fig. 4a and 4b). Both acid-soluble and bioavailable PTEs
reached maximum concentrations at 13 cm similar to their bulk
concentration counterparts. The F2Tess-Fe ranged in concentra-
tions between 0.23% (43 cm) and 0.79% (25 cm) (text-fig. 4h).

A Pearson correlation matrix (Appendix C, supplemental mate-
rial) was calculated for the 10 PTEs of concern, including
acid-soluble PTE fractions (F2Tess-Cu, F2Tess-Zn, F2Tess-Fe),
TOC, CO3 and mud. Zinc, Ni, Li, Fe, and V are all significantly
correlated with mud. Copper with a correlation coefficient of
0.35, as compared to 0.37 at 95% confidence, is also weakly
correlated with mud. Arsenic is the only PTE that shows strong
negative correlation with mud. Most PTEs except for As, and Se
are negatively correlated with TOC. None of the acid-soluble
fractions correlated with CO3 or mud. Carbonate content corre-
lated negatively with Pb, Fe and V and positively with As.
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TEXT-FIGURE 4
Temporal distributions of PTEs in core TLCI07. Triangle: F2Tess-Cu, F2Tess-Zn, and F2Tess-Fe bioavailable concentrations. Dia-
monds: bulk PTE concentrations. Light gray bar: interval of higher sedimentation. Dark gray bar: interval of anoxic conditions.
Red line: ERL (Effect range low) values as defined by Long et al. (1995).



Torrecillas Lagoon Core TLCI09

Temporal distributions of PTEs are shown in text-figure 6. Cop-
per, Zn, Ni, Fe, and V (text-figs. 6a–c, 6h, and 6j) reveal similar
strong peaks from ~19–35 cm interval, which are consistent
with the lowest mud and highest Al percentages (3.84–10%)
(text-figs. 3e, 6l). Lithium, Se, and Re declined at the same in-
terval, as did TOC and CO3 (text-figs. 6f–g, 6k, 3f–g). Lead
steadily declined from core-base to 35 cm, then remained con-
sistently low to the core-top while As and Mn showed no
discernable trend except for their highest values being at 19 cm
depth (text-figs. 6d–e, 6i).

Nickel exceeded the defined ERL concentration at its peak in
the 19–35 cm core interval. Relative to EF, the concentrations
of Ni, Li, Mn, As showed “no enrichment” while Cu, Zn, V, Fe,
Se indicated “minor enrichment” (text-fig. 7). Lead decreased
upcore from “moderate enrichment” to “minor enrichment with
“no enrichment” at 19–35 cm depth.

Aluminum concentrations range from 3.8–10% (text-fig. 6l).
Starting at 35 cm depth, consistent increase with a maximum
value of 10% at 31–25 cm depth interval, was observed from
the base of the core at depth 35 cm. The concentration de-
creased to a minimum of 5.27% at a depth of 15 cm. The Re the
concentrations range from 0.0005–0.0170 mg/kg (text-fig. 6k).
A strong decrease in concentration for Re occurred within the
19–35 cm interval, mimicking the pattern of TOC (text-fig. 3f).

The three acid-soluble fractions (F2Tess-Cu, F2Tess-Zn and
F2Tess-Fe) showed very similar temporal distributions resem-
bling that of Al. The F2Tess-Cu range in concentrations from
2–41 mg/kg (text-fig. 6a). The F2Tess-Zn and F2Tess-Fe concen-
trations range from 42–79 mg/kg and 1.05–2.56% respectively
(text-fig. 6b, 6h).

A Pearson correlation matrix (Appendix D, supplemental mate-
rial) was calculated for the 10 bulk PTEs, acid-soluble fractions
of PTEs (F2Tess-Cu, F2Tess-Zn, F2Tess-Fe), TOC, CO3 and mud.
No PTE significantly correlated with mud at the 95% confi-
dence. Except for a negative correlation with Pb, none of the
PTEs significantly correlated with mud at the 95% confidence
intercal. Copper, Zn, Ni, Fe, and V negatively correlated with
TOC and CO3. Lead, Li and Se positively correlated with TOC
and LI and Se with CO3. F2Tess-Zn was the only acid-soluble
bioavailable PTE fraction that is positively correlated with
TOC.

Foraminiferal Assemblages

Torrecillas Lagoon Core TLCI07

From 29 sediment subsamples, 6,893 benthic foraminifers rep-
resenting 12 genera and 21 species were picked and identified
(Appendix E- supplement material). Of the 20 species present
in at least 5% of the subsamples, A. beccarii (4,567 individu-
als), A. agglutinans (574 individuals), Q. rhodiensis (464 indi-
viduals), Elphidium discoidale (352 individuals), and Trilocu-
lina sp. (261 individuals) were the most abundant taxa across all
samples. None of the other species accounted for 100 individu-
als across all samples.

Text-figures 8a–c show the temporal variability of the relative
abundances of the three most abundant taxa. Ammonia becarii
(ARA) was consistently dominant in the lower facies
(69–89%), increasing somewhat up to 23 cm depth, followed by

a strong decrease to a minimum value of 37% at 2.5 cm.
Ammobacculites agglutinans (AmRA) and QRA show the op-
posite trends, with lows below 23 cm, then increasing towards
the core top. Quinqueloculina rhodiensis was the most abundant
miliolid.

Except for three subsamples devoid of foraminiferal tests, spe-
cies richness ranged from 8–13 species (text-fig. 9a), while FD
was consistently at ~60 tests/g (text-fig. 9b). The trends in di-
versity [H(S)] and DF (text-figs. 9c–d) reflected the trends in
AmRA and QRA, as did the E index to some extent. Deformities
of foraminiferal tests were found in 25 out of 29 samples, occur-
ring in up to 16% of the specimens identified in a sample.
Nearly all deformities were observed in miliolids except for two
samples in which deformed A. beccarii tests were found.

Foraminiferal cluster analysis (Bray-Curtis similarity) revealed
only three clusters. Cluster 1 was the overwhelmingly dominant
A. beccarii, while Cluster 2 was composed of A. agglutinans,
and Q. rhodiensis. Cluster 3 includes other common nearshore
and estuarine taxa.

A Pearson correlation matrix (Appendix F, supplemental mate-
rial) was calculated for the 10 PTEs, including bioavailable ele-
ments (F2Tess-Cu, F2Tess-Zn, F2Tess-Fe), as well as TOC, CO3,
mud, foraminiferal taxa absolute abundances, ecological indi-
ces, relative abundances and percentages of test deformities.
Several genera correlated either positively or negatively with
PTEs and the other sediment characteristics examined, while
none correlated with Fe, V, or TOC. Very weak correlations
were found between the acid-soluble PTEs and foraminiferal
taxa or their ecological indices except for a notable significant
negative correlation with two Elphidium species. Absolute and
relative abundances of A. beccarii positively correlate with Cu,
Zn, Ni, As and Li, and negatively with Pb. Ammobaculites
agglutinans correlate positively with Pb and Mn, and Q.
rhodiensis with Pb. Both species and their percent deformed
tests show negative correlations with Cu, Ni, As, Li and CO3.
Species richness negatively correlated with Pb, while H(S) and
E correlated positively with Pb [H(S) also positively with
TOC], and negatively with Cu, Zn, Ni, and Li [H(S) also nega-
tively with F2Tess-Cu and F2Tess-Fe].

Torrecillas Lagoon Core TLCI09

A total of 33 subsamples examined in the core yielded only 750
foraminiferal specimens, which were picked and identified as
belonging to 13 genera and 23 species (Appendix G, supple-
mental material). Of the 17 species present in at least 5% of the
subsamples, Q. seminula (181 individuals), A. beccarii (174 in-
dividuals), and Q. rhodiensis (139 individuals) were the most
abundant species. None of the other species accounted for more
than 70 specimens across all samples.

Thirteen subsamples, all with very low CO3 values (<3%), were
barren of foraminiferal tests (text-fig. 3g). The low
foraminiferal counts and numerous barren samples produced no
discernable temporal patterns (Appendix G, supplemental mate-
rial). As a consequence, no temporal plots of ecological indices
or abundances of dominant taxa were included. Species richness
ranged from 0–13 species, while FD had a maximum value of
23 tests/g at 1 cm depth. Test deformities (0–7%) were found in
only seven subsamples. The temporal variability of QsRA,
ARA, and QRA also showed no discernable patterns. Cluster
analysis again yielded three clusters: Cluster 1 was composed of
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TEXT-FIGURE 5
Vertical distributions of EF (enrichment factors) in sediment core TLCI07. Range values: “no enrichment” (very light gray); “mi-
nor enrichment” (light gray); “moderate enrichment (gray); “moderate-severe enrichment (dark gray). Square, dash, and dia-
mond symbols represent the first, second and third PTE in each panel.



Q. seminula and A. beccarii, Cluster 2 was only Q. rhodiensis,
while Cluster 3 included the other species.

As with TLCI07, a Pearson correlation matrix (Appendix H,
supplemental material) was calculated. As expected, relatively
few significant correlations were identified among the studied
parameters. Arsenic, Li and Mn are the only PTEs that are posi-
tively correlated with multiple taxa. Among the dominant taxa,
only Q. rhodiensis absolute abundances correlated positively
with As and Mn and the QRA with Li. Percent test deformities,
S, and H(S) positively correlated with As, Li, and Mn. Zinc is
the only PTE that is negatively correlated with S, H(S), and E.

DISCUSSION

Torrecillas Lagoon Core (TLCI07)

Potentially Toxic Elements in Sediments

From core base to top, two distinct facies observed from 43–19
(lower, <60% mud) and 19–4 cm (upper, >60% mud) (text-fig.
3A) were reflected in the distributions of PTEs, TOC, CO3 and
benthic foraminiferal tests. At a depth of ~35 cm in the core, the
redox-sensitive element Re peaked, as did TOC, As and Se
(text-fig. 4k). Rhenium, which is a conservative element in the
water column, precipitates and increases in concentration in
sediments under anoxic conditions (Seshan et al. 2010;
Hastings et al. 2016; Schwing et al. 2016). In the case of the TL,
water column stratification and poor circulation (e.g.,
Martínez-Colón et al. 2018), coupled with relatively abundant
organic matter, promote anoxia as supported by the presence of
framboidal pyrite within the tests of foraminifers. Pyrite precip-
itation can indicate post-mortem exposure to anoxia
(Buzas-Stephens and Buzas, 2005). Both Mn and CO3 exhibit
minima in the same section of the lower facies where Re
peaked.

The muddier upper facies (19–4 cm) reflected increased erosion
in the watershed and greater terrigenous input into TL. This
conclusion is supported by the almost identical patterns be-
tween mud and Al (text-fig. 3a, 4l), with a close resemblance
also with Fe (text-fig. 4h). Aluminum and Fe have been used as
proxies for lithic/terrigenous sedimentation as these are domi-
nant components of aluminosilicate (e.g., kaolinite) and ferro-
magnesian (e.g., biotite) minerals. Within the drainage basin of
SJBE, 55 km2 are covered by plutonic and volcaniclastic rocks
(Webb and Gómez-Gómez 1998), which strongly suggests that
the mud fraction in TL has an allochthonous lithic provenance.
The variability in Al and Fe has been used by Larson et al.
(2015) as sedimentologic signatures of runoff/rainfall events in
St. John Island (US Virgin Islands). The increase in mud is
likely a response to landscape alterations by anthropogenic ac-
tivities since the 1800’s. Similar changes in sedimentation pat-
terns towards terrigenous muds, coupled with a decrease in
TOC and CO3, have been documented in similar environments
in St. John Island’s Coral Bay as being linked to landscape al-
terations by humans (Brooks et al. 2007).

Concentrations of Cu, Zn, Ni, Pb, Li, and V are elevated in the
upper, mud-rich facies (text-fig. 4). Since PTEs readily adsorb
to mud-sized sediment surfaces, muds appeared to provide a
“sink” for these contaminants. Mud-bound PTEs can be
bioavailable to foraminifers, since these contaminants can be
readily desorbed or scavenged when minor changes in salinity
or pH occur (Martínez-Colón et al. 2009; Martínez-Colón et al.

2018). Moreover, iron oxide formation under oxic/suboxic
conditions (Davies et al. 2005) in the upper facies provides an
ancillary “sink” for Cu, Zn, Ni, Li, Se, and V, thereby reducing
their bioavailability (Tessier and Campbell 1987). This mecha-
nism, associated with the sediment redox boundary layer, has
been observed in estuaries elsewhere (e.g., Lee and Cundy
2001; Kalaivanan et al. 2017). The temporal variability of Se
might have resulted from sequestration by Fe oxides (text-fig.
4) in the upper facies. Martínez-Colón et al. (2018) noted that
PTEs that correlated positively with Fe/Mn in TL surface sedi-
ments indicated oxic/anoxic boundary conditions, in which sig-
nificant fractions of these contaminants co-precipitated with
Fe/Mn geochemical phases. In the lower anoxic facies, all PTEs
were sequestered by Fe sulfides (e.g., FeS2- pyrite). Similar ob-
servations were reported by Kalaivanan et al. (2017) in a tropi-
cal estuary in India in which they concluded that Fe/Mn oxide
cycling at the sediment redox boundary is responsible for PTE
sequestering and re-precipitation. Overall, the highest PTE con-
centrations were found intimately associated with mud as
the dominant “sink” in the upper facies. As expected,
F2Tess-Cu, F2Tess-Zn, and F2Tess-Fe bioavailable PTEs show no
discernable patterns between facies except for relative minor
upcore increases (text-fig. 4).

Despite the multiple pollution sources in TL, PTE enrichment
was surprisingly limited. The PTEs showing “minor enrich-
ment” (Cu, Zn, V, Fe, Mn) indicated that the sources of these
contaminants have not changed substantially over time. Lead
showed “no enrichment” except for a “minor enrichment” in-
cursion at 2.5 cm depth (text-fig. 5). This could be attributed to
either laboratory procedure error or a short-term input of Pb.
The latter is a more likely scenario because a constant decreas-
ing enrichment can be observed towards the core top. The
upcore decline in As (text-fig. 5) may reflect the reduction in
agricultural activities; As was used as a bleaching agent for
sugar processing (Webb and Gómez-Gómez, 1998).

Foraminiferal Distributions

The foraminiferal assemblages in TL are characteristic of
estuarine environments, and temporal variability reflects envi-
ronmental conditions at the sediment/water interface. The domi-
nant species A. beccarii, A. agglutinans and Q. rhodiensis
reflect the isolation of the core site from normal marine condi-
tions (text-fig. 1). Numerous species in the genus Ammonia
have been shown to be exceptionally resilient to environmental
stressors, including variations in salinity, temperature, DO and
many sources of PTE pollution, especially under nutrient pollu-
tion where labile organic matter is abundant (e.g., Seiglie 1968;
Sen Gupta et al. 1996; Jorissen 1999; Unlu et al. 2006;
Frontalini and Coccioni 2008; Geslin et al. 2014; Arslan et al.
2017; Yanko et al. 2017). Organic pollution is a common thread
in estuarine environments in Puerto Rico, from which studies
have found A. beccarii as the dominant taxon (e.g., Seiglie
1971; Martínez-Colón and Hallock 2010; Martínez-Colón et al.
2018).

Most species of the genus Quinqueloculina are characteristic of
open-marine systems and tend to be pollution sensitive (Rao
and Rao, 1979; Murray 1991; Badawi and El-Menhawey 2016).
However, Q. rhodiensis and Q. seminula are quite stress tolerant
and have been found thriving in the same environments as A.
beccarii (Seiglie 1968, 1971; Martínez-Colón and Hallock
2010). Similarly, A. agglutinans has been reported to be a domi-
nant taxon in environments with abundant organic matter in
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TEXT-FIGURE 6
Vertical distributions of PTEs in core TLCI09. Triangle: F2Tess-Cu, F2Tess-Zn, and F2Tess-Fe bioavailable concentrations. Dia-
monds: bulk PTE concentrations. Light gray bar: interval of higher sedimentation. Red line: ERL (Effect range low) values as
stipulated by Long et al. (1995).



Puerto Rico (Seiglie, 1968) and in Kuwait (Al-Zamel et al.
2009).

The variability of the ecological indices throughout the core
was relatively similar to that recorded in surface samples from
TL (see Martínez-Colón et al. 2018). Species richness, FD,
H(S) and E were consistently low, indicative of impacted and
stressed environments (e.g., Schafer et al. 1991; Yanko et al.
1998). Minimal differences in S observed in the core (text-fig.
9a) indicate persistently stressed conditions in the lagoon.
Oxic/anoxic conditions do not fully explain the overall low val-
ues although studies have found similar numbers associated
with high organic matter content (Donnici et al. 2012; Foster et
al. 2012). Of all the PTEs studied, Pb was the only contaminant
having a negative correlation with S. Since Pb was positively
associated with TOC, Pb complexed with organic matter might
serve a stressor due to its higher bioavailability.

The abundance of foraminiferal tests in the core samples (FD)
varied minimally (52–77 individuals/g). Interestingly, FD cor-
related positively with Cu, Ni, As, Li, and Se, some of which
have been previously reported to influence foraminiferal distri-
butions (e.g., Donnici et al. 2012; Koufri et al. 2005; Martins et
al. 2011; Martins et al. 2013). However, bulk concentrations of
PTEs should be interpreted cautiously, as they can provide an
overestimation of impact on foraminiferal assemblages, and
bioavailability depends upon chemical fractionation
(Martínez-Colón et al. 2009, 2018). This is important to con-
sider since there is no clear consensus on what chemical frac-
tions are bioavailable to the foraminifers (Martínez-Colón et al.
2018).

Higher H(S) and E values in the upper facies indicate that con-
ditions in the lagoon have improved slightly for the
foraminifers (text-fig. 9c). However, even the “improved val-
ues” are still low and are typical of environments influenced by
stressors (e.g., Bergin et al. 2006; Foster et al. 2012; Schintu et
al. 2016). Negative correlations with several PTEs, including
F2Tess-Cu and F2Tess-Fe, could implicate these PTEs in stressing
the foraminiferal assemblages, as interpreted in other studies
(e.g., Martins et al. 2015; Schintu et al. 2016). However, as
noted above, bulk PTE concentrations potentially overestimate
their impacts since the reported values can include multiple
chemical fractions (e.g., exchangeable, acid-soluble, reducible,
oxidizable, and residual) (Martínez-Colón et al. 2018) as seen
by the positive correlation and lack thereof between A. beccarii
with Cu/Zn, F2Tess-Cu, and F2Tess-Zn. Similarly, the F2Tess-Cu
and F2Tess-Fe could not have a direct effect on foraminiferal as-
semblages and distributions since these pollutants are bounded
to the crystalline structure of carbonates and becoming less
bioavailable.

The increase in diversity [H(S)] upcore reflects the increased
prevalence of Quinqueloculina and Ammobaculities (text-figs.
9c, 8b–c). Moreover, since deformed tests were found mostly in
miliolid taxa, including Quinqeloculina, the upcore increase in
DF reflects the upcore increase in QRA. These observations
could be interpreted as improvements in the environmental con-
ditions, such as higher or more stable salinity and dissolved ox-
ygen, which allowed miliolid taxa to survive, but demonstrate
stress through test abnormalities. This interpretation is sup-
ported by the overall decreasing trends of A. beccarii and
Elphidium sp., which are known indicators of stressed condi-
tions. Note that the absolute and relative abundances of A.

beccarii positively correlated (and negatively in the case of A.
agglutinans and Q. rhodiensis) with Cu, Zn, and Fe and not with
the bioavailable counterparts (F2Tess-Cu, F2Tess-Zn, F2Tess-Fe).
While previous studies have concluded that bulk PTE concen-
trations can be foraminiferal stressors (e.g., Alve, 1991;
Fontanier et al. 2012; Schintu et al. 2016), as noted by
Martínez-Colón et al. (2018), future studies to determine the
functional bioavailability to the foraminifers, instead of relying
on previously defined operational bioavailability (Tessier et al.
1979; Bacon and Davidson, 2008; Zimmerman and Weindorf,
2010), are critically needed to fully understand inconsistent re-
sults.

Torrecillas Lagoon Core (TLCI09)

Potentially Toxic Elements in Sediments

Mud was overwhelmingly dominant in the TLCI09 core
(text-fig. 3e), and is consistent with a sheltered environment
(text-fig. 1). The TOC decreased between 35–19 cm (text-figs.
3f–g). The low CO3 in the sediment (<5%) may reflect the cor-
rosive environment in this relatively deep location (12 m);
Martínez-Colón et al. (2018) reported strong oxygen and pH
gradients with depth in TL.

Two sedimentary facies were observed, the lower one at 57–35
cm and an upper one subdivided into an intermediate interval
(35–19 cm) and upper interval (19–0 cm) (text-figs. 2, 6). The
lower facies consisted of laminated sediments characteristic of
fluvial seasonal variations and non-bioturbation. The mud con-
tent was somewhat variable in the lower facies, ranging from
<60–100%, but was consistently near 100% through the inter-
mediate interval, increasing again in variability in the upper in-
terval. The TOC varied between ~6–9% in the lower facies,
dropped dramatically to ~1% in the intermediate interval, then
increased to ~6% in the upper interval. The temporal distribu-
tion of Re was consistent with TOC, with very low values in the
intermediate interval and higher, variable values in the lower
and upper facies. The intermediate and upper intervals appeared
to be non-laminated, although this could be an overexposure ar-
tifact in the radiograph due to ice in the core. The high concen-
tration of Al, Fe, and peak mud content associated with strong
declines in TOC, Re, and Li, indicated an interval of high
terrigenous sedimentation at 35–19 cm.

The most notable characteristic of the core was the consistency
of the following features in the 35–19 cm core interval. The
TOC, Re and Li dropped, mud was quite stable, while Cu, Zn,
Ni, Fe, V, Al, F2Tess-Cu, F2Tess-Zn, and F2Tess-Fe all increased
(text-fig. 6). As noted in the discussion of TLCI07, PTEs can be
adsorbed or sequestered by Fe/Mn oxi-hydroxides, as well as
with Fe sulfides (e.g., pyrite), both serving as “sinks” that
greatly reduces PTE bioavailability (Martínez-Colón et al.
2009; Martínez-Colón et al. 2018). This interpretation was sup-
ported by the rapid increase in bulk concentrations of Cu, Zn,
Ni, and V at the 35–19 cm interval, paralleling the temporal
variability of Fe (text-fig. 6). Interestingly, unlike TLCI07, mud
content only correlated negatively with Pb, As and Se. How-
ever, the lack of positive correlations between other PTEs and
mud may be an artifact of the dominance of mud throughout the
core, even though the mud was consistently highest in the 35–19
cm interval.

Also notable were the negative correlations of Cu, Zn, Ni, Fe,
and V with TOC and CO3, indicating that organic matter and
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TEXT-FIGURE 7
Vertical distributions of EF (enrichment factors) in sediment core TLCI09. Range values: “no enrichment” (very light
gray); “minor enrichment” (light gray); “moderate enrichment” (gray). Square, dash, and diamond symbols represent
the first, second and third PTE in each panel.



carbonate were not functioning as PTE “sinks”. Interestingly,
Pb, Li, and Se positively correlated with TOC, which poten-
tially increased their bioavailability for benthic foraminifers as
discussed by Martínez-Colón et al. (2018). Overall, the highest
bulk concentrations for most PTEs were found in the intermedi-
ate facies (35–19 cm) intimately associated with Fe as the domi-
nant “sink”. The F2Tess-Cu, F2Tess-Zn, and F2Tess-Fe bioavailable
PTEs show a discernable increase at 35–19 cm depth (text-fig.
6).

The successful dating of core TLCI09 above 25 cm depth pro-
vided insight into the timing of the lower and upper facies
changes. Most PTEs rapidly increased in concentration during
the late 1800’s, reaching maximum values at 25 cm (ca. 1908).
The subsurface peaks may indicate pollution and watershed
changes associated with agriculture in the late 19th and early
20th centuries. A rapid decrease in PTE concentrations occurred
above 19 cm (ca. 1962). Webb and Gómez-Gómez (1998) doc-
umented a temporal decrease in As from 1925–1995 from sedi-
ment cores. They also reported an increase in Pb during the
same time interval, while we recorded relative stability in Pb
concentrations above 35 cm depth in TLCI09.

Puerto Rico was annexed by the USA in 1898. During the 20th

century, the SJBE, including TL, experienced two pulses of ur-
banization. The first began in the late 1930’s with migration
from rural areas to the cities. When Puerto Rico became a
US-Commonwealth in 1952, urbanization increased exponen-
tially. Webb and Gómez-Gómez (1998) specifically noted that
extensive pasture and forest areas in the SJBE watershed under-
went housing and commercial development between 1900 and
1970.

As with TLCI07, PTE enrichment was surprisingly minimal.
Most PTEs either exhibited “no enrichment” (Ni, Li, Mn, As) or
“minor enrichment” (Cu, Zn, V, Fe, Se), indicating no substan-
tial change in PTE pollution over time. Lead actually decreased
from core-base up to 29 cm, changing from “moderate enrich-
ment” and remaining mostly with “minor enrichment” towards
core-top.

Foraminiferal Distributions

The dominant assemblage throughout the core is composed of
Q. seminula, A. beccarii, and Q. rhodiensis. These species have
been reported in environments with high TOC in tropical set-
tings (e.g., Seiglie 1968; Donnici et al. 2012). In field experi-
ments, Q. seminula has been found to thrive in anoxic
environments by exhibiting an exponential growth at the initial
stages of anoxia followed by a decrease over time (Langlet et al.
2014). This species previously has been reported associated
with disturbed environments such as beneath shrimp ponds
(Debenay et al. 2009) and on fresh volcanic ash (Hess and
Kuhnt 1996). As 42% of the subsamples in this core were de-
void of foraminiferal tests and 15% of subsamples had <10
tests/sample, interpretations are primarily restricted to variabil-
ity in preservation potential of foraminiferal tests within the
core. This scenario was also observed in a core collected in TL
in 2005 in which samples were barren at depths >16 cm
(Martínez-Colón and Hallock 2010). The prevalence of barren
samples more likely reflects lack of preservation than changes
in sedimentation/erosion within the drainage basin. The inter-
pretation of post-depositional dissolution was based on the low
CO3 values (<5%), absence of ostracods, lack of correlation
with most PTEs/TOC, and evidence of etching and corrosion in
some of the specimens recovered. Dissolution scars of benthic
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TEXT-FIGURE 8
Temporal distribution of key foraminiferal taxa relative abundances in Core TLCI07. A: ARA (A. beccarii), AmRA (A.
agglutinans), and QRA (Q. rhodiensis). Light gray bar: interval of higher sedimentation. Dark gray bar: interval of anoxic condi-
tions.



foraminifers have been ascribed to chemically and domestically
polluted estuaries (e.g., Al-Azmel et al. 2009; Martínez-Colón
et al. 2010) as well as in pH culture experiments (Le Cadre et al.
2003).

Comparison of TLCI07 and TLCI09 Cores

The two cores were collected in rather different environmental
conditions. TLCI07 was collected from an open lagoon location
at a water depth of less than a meter, where surface sediments
were well oxygenated. In contrast, TLCI09 was collected in an
enclosed location at 12 m depth, in anoxic conditions (sampling
station #19- Martínez-Colón et al. 2018). Thus, the physical and
chemical conditions were quite different. These differences can
explain some of the important variabilities between the
sedimentological aspects of the cores. For example, while
TLCI07 sediments were predominantly muddy, the mud con-
tent varied from ~40–80%. In contrast, the TLCI09 sediments
were completely mud dominated, especially in the middle and
upper parts of the core. The opposite trend was seen in CO3. In
TLCI07, CO3 ranged from ~5–30%, though it was lowest in the
upper facies. In TLCI09, there were virtually no carbonates,
likely reflecting dissolution.

A striking similarity between the cores was in the zones of
higher terrigenous influence (text-fig. 3), in which mud was
highest, CO3 and TOC were lowest, bulk concentrations of Cu,
Zn, Ni, Fe, V and Al were consistently highest, and Re was con-
sistently lowest (text-figs. 4, 6). Interestingly, that zone was
first encountered a few centimeters below the surface in
TLCI07 and 19 cm below the surface in TLCI09. Are the simi-
larities in lithology and geochemistry coincidental? Or do they
represent contemporaneous deposition, with minimal sediment
thickness overlying that unit in TLCI07 as a consequence of the
very shallow depth from which it was collected?

The foraminiferal assemblages were more difficult to compare
between cores because the densities were so low in TLCI09.

The trends in TLCI07 were clear in that Ammonia completely
dominated the lower section, while Ammobaculites and
Quinqueloculina became more prevalent in the upper section, as
was reflected in the H(S) and in the prevalence of DF, which
were found mostly in miliolids such as Quinqueloculina.

Interestingly, some ecological indices (e.g., FD, S, and DF), as
well as absolute abundances of certain taxa (A. beccarii, A.
agglutinans, E. discoidale) did positively correlate with As, Li
and Mn. These contaminants may behave as essential micronut-
rients, as noted in previous studies that documented
bioaccumulated contaminants in macrobenthic organisms asso-
ciated with bioavailable fractions of PTEs (Luoma and Bryan
1978; Tessier et al. 1984; Tessier and Campbell 1987).

Numerous studies have addressed the physiochemical processes
that manipulate PTE fractionation and speciation in marine en-
vironments (e.g., Caplat et al. 2005; Gree-Ruíz 2005;
Marínez-Colón et al. 2009). Other studies have established pro-
tocols for PTE extractions from sediments, assuming the degree
of bioavailability based on the operational sequence of extrac-
tions. Tessier et al. (1979) proposed that PTEs can exists in five
different fractions ranging from most bioavailable (fraction 1:
exchangeable) to the least bioavailable (fraction 5: residual).
However, bioavailability based upon macroinvertebrates may
not extrapolate to benthic foraminifers appropriately due to ba-
sic biological differences (Martínez-Colón et al. 2018). This
scenario has led to discrepancies in interpretations when assess-
ing the impact of PTEs on benthic foraminifers. As recom-
mended by Martínez-Colón et al. (2009, 2018), fractionation
and sequential extraction procedures are essential, as is recog-
nizing that correlation does not imply causation. Recognizing
the physiochemical conditions (historical if possible) in which
foraminifers were exposed, as well as the conditions that can de-
termine the speciation, fractionation, and bioavailability of
PTEs, is essential to valid interpretations. Based upon observa-
tions from this study and from Martínez-Colón et al. (2018), we
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TEXT-FIGURE 9
Vertical distributions of foraminiferal ecological parameters in Core TLCI07. A: S (Number of Species), B: FD (Foraminiferal
Density), C: H(S) (Shannon Index) (diamonds), E (Equitability Index) (squares). Light gray bar: interval of higher sedimentation.
Dark gray bar: interval of anoxic conditions.



conclude that the F2Tess acid-soluble fraction (second most
bioavailable according to Tessier et al. 1979; Tessier and Camp-
bell 1987) is not a satisfactory choice to indicate bioavailability
for benthic foraminifers. The PTEs locked in the crystalline
structure of CaCO3 minerals (e.g., calcite, malachite, cerussite)
are not bioavailable to foraminifers. It is important to consider
the actual biological significance of sediment-bound PTEs in
relation to foraminifers and fractionation. Thus, we further con-
clude that specific experimental studies will be essential to de-
termine what fractions of sediment-associated PTEs can be
taken up by benthic foraminifers.

CONCLUSIONS

Two cores provide information on the temporal variability of
environmental conditions in TL as it relates to the impact of
PTEs on benthic foraminiferal assemblages. The two cores re-
flect different environmental conditions within the lagoon that
could influence sedimentation rates and sources of pollution.
Oxygenation and sediment characteristics have been influenced
by changes in terrigenous input since the early 1900s, which
have in turn influenced the variability and fractionation of
PTEs. Enrichment factors indicate minimal enrichment in the
sediment cores assessed. Statistical correlations suggest that
mud and Fe (e.g., Fe oxides) are major “sink” mechanisms for
most PTEs, thereby reducing their bioavailability in the water
columnb and in sediments in the case of Fe. The PTEs adsorbed
to mud (exchangeable fraction ) are likely to be bioavailable for
benthic foraminifers..

The foraminiferal assemblage dominated by A. beccarii, A.
agglutinans, Q. rhodiensis, and Q. seminula, coupled with very
low densities and diversities, are indicative of stressed environ-
mental conditions. Key foraminiferal taxa and ecological indi-
ces exhibited negative correlations with some bulk PTE
concentrations, but very limited correlations with selected
acid-soluble fractions (F2Tess-Cu, F2Tess-Zn, F2Tess-Fe) assumed
to be bioavailable based upon studies of macroinvertebrates.
Based upon this discrepancy, we recognize the need to better
understand what PTE fractions hold biological significance for
foraminifers. In addition, we recommend not considering the
F2Tess-bioavailable fraction as an adequate indicator of
bioavailability for benthic foraminifers in environmental as-
sessments.
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APPENDIX A
Core TLCI09 Pb-210 analysis.
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APPENDIX B
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APPENDIX C
Core TLCI07. Pearson correlation matrix of PTEs of interest, acid-soluble (carbonate) bioavailable PTEs (F2-bioavailable), TOC, CO3, and mud (N =
29; grey = significant positive correlation; red = significant negative correlation; p<0.05 [0.37]).

APPENDIX D
Core TLCI09. Pearson correlation matrix of PTEs of interest, acid-soluble (carbonate) bioavailable PTEs (F2-bioavailable), TOC, CO3, and mud (N =
36; grey = significant positive correlation; red = significant negative correlation; p<0.05 [0.32]).
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APPENDIX E
Core TLCI07 samples foraminiferal raw counts. Gray bar: barren samples unless otherwise noted. **: species not present in at least 5% of the samples.
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APPENDIX F
Core TLCI07. Pearson correlation matrix of bulk PTEs of interest, bioavailable PTEs (F2Tess), foraminifers, TOC, mud, CO3, diversity indices, percent
deformed foraminifers, and relative abundance of key taxa (N=29; gray= significant positive correlation; red= significant negative correlation; p<0.05
[0.37]). S (Species richness). FD (Foraminiferal density). H(S) (Shannon Index). E (Equitability Index). DF (Percent deformed foraminifers). ARA (A.
relative abundance). QRA (Q. relative abundance). AmRA (A. relative abundance).
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APPENDIX G
Core TLCI09 samples foraminiferal raw counts. Gray bar: Barren samples unless otherwise noted.
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APPENDIX H
Core TLCI09. Pearson correlation matrix of bulk PTEs of interest, bioavailable PTEs (F2Tess), foraminifers, TOC, mud, CO3, diversity indices, percent
deformed foraminifers, and relative abundance of key taxa (N=29; gray= significant positive correlation; red= significant negative correlation; p<0.05
[0.31]). S (Species richness). FD (Foraminiferal density). H(S) (Shannon Index). E (Equitability Index). DF (Percent deformed foraminifers). QsRA(Q.
seminula relative abundance). ARA (A. beccarii relative abundance). QRA (Q. rhodiensis relative abundance).
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