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Abstract: The ecological response of benthic foraminifera to bioavailable Potentially Toxic Elements
(PTEs) was evaluated in Lagos Lagoon (Nigeria). We sampled and analyzed PTEs across Lagos La-
goon with the aim to investigate the extent of contaminated sediments, to document their distribution,
and to explore the relationship between PTE concentration and the spatial distribution, composi-
tion, abundance, and species richness of benthic foraminifera biotas. PTE’s recordings showed a
wide range reflecting a diffuse contamination, where Contamination and Enrichment Factor suggest
low to extremely polluted sediments. Findings of a previous survey of the benthic foraminifera
inhabiting Lagos Lagoon revealed diverse assemblages of benthic taxa, species-specific distribution
patterns, gradients of species richness and abundance, and a disjunct distribution of agglutinated
and hyaline-perforate/porcelaneous taxa along a pronounced salinity gradient. Correlation matrix
analysis shows that except for Selenium, all PTE total concentrations positively correlate with mud
and Total Organic Carbon (TOC) and two of the most abundant agglutinated taxa, Ammotium sal-
sum, and Trochammina sp. 1. Moreover, both species display significant positive correlations with
Crpy-COpa-F3-F4-total“CUF4-total “NiF3-F4-total“AlFa-total"FeF3-Fa-total-ZNE3-F4-total. On the other hand, both
foraminifers correlate negatively with Pbrs-Seps-Seyota1. The overall significant positive correlation of
these PTEs suggests that they behave as micronutrients when complexed with organic matter. No
significant positive correlation with none of the PTEs in any fraction was found for neither species
richness nor for the most abundant hyaline perforate species (Ammonia aoteana). Some PTE fractions
were found to correlate either positively or negatively with individual species, suggesting that they
function as either micronutrients and/or stressors. The resulting Contamination Factor of the PTE
total concentrations shows that only a few sample sites can be classified as “moderately” polluted
for chromium, zinc, and copper and that all sampled sites are classified as “highly polluted” for
selenium. The highest concentrations for Cr, Cu, Ni, and Zn were found towards the industrialized
western part, an area that is characterized by moderate to high diversity but low abundances.

Keywords: benthic foraminifera; toxic elements; pollution; Lagos Lagoon; Nigeria

1. Introduction

Estuaries with limited exchange with the open ocean are among the most vulnerable
marine environments to human disturbance (e.g., [1-3]). By providing shelter and access
further inland, they provide ideal settings for harbors, shipyards, commercial infrastructure,
and industrial areas, where human activities are concentrated. Estuaries are, however,
also direct recipients of municipal waste coupled with urban, industrial, and agricultural
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run-offs. The anthropogenic pressure directly impacts the sediment and water quality and
leads to environmental degradation.

Coastal pollution is alarming in Nigeria, especially in areas where hydrocarbon ex-
ploration and other industrial activities are common. The Lagos Lagoon area, with an
estimated population of 20 million people, has long been under enormous environmental
pressure caused by deforestation, industrial effluents, alteration of the natural landscape,
sand mining, and waste disposal. The industrial complex around Lagos Lagoon includes
textile, brewery, petrochemical factories, logging and metal industry, power plants, paper
mills, and sawmills from which untreated effluents drain into the lagoon through creeks
and underground canals releasing potentially toxic elements (PTEs) [4-7]. Past studies
revealed that Lagos Lagoon is impacted by PTEs arising from industrial and domestic
waste disposal [4,7]. High numbers of PTEs, Polycyclic Aromatic Hydrocarbons (PAHs), as
well as agricultural run-offs, were found in the western corridor of the lagoon [4,5,7,8].

Benthic foraminifera are known to bioaccumulate PTEs and have been widely uti-
lized as bioindicators of pollution [9-12]. Our previous, large-scale survey of the benthic
foraminifera inhabiting Lagos Lagoon revealed diverse assemblages of benthic taxa, species-
specific distribution patterns, gradients of species richness and abundance, and a disjunct
distribution of agglutinated and hyaline-perforate/porcelaneous taxa along a pronounced
salinity gradient [13]. Analysis of foraminiferal distribution patterns also suggested that
effluents from the oil industry, PAHs, urban sewage, and high concentrations of PTEs
are among the agents driving the abundance, composition, species richness, and spatial
distribution of benthic foraminifera in the polluted western section of the lagoon. However,
to what extent PTEs impact benthic foraminiferal biotas has not been fully resolved. We
sampled and analyzed PTEs across Lagos Lagoon with the aim to investigate the extent
to which sediments are contaminated, to document their distribution, and to explore the
relationship between PTE concentration and the spatial distribution, composition, abun-
dance, and species richness of benthic foraminiferal biotas. The purpose of this study is
to assess the ecological impacts of selected PTEs on the assemblage structures and spatial
distribution of benthic foraminifera and to provide guidance on the use of foraminifera as
bioindicators of PTE pollution in the coastal areas of the Gulf of Guinea (GoG).

2. Study Area

Lagos Lagoon is located between longitudes 3°23" and 3°40’ E and latitudes 6°22 and
6°38' N (Figure 1) and has a total surface area of 6354.7 km?. It is connected to the Atlantic
Ocean through the Commodore Channel, which allows for the mixing of lagoon waters
with seawater. The depth of the lagoon is relatively shallow and ranges from 5 to 25 m [6].
The salinity of the surface waters is highly variable and strongly impacted by seasonality;
0 to 16%o in the wet season and up to 35%o in the dry season especially at the lagoon
entrance through the Commodore Channel [7,14-16]. The dissolved oxygen varies between
4-5.5 mg/L [15-17]. Land conversion for urban development has been mainly conducted
along the western lagoon shores, with the remaining marshlands being fringed by the
mangrove tree Rhizophora racemosa [18]. Both the Ogun and Osun rivers serve as fresh water
sources, but most hinterland sediments and waste water come through the Ogun River
(Figure 1). Seawater enters the lagoon during periods of high tide through the channel,
but during low tide and especially the wet season, the diluting effect of waters from both
rain and hinterland keep the salinity of the lagoon surface waters at comparatively low
levels [19].
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5 min before being centrifuged for 30 min as described above. Wash residue supernatants
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were discarded, and the remaining residual sediments were then ready to advance to the
next step in the extraction process.

All PTE concentrations are expressed in mg/kg except for Al, and Fe which are
expressed as percentages. Of the five fractions described by Tessier et al. [22], the exchange-
able (F1), acid-soluble (F2), reducible (F3), and oxidizable (F4) were analyzed. The residual
(F5) fraction was not analyzed because the PTEs found in this chemical fraction will not be
bioavailable since they are found within the crystalline structure of silicate minerals. Total
concentration, as referred to in this article, represents the summation of all the extracted
fractions (F1 + F2 + F3 + F4) of each PTE in each of the sub-samples. Prior to PTE analysis
using Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES), all aliquots
were filtered (0.25 um) after acidification with 2% HNOj to ensure and eliminate any
sediment residue. For PTE concentrations that are below the detection limit of the ICP-OES
(0.001 mg/L), we recorded the concentration as half of the detection limit based on Parker
and Arnold’s [23] recommendation. This approach rejects the potential of false zeroes and
gives weight to the actual presence of the PTE. For cross-correlation, heat maps illustrating
the concentration and spatial distribution were plotted for raw PTEs, mud, TOC, %CaCOs3,
and the three most abundant benthic species of foraminifera using the Surfer® software ver.
22.1.151 (www.goldensoftware.com, accessed on 10 September 2021).

3.2. Evaluation of Sediment Contamination

The PTE spatial distribution and the level of pollution could provide information
that explains the distribution and diversity of foraminifera in the lagoon. To do this,
single element and multi-element pollution indices were employed to assess the quality
of the sediments. The single element pollution indices, which include the contamination
factor (CF) and the enrichment factor (EF), give information on the relationship of the
concentration of a PTE at a given location to their corresponding background values.
Because of the lack of baseline and historical PTE data in the study area, the average shale
composition values as proposed by Turekian and Wedepohl [24] were employed. The
CF is defined as the ratio between the concentrations of PTEs at sampling location and
their background values (CF = Cpnetal / Chackground values Where Cietal = PTE concentration
in the sample, and Cpackground value = PTE background value in shale). Four levels of
contamination are associated with CF, ranging from un- to highly polluted (Table 1).

Similarly, the EF for all PTEs were also determined by comparing the concentration
of individual PTEs relative to a reference concentration. This EF provides information
on possible sources, i.e., crustal/geogenic/lithologic or anthropogenic in a given sample.
In this study, Al was used as the normalization element because it is considered not to
have an anthropogenic origin in the lagoon [25,26]. The EF was calculated according to the
following equation:

— (Ciif ) Sample

Ci
( C; ) Crust

M

where C; is the concentration of the PTE of interest and C,y is the concentration of the
normalization element (Al). Generally, five contamination categories are associated with
EF (Table 1).

The ecological Risk Index (RI) is a multi-elemental pollution index of a sample location
that considers the cumulative Ecological risk factors (Er) of PTEs in a given sediment sample
(Table 1). The Er was calculated according to the following equation: Er = Trf x CF, where
for a given PTE, Trf is the toxic-response factor and CF is the contamination factor [25].
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Table 1. Thresholds for sediment quality classification for single and multi-element indices (adapted
from [27]).

Qualification Contamination Enrichment Factor Ecological Risk
Factor Index

Unpolluted/Slightly CF<1 EF <2 <150 (low)

Moderately 1<CF<3 2<EF<5 150 <RI <300
(moderate)

300 < RI < 600

Severely 3<CF<6 5<EF <20 (considerable)

High CF>6 20 < EF <40 RI > 600 (very high)
Extreme - EF > 40 -

3.3. Multivariate Analyses

Cluster analyses (CA) were carried out using the 13 most frequent and abundant
benthic foraminifera (representing 98.3% of the total population). The focus on the 13 most
abundant taxa reduces background noise and reveals the underlying signatures of the
assemblages [13]. The paired group algorithm using the Bray Curtis matrix was applied
to generate R- and Q-mode clusters. Cluster and principal component analyses (PCA), as
well as numerical and statistical grain-size analyses involving ternary plot, were computed
using the Paleontological Statistics Software Package for Education and Data Analysis
(PAST 3.13; [28]).

For cross-correlation and assessment of the significance of individual factors, a Pear-
son correlation matrix was calculated by (i) using the log-transformation of TOC, %mud,
%CaCO;, S, D, H(S), foraminiferal number (FN), wall texture (% hyaline, % porcelaneous,
% agglutinated), total and F1-F4 PTE concentrations and (ii) for the remaining 10 bioavail-
able PTEs, including the three most abundant species of benthic foraminifera (Ammonia
aoteana, Ammotium salsum, and Trochammina sp. 1).

4. Results
4.1. Lagos Lagoon Water Characteristics

Due to the limited exchange with marine waters, the Lagos Lagoon system experiences
restricted marine and mainly low salinity, brackish and freshwater conditions [13]. In general,
the western sector of the lagoon experiences higher salinity because of its interactions with
the Atlantic Ocean (16-34%.). Towards the northern and eastern portions of the lagoon, low
salinity (0-10%o) and freshwater conditions are predominant for most of the year. Towards
the middle and southwestern portions of the lagoon (e.g., Commodore Channel) the range
in salinities fluctuates between 10-16%. in the wet season and from 16-34%. during the
dry season. Surface water pH values are low and range from 5.8-6.9. The surface water
temperature varies between 24.1-29.8 °C with a decreasing SW to NE trend.

4.2. Sediment Texture and Characteristics

The TOC values range from 0.32-21.63%. An overall 65—fold increase is observed in a
SW (estuarine mouth) to NE trend (Figure 2; Table 2), with 35% of the sampled stations
having TOC values > 4%. The %CaCOj3; has an almost 200-fold increase ranging from
0.44-86.16% (Figure 2; Table 2). For sediment texture, medium sand is the most abundant
(® = 2; 44% of stations) grain size followed by coarse sand (® = 1; 16% of stations) and
mud (P > 4; 16% of stations) (Figure 2; Table 2). Unlike TOC, medium sand increased
20-fold in a NE to SW trend ranging from 2.2-44.13%, with 54% of the sample stations with
values > 20%. A ternary diagram (Figure 3) shows the relationship between the sediment
texture and TOC. Many stations in the eastern part of the lagoon revealed that TOC > 4%
are associated with muddy sediments while those with <4% are associated with sandy
sediments in the western and central parts of the lagoon.
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Figure 2. Spatial distribution and % concentration of (A) Total organic carbon (%), (B) Carbonate (%),
(C) mud (silt + clay) (%) and percent abundances of the three most abundant species of foraminifera;
(D) Trochammina sp.1, (E) Ammonia aoteana and (F) Ammotium salsum in the Lagos Lagoon. LH
(Lagos Harbour).

Table 2. Sediment and water characteristics in the Lagos lagoon in May 2019: Depth (m), pH,
Temperature (°C), Total Organic Carbon (TOC), Calcium Carbonate (%CaCOs3), mud content (% silt
and clay), and Median Grain Size (®); (N/D = No Data).

Station # Depth (m) pH Temp (°C) TOC (%) CaCOs3 (%) Mud (%) P
1 13 6.9 29.8 0.86 2.01 0.18 2
2 12 6.8 29.2 0.51 0.93 0.22 2
3 13 6.5 29.1 2.05 3.87 22.96 2
4 10 6.4 29.0 1.94 86.16 20.55 2
5 5 6.9 29.2 791 6.31 84.53 >4
6 7.5 6.6 29.2 9.38 10.90 72.38 >4
7 3 6.6 27.5 4.79 10.01 44.51 4
8 4 6.5 27.3 0.76 227 0.00 1
9 6 6.5 26.2 0.32 2.96 0.17 1
10 7 6.6 27.8 6.31 5.76 63.27 >4
11 7 6.4 27.7 6.55 6.17 74.75 >4
12 3 6.7 26.8 0.43 0.44 0 3
13 4 6.8 26.7 1.68 0.55 0 3
14 12 6.5 27.7 1.78 1.60 0.22 2
15 12 5.8 26.3 1.38 1.50 12 2
16 5 6.8 25.9 3.25 2.85 0 1
17 4 6.7 25.1 525 6.23 0.12 2
18 3 6.8 245 4.46 6.07 0.16 1
19 4 6.7 24.9 2.18 6.43 0.18 2

20 3 6.8 24.1 4.44 3.01 0 2
21 3 6.6 24.2 2.74 1.16 0 2
22 3 6.8 25.1 8.52 20.32 1.74 2
23 4 6.6 243 11.09 6.88 60.47 4
24 2 6.5 24.3 14.79 5.03 32.69 3
25 3 6.8 24.5 21.63 8.24 N/D

26 5 6.7 24.2 16.05 5.69 60.78 4
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4.4. Potentially Toxic Elements (PTEs)

A total of 11 PTEs (Cr, Co, Cu, Ni, Cd, Pb, Se, As, Al, Fe, Zn) were analyzed in this
study (see Appendix A —Table Al). Some PTEs were found to be below the detection limit
in certain sediment chemical fractions and were not used in the statistical analysis. These
include Cr, Ni, and Pb in the F1 fraction and Se in the F4 fraction. Cd and As were com-
pletely excluded from this study due to having concentrations below the detection limits
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4.4. Potentially Toxic Elements (PTEs)

A total of 11 PTEs (Cr, Co, Cu, Ni, Cd, Pb, Se, As, Al, Fe, Zn) were analyzed in this
study (see Appendix A—Table A1). Some PTEs were found to be below the detection limit
in certain sediment chemical fractions and were not used in the statistical analysis. These
include Cr, Ni, and Pb in the F1 fraction and Se in the F4 fraction. Cd and As were completely
excluded from this study due to having concentrations below the detection limits in almost all
the sampled stations. All of the total PTE concentrations cross-correlate positively amongst
themselves except for Cr-Cu and Cr-Al pairs, which have no significant correlations at the 95%
confidence interval. Selenium negatively cross-correlates with the rest of the PTEs. All the
PTEs have relative even distributions related to their total concentrations with the following
range values: Cr (2.34-96.42 mg/kg), Co (0.38-16.02 mg/kg), Cu (1.11-130.32 mg/kg), Ni
(0.51-13.58 mg/kg), Pb (3.51-916.47 mg/kg), Se (31.82-120.92 mg/kg), Al (0.02-0.31%), Fe
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(mg/kg) were found in each fraction: 0-0.57 (Ser1), 0.9-19.8 (Serz), and 30-111.3 (Sers). For
the Alr through Alrs chemical fractions, the Al values ranged (%) from 6.3 x 105-3.88 x 1073,
9.9 x 105-7.53 x 10, 0.01-0.04, and 4 x 10--0.28 respectively. For Fe, the following values
(%) were found in each fraction: 1.4 x 104-7.6 x 10~ (Fer1), 2.9 x 104-7.4 x 103 (Ferz), 0.1-1.62
(Fer3) and 54 x 10-3—0 73 (Fers) Finallv. for 7Zn_ the followine concentrations (me/ke) were
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0-0.57 (Sep1), 0.9-19.8 (Segy), and 30-111.3 (Segs). For the Alg; through Alg, chemical fractions,
the Al values ranged (%) from 6.3 x 1075-3.88 x 1072, 9.9 x 1075-7.53 x 104, 0.01-0.04,
and 4 x 1073-0.28 respectively. For Fe, the following values (%) were found in each fraction:
1.4 x 107%-7.6 x 1073 (Fepy), 2.9 x 107474 x 103 (Fep,), 0.1-1.62 (Feps), and 5.4 x 10~°—
0.73 (Fegy). Finally, for Zn, the following concentrations (mg/kg) were found in each fraction:
0.06-0.87 (Zngq), 0.48-21 (Zngy), 9.9-103.8 (Zng3), and 0-137.31 (Zngy). Most of the bioavailable
PTEs have the same relative even distribution as the total distribution. However, in the western
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Correlation Matrix Analysis

The Pearson correlation matrix (Table 3) shows that the PTE total concentrations posi-
tively correlate with mud and TOC except for Se, which correlates negatively. Similarly,
most of the sequentially extracted PTEs correlate positively with mud and TOC except for
Pbps and Seps, which correlate negatively. Only Alp; and Fep; correlate negatively with
mud. The fractions Crgp, Cup;-Cugs, Pbry, Sepi-Sepp, Alpy-Algs, Fepy show no significant
correlation at the 95% confidence interval with mud and TOC. Overall, most PTEs show no
significant correlation with %CaCOs; except for Co, Ni, Fe, and Zn, whose total concentra-
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0.66 0.36 0.65
Cors  -0.20 | 0.62 -0.51  0.77 -0.16  0.68 0.68 0.61

0.66 0.51 0.57
Cors  —0.21 | 0.64 075 -0.05 071 074 042
Cototal -0.25 | 0.65 0.77 -0.14 0.70 0.71 0.58
Curn 0.04 031 -035 -0.08 -0.33 -0.13 -0.29

0.75 0.58 0.74
0.72 0.56 0.65
-0.33 -0.24 -0.17

Curz  -0.03 -0.10 0.08 0.29 -0.34 0.34 | 0.65 0.44 0.23 -0.30 0.17

Curs 015 0.08 -0.03 033 -033}045 021 039 0.19 0.02 0.06
Curs -0.16 | 043 -0.38 | 0.59 | -0.16 | 0.60 0.68 0.37
Cutotal -0.12 0.37 -0.33 | 0.58 -0.23 | 0.61 0.68 0.40
Nir= -024 018 -021 014 019 0.09 032 -0.15

0.71 0.41 0.71
0.62 0.31 0.66
0.52 0.33 0.37
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Table 3. Pearson correlation matrix of PTEs of interest (F1-F4 fractions), total organic matter (%TOC),
mud (%mud), species richness (S), dominance (D), Shannon [H(S)], foraminiferal number (FN),
A = Ammonia aoteana; B = Ammotium salsum; C = Trochammina, and percent abundances of agglu-
tinated (AGL), porcelaneous (P), and hyaline-perforate (HP) benthic foraminifera (n = 26; grey =
significant positive correlation; red = significant negative correlation; black = correlation not consid-
ered; p < 0.05 [0.40]).

PTEs s D H(S) FN A B C AGL P HP  %TOC %CaCO; %Mud
Crp, 007  —003  0.00 016 030 028 052 0.33 —036 027 013 033
Cr 011 001 004 023  -015 017 0.41 0.21 —0.17 042 0.26 0.57
Crpg  —011 038 033 (OS50 —0.17 [1066 0.69 0.40 0.82 0.40 0.62

Crtotal ~ 0.08 0.03 0.00 027 017 025 0.49 0.24 0.52 0.29 0.63
Cop ~ —013  —0.06 0.0 0.0s |[HEDEEN 023 0.47 0.12 0.47 0.17 0.58
Cop ~ —027 [17046 0607 025 [1063 0.69 0.46 0.66 0.36 0.65
Copz  —020 | 062 051 | 077  —016 068 0.68 0.61 0.66 0.51 0.57
Cops  —021 | 0.64 075 005 | 071 0.74 0.42 0.75 0.58 0.74

Cototal ~ —0.25 | 0.65 077 | -0.14 | 070 0.71 0.58 0.72 0.56 0.65
Cupr 004 031  -035 —008 033 013 —0.29 033 024 017
Cup  —003  —010  0.08 029  —034 034 0.65 0.44 023 -030 017
Cupy 015 008  —003 033  —033 [045 0.21 0.39 0.19 0.02 0.06
Cups 016 (04300 —038 [0B9 016 | 060 0.68 0.37 0.71 0.41 0.71

Cutotal —0.12 037  —033 | 058 023 | 061 0.68 0.40 0.62 0.31 0.66
Nipp 024 018 021 0.4 0.19 0.09 032  —0.15 0.52 0.33 0.37
Nips  —0.16 [04770 039 00657 —0.09 [7058 0.71 0.39 0.76 0.63 0.76
Nipg ~ —022 | 0.58 069 001 | 070 0.77 0.34 0.82 0.57 0.79

Nitotal ~ —0.19 | 0.53 - 068 004 | 061 0.73 0.36 0.80 0.64 0.78
Pbp, 019 003 008 013 027 008  0.08 0.15 010 027 0.3
Pbpz  —0.19 |06 0681 —0.15 0.75 0.32 0.45
Pbpy 001  —028 0.8 0.35 ~0.19

Pbtotal  —0.21 [11048 058 | 018 [ 054 0.68 0.28 0.44
Serr 021  —008  0.12 0.13 0.23 008 009 0.6 0.07 023 —0.09
Sep, 027 007  —017 022 015 029 011  —019  —0.15
Sers 006  —035 029 0.12 0.46 —037

Setotal  0.04 036 028 0.09 0.42
Algy 0.03 0.01 0.00 0.08 0.14 0.07 0.18 0.46 0.50
Alg 015  —007 012 0.26 0.13 : . . 0.10 0.06 0.18
Alpy  —020 004 012 011  —012  0.10 0.08 0.26 033  —026  —0.02
Algg 010 0507 039 [N0ZZ00 017 [080 0.75 0.50 0.80 0.37 0.69

Altotal ~ —011 | 049 = 039 | 077 | 017 | 079 0.72 0.51 0.82 0.34 0.68
Fey 014 013  —016 016  —018  0.09 0.20 0.23 0.32 0.25 0.54
Fe,  —029 023 030 020  —011  0.26 0.48 0.29 0.28 0.07 0.19
Fers 016 [11048 0687 —0.08 [06L 0.82 0.51 0.69 0.42 0.63
Feps 011 | 0.54 077 | 019 | 082 0.78 0.50 0.86 0.47 0.79

Fetotal ~ —0.16 | 0.54 073 | 010 | 069 0.82 0.53 0.76 0.48 0.71
Znp 001 015 0.2 007  —018  0.09 0.36 0.06 0.40 0.03 0.52
Znp  0.03 018 012 |04 024 038 0.13 0.21 0.43 0.27 0.51
Zngs 021 [1N052 070 —022 |04 0.68 0.59 0.80 0.45 0.69
Znpy 008 | 049 038 | 076 016 | 068 0.78 0.48 0.72 0.44 0.73

Zntotal  —0.15 | 0.49 074 | 024 | 068 0.74 0.57 0.77 0.43 0.74

%TOC 023 | 055 067 | 017 | 072 0.67 0.48

%CaCO; —025 | 058 0.40

%Mud 008 027  —022 | 0.50
AGL  —006 [I040"0 030 | 059

P 0.60 07700 —0.33
HP 0.04 039 029

4.5. Sediment Contamination Indices

Based on the CF of the PTE total concentrations, six stations can be classified as
“moderately” polluted for chromium (5), copper (10), and zinc (6, 10, 25, 26), and 100% of
the sampled stations are classified as “highly polluted” for selenium (Table 4 and Figure 8A).
The EF show that 27% (Cr), 46% (Ni), and 4% (Fe) of the sample sites fall in the category
“moderately” polluted while 58%, 31%, 89%, 54%, and 58% of samples are classified as
“severely” polluted for Cr, Co, Cu, Nji, and Fe, respectively. The category of “high” pollution
was represented by 4% (Cr), 38% (Co), 8% (Cu), 27% (Pb), 46% (Zn), and 38% (Fe) of the
samples in the lagoon. Furthermore, 12% (Cr), 27% (Co), 4% (Cu), 73% (Pb), 100% (Se), and
54% (Zn) of the samples are categorized as “extremely polluted” (Table 4 and Figure 8B).
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Table 4. Potentially toxic element pollution indices.
Sample c o . . .
Stations ontamination Factor (CF) Enrichment Factor (EF) Ecological Risk Factors (Er) RI
Cr Co Cu Ni Pb Se Zn Al Fe Cr Co Cu Ni Pb Se Zn Fe Cr Co Cu Ni Pb Se Zn Al Fe
St1 0.1 0.0 0.0 0.0 0.3 142.3 0.1 0.0 0.0 24.8 15.1 18.3 47 141.6 59,160.3 48.5 9.9 0.1 0.0 0.2 0.0 1.7 142.3 0.1 0.0 0.0 144.4
St2 0.0 0.0 0.0 0.0 0.2 166.2 0.2 0.0 0.0 6.9 52 9.7 44 472 43,916.1 57.4 10.1 0.1 0.0 0.2 0.0 0.9 166.2 0.2 0.0 0.0 167.6
St3 0.0 0.1 0.1 0.0 0.2 158.9 0.1 0.0 0.1 9.4 23.7 21.0 9.5 43.9 39,698.2 34.3 198 01 0.1 0.4 0.0 09 158.9 0.1 0.0 0.1 160.6
St4 0.1 0.3 0.0 0.1 0.4 126.0 0.3 0.0 0.2 9.1 443 74 10.6 53.5 19,102.9 419 239 0.1 0.3 0.2 0.1 1.8 126.0 0.3 0.0 0.2 129.0
St5 11 0.5 0.1 0.1 0.8 66.4 0.9 0.0 0.3 88.3 44.1 9.0 79 66.0 5473.4 75.2 26.9 2.1 0.5 0.5 0.1 4.0 66.4 0.9 0.0 0.3 74.8
St6 0.7 0.5 0.2 0.2 0.7 114.4 1.2 0.0 0.2 62.5 49.0 19.4 17.9 61.4 10,261.0 104.4 22.1 14 0.5 11 0.2 34 114.4 1.2 0.0 0.2 122.4
St7 0.0 0.3 0.1 0.1 0.5 129.7 0.8 0.0 0.2 2.8 27.1 10.6 4.0 35.9 10,099.7 58.5 15.8 0.1 0.3 0.7 0.1 2.3 129.7 0.8 0.0 0.2 134.2
St8 0.0 0.4 0.0 0.0 0.3 119.1 0.3 0.0 0.1 6.9 81.1 5.2 6.7 68.6 24,908.0 62.6 309 0.1 0.4 0.1 0.0 1.6 119.1 0.3 0.0 0.1 121.7
St9 0.0 0.3 0.0 0.0 0.3 142.6 0.3 0.0 0.1 8.6 86.4 6.5 8.4 70.6 37,594.9 76.2 323 0.1 0.3 0.1 0.0 13 142.6 0.3 0.0 0.1 144.8
St 10 0.1 0.8 29 0.1 0.5 77.2 1.9 0.0 0.4 49 43.0 147.6 6.7 23.0 3932.0 98.5 19.2 0.2 0.8 145 0.1 23 77.2 1.9 0.0 0.4 97 .4
St11 0.1 0.8 0.1 0.1 0.6 53.0 0.7 0.0 0.4 43 33.5 5.8 52 26.0 2129.9 27.3 16.2 0.2 0.8 0.7 0.1 32 53.0 0.7 0.0 0.4 59.1
St12 0.0 0.1 0.1 0.0 0.5 160.9 0.2 0.0 0.1 9.7 37.6 232 2.0 132.6 42,146.7 50.7 224 0.1 0.1 0.4 0.0 2.5 160.9 0.2 0.0 0.1 164.3
St13 0.0 0.2 0.0 0.0 0.5 162.1 0.3 0.0 0.1 7.9 35.5 5.3 34 93.3 33,111.7 56.6 221 0.1 0.2 0.1 0.0 23 162.1 0.3 0.0 0.1 165.2
St 14 0.1 0.1 0.1 0.0 0.6 201.5 0.2 0.0 0.1 7.5 10.1 8.8 2.3 77.7 27,959.9 29.3 122 0.1 0.1 0.3 0.0 2.8 201.5 0.2 0.0 0.1 205.1
St15 0.4 0.1 0.0 0.0 0.6 189.3 0.2 0.0 0.1 64.9 17.9 7.6 3.3 93.7 32,003.0 32.7 14.6 0.8 0.1 0.2 0.0 2.8 189.3 0.2 0.0 0.1 193.5
St16 0.1 0.1 0.1 0.0 0.3 161.7 0.2 0.0 0.1 9.0 19.5 9.1 6.1 45.8 22,894.2 28.0 15.7 0.1 0.1 0.3 0.0 1.6 161.7 0.2 0.0 0.1 164.1
St17 0.0 0.2 0.0 0.0 0.5 150.2 0.2 0.0 0.1 7.0 29.6 5.6 3.0 82.7 24,514.2 40.0 189 01 0.2 0.2 0.0 2.5 150.2 0.2 0.0 0.1 153.5
St18 0.1 0.3 0.1 0.1 0.5 135.7 0.3 0.0 0.2 5.0 26.6 7.3 59 419 12,578.6 27.7 152 01 0.3 0.4 0.1 2.3 135.7 0.3 0.0 0.2 139.4
St19 0.0 0.3 0.1 0.0 0.4 125.0 0.3 0.0 0.2 6.1 32.5 6.7 5.8 52.3 15,980.6 40.5 212 0.1 0.3 0.3 0.0 2.0 125.0 0.3 0.0 0.2 128.2
St 20 0.0 0.1 0.0 0.0 0.4 186.0 0.2 0.0 0.1 6.6 18.8 8.1 32 78.2 39,514.4 413 14.1 0.1 0.1 0.2 0.0 1.8 186.0 0.2 0.0 0.1 188.5
St21 0.0 0.1 0.1 0.0 0.4 120.6 0.2 0.0 0.1 5.0 15.7 6.7 43 43.3 14,483.3 289 17.4 0.1 0.1 0.3 0.0 1.8 120.6 0.2 0.0 0.1 123.2
St22 0.1 0.6 0.2 0.1 0.7 114.9 0.5 0.0 0.2 10.1 434 14.4 6.0 495 7740.7 35.7 15.1 0.3 0.6 1.1 0.1 37 114.9 0.5 0.0 0.2 121.4
St 23 0.1 0.5 0.3 0.1 0.5 116.6 0.6 0.0 0.3 42 21.4 9.9 43 21.7 4603.6 23.8 122 02 0.5 1.3 0.1 2.7 116.6 0.6 0.0 0.3 122.3
St24 0.1 0.6 0.2 0.1 0.5 92.3 0.6 0.0 0.4 6.8 37.5 10.1 7.3 314 5563.4 35.1 213 0.2 0.6 0.8 0.1 2.6 92.3 0.6 0.0 0.4 97.6
St 25 0.1 0.7 0.2 0.1 0.7 74.7 1.2 0.0 0.5 5.8 33.0 74 5.4 30.0 3383.9 55.2 21.1 0.3 0.7 0.8 0.1 3.3 74.7 1.2 0.0 0.5 81.6
St 26 0.1 0.6 0.3 0.1 0.8 120.6 14 0.0 0.2 37 16.8 8.6 27 21.7 3185.9 37.7 4.0 0.3 0.6 1.6 0.1 41 120.6 1.4 0.0 0.2 128.9
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shores for Co, Al, Fe, and Zn in the F1 fraction, for Ni in the F2 fraction, for Cr and Ni in the
F3 fraction, and for Co, Ni, and Fe in the F4 fraction (Figures 5 and 6; Table 4; Appendix A—
Table Al). However, given the relative acidic conditions of the lagoon (pH: 5.8-6.9), it
is probable that the F2/F3 fractions are not significantly sequestered during carbonate
mineralization [1,38]. This may explain the very low concentration found in the respective
exchangeable and acid-soluble fractions (Figure 6). Interestingly, most PTEs are found in the
F3 fraction as a response to oxygen levels (Figure 6) related to water column mixing during
tidal flushing (0.6-1.2 m; [3]). During iron-oxide precipitation, PTEs will be sequestered
and/or adsorb to this reducible fraction as evidenced by Se comprising 95.9% of the PTEs
in the F3 fraction.

The F4 fraction contains relatively high bioavailable PTE concentrations (Figure 6;
Appendix A—Table Al) as a response to complexation due to organic pollution (e.g.,
sewage) and flocculation of organic matter typical of estuarine environments [39]. Among
the PTEs analyzed, Cu has been shown to constitute a proxy for the amount of sewage
input (e.g., [40,41]). Since the lagoon receives copious amounts of sewage (e.g., [16,32]),
this could explain the high abundance of this PTE in the F4 (oxidizable).

In general, PTEs have shown that 65% and 35% of the sampled stations have “low”
and “moderate” levels of ecological risk, respectively. This variation is related to the sample
stations (5T15-5T20) under a “moderate” level of ecological risk, consisting of very low
TOC with sandy sediments and a high number of calcareous foraminifera in the central
portion of the lagoon. The sole fractionation of Se with oxide-hydroxides associated with
the F3-reducible fraction further indicates that this portion of the lagoon is more oxygenated.
On the contrary, the sample stations with “low” ecological risk are located in the western
and eastern sectors of the lagoon and consist of high TOC muddy sediments dominated
by agglutinated foraminifera. In this case, the negative correlation of Se with TOC and
mud suggests that these portions of the lagoon are less oxygenated, maintaining this PTE
in other insoluble forms such as its elemental state or as selenide [42].

In addition, highly polluted conditions are indicated by the amount of Selenium
which is consistent with reports of other PTEs (e.g., Zn) being released and transported
by artificial canals, streams, and rivers from industrial effluents [35,43,44]. Unfortunately,
the sources of the high pollution status of Se in single and multi-element pollution indices
(CF, EF, and RI) are not yet known, and there is no previous literature on the analysis
of this PTE in Lagos Lagoon. Moreover, the mobilization of Se in aquatic systems could
be a result of anthropogenic activities, such as petroleum transport/oil refining, metal
smelting, municipal landfills, and paint production amongst others (e.g., [45-47]), which
are prevalent around the lagoon. Other studies have also shown that bioaccumulation
along food chains can be another factor responsible for Se mobilization and cycling in
aquatic ecosystems [48]. Furthermore, calculations of the Enrichment Factor (EF) show that
most of the PTEs analyzed indicate a “moderately” to “extremely” polluted environment.
This is compatible with the high PTE values found by Don-Pedro et al. [35].

The total Se distribution map suggests that the source of pollution could come from
the northern and southern shores. “High” Se concentrations have only been reported by
Overah et al. [49] in urban-derived sediments found in gutters along the Lagos Bar Beach
(eastern shore of the Commodore Channel), but neither actual concentrations nor the source
of the PTE was provided. The Five Cowrie Creek is a narrow tidal channel connecting the
Commodore Channel to the central portion of the lagoon [14]. This bypassing of marine
waters into the central part of the lagoon provides a pathway for Se, as demonstrated by
a “hotspot” located at the central part of the lagoon (Figure 5; Appendix B—Figure A3).
Given that PTEs are found as organo-metallic compounds in the oil, another source of
Se most likely could come from the Apapa-Badagry Creek in the Lagos Harbor which is
known to have high concentrations of hydrocarbons (PAHs) [5]. The levels and detrimental
effects of Se in Lagos Lagoon have not been studied so far, which explains how this PTE’s
enrichment could go unnoticed over such a long period of time.
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5.2. Correlation between PTEs and Benthic Foraminiferal Assemblages

Several workers have reported the influence of PTEs on the distribution and diversity
of benthic foraminifera especially in estuarine-lagoon environments (e.g., [2,38,50-52]).
However, the concept of using total and bioavailable PTE concentrations does not directly
apply when used as an assessment of the ecological response of benthic foraminifera to
pollutants [1,37,53]. The degree of uncertainty when using total concentrations does not
allow for the proper assessment of PTE impacts. For example, A. salsum, Trochammina sp.
1, and the percentage values of agglutinated taxa have significant positive correlations
with several PTEs in the -F3 bioavailable and total concentrations, while hyaline-perforate
mostly had negative correlations (Table 3). However, the PTEs in this fraction are not readily
bioavailable to the foraminifera, given that they are sequestered within the crystalline
structures of oxides after precipitation. Based on the generalized feeding habits (e.g.,
detritivory, omnivory) of foraminifera, it is suspected that PTEs found in the F1 and F4
fractions are the most bioavailable and should be only considered when assessing the
impacts of these contaminants.

In Lagos Lagoon, the foraminiferal species richness was shown to be comparatively
low (42 taxa; [13]), a feature that is common in estuarine and lagoonal habitats [3,54-56].
Species richness, however, did not show any significant correlation with the PTEs in any
fraction, but non-significant negative correlations were observed for Cop r3 s, Nipp ps;
Pbyotal, Serz, Alps, Fepp, Znps, and TOC. A statistically significant positive correlation, how-
ever, was recorded between species richness and percent abundances of foraminifera with
a porcelaneous test wall (Table 3). As pointed out by Fajemila et al. [13,57], foraminiferal
species richness and abundances of porcelaneous taxa are primarily driven by salinity,
suggesting that the individual PTEs or fractions thereof have secondary importance for
species with a porcelaneous test wall.

Agglutinated taxa are interchangeably abundant with calcareous taxa along differ-
ent corridors of the lagoon with respect to sediment characteristics and salinity values
governed by the interplay between marine and fresh waters [13]. For example, A. salsum,
which is widely recognized as a stress-tolerant species (e.g., [52,58-60]), coupled with
Trochammina sp. 1 occupies most of the easterly and westerly sites in the lagoon (Figure 2).
Ammotium salsum and Trochammina sp. 1 were found to have significant positive corre-
lations with Crps-Copy £3-F4-total"CUF4-total"NiF3-F4-total “AlF4-tota-FeF3-Fa-total-ZNF3-F4-total AN
correlate negatively with Pbps-Seps-Seyoa). Oxidizable fraction (F4) is directly related to
organic matter, and potentially bioavailable along trophic transfer lines [1,37,52]. The
overall significant positive correlation of these PTEs suggests that they behave as micronu-
trients and not as stressors when complexed with organic matter in the GoG. A positive
correlation between the % abundances of agglutinated taxa and TOC (Table 3) provides
additional support for this hypothesis. In addition, positive correlation records between
percent abundances of agglutinated foraminifera, D, and FN (Table 3) show that besides
TOC, salinity plays a major role. A similar finding was reported from west African la-
goons by Debenay [61], who identified A. salsum as a stress-tolerant species following
salinity gradients. Although it is difficult to disentangle which vector gradient (pollution
vs. salinity) is responsible for their dominance and distribution patterns, both A. salsum
and Trochammina sp. 1 are considered bioindicators of environmental stress in Lagos lagoon
given their affinity to PTEs in the organic-bound F4 fraction.

It is important to notice that the percent abundances of agglutinated foraminifera
correlate positively with several PTEs in the F3-total fractions. Because these fractions
are not readily bioavailable, they may represent false positives. For example, the positive
correlation between mud and TOC strongly suggests that organic-rich muddy sediments
are dominant in the lagoon. Since organic matter plays an integral role in the level of oxy-
genation, it comes as no surprise that the percentage of agglutinate foraminifera correlates
positively with PTEs in the iron-oxide (F3) fraction.

The significant positive correlation of both A. salsum and Trochammina sp. 1 with TOC
supports the affinity of certain PTEs to organic matter. As shown by Fajemila et al. [13], the
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abundance is highest where there are low salinity readings which coincides with higher
amounts of TOC with PTEs complexed in the F4 fraction. The single PTE that negatively
correlates with A. salsum and Trochammina sp. 1 is Pbgg, suggesting that it is the only PTE
with a detrimental effect on the distribution of the two species.

Among all hyaline-perforate benthic foraminifera present in Lagos Lagoon, members
of the genus Ammonia were found to constitute the most abundant. Several species of the
genus Ammonia are well-known to be a stress-tolerant (e.g., [62—64]). Ammonia, however,
shows no correlation with mud and TOC. Its highest abundances were found to be at sites
around the center of the lagoon where TOC values are <4% (Figure 2). This particular
Ammonia distribution could be linked to variable pH conditions, and culture experiments
have documented that drastic decalcification occurs when pH approaches 7 [65]. Similarly,
Pettit et al. [66] found very few specimens of Ammonia in both the living and dead assemblages
at pH levels between 7.55-7.88 in the Gulf of California. Acidic lagoon conditions of Lagos
Lagoon (pH 5.8-6.9) may therefore limit the abundance of calcareous taxa, a feature that is
also supported by the lack of correlation between CaCOj3; and A. aoteana. This hypothesis
is consistent with the observations of Dias et al. [67] who studied the long-term biological
response of foraminifera to acidification and reported foraminiferal assemblages dominated
by agglutinated taxa at pH < 7.6. In addition, the negative correlation between percent
abundances of hyaline-perforate taxa with both TOC and FN (Table 3) suggests that the
environmental conditions at high TOC values favor agglutinated over hyaline-perforate taxa.

Although A. aoetana is the dominant hyaline-perforate taxon with practically no correla-
tion with PTEs, the percentage of the hyaline group shows numerous significant correlations
with non-bioavailable C0F2—F3t0tal’cuFZ—FS—total'PbF3—t0tal’SeFe—tota1'Altotal'F €F3-total~Z1F3-total -
However, this PTEp; fraction is not bioavailable and is considered a false positive as it
has no direct effect on this group. Interestingly, the percentage of hyaline-perforate taxa
correlates positively with bioavailable Pbps, suggesting that the latter behaves like a mi-
cronutrient. However, TOC shows a strong negative correlation with both Pbps and the
percentage of hyaline-perforate taxa (Table 3).

As pointed by Martinez-Coldn et al. [1], PTEs in the exchangeable fraction (F1) could
be bioavailable to the foraminifera. A positive correlation was found for Alp; with mud,
indicating that the sediment provenance is mostly terrestrial. Cop; also correlates positively
with Trochammina sp. 1 and negatively with A. aoteana, suggesting that it functions both as
a micronutrient and a stressor, respectively. No other PTE in the F1 exchangeable fraction
correlates significantly with A. salsum, Trochammina sp. 1, or A. aoteana.

The low foraminiferal ecological risk index values recorded are characteristic for
stressed environments (e.g., [68,69]). For example, H(S) only correlates negatively with Co-
Ni-Pb-Fe in the F4 fraction and with TOC and %CaCOj3. This suggests that a multitude of
variables, including low dissolved oxygen, variable water acidification (linked to salinity),
and aforementioned bioavailable PTEs are impacting the composition and distribution of
assemblages. Similarly, the statistical relationship between foraminiferal dominance (D)
values with TOC, CaCO3, and several PTEs suggests the same effects on the dominance
and distribution of A. salsum.

Previously recorded data showed that the foraminiferal number (FN) increases west-
east across the lagoon with an accompanying decrease in species richness [13]. FN correlates
positively with Co-Ni-Al-Fe-Zn and negatively with Pb in the F4 fraction. This suggests that
besides salinity, the composition and texture of sediments play a factor in the foraminiferal
distribution. In addition, the sediments showing a significant positive correlation with
mud and TOC, suggest that several PTEs or fractions thereof play an auxiliary role.

Previous studies reported that under conditions of heavy metal pollution foraminiferal
population density tends to decline but that a suite of environmental factors can make
parsing the effect of contaminants from other variables difficult [70-75]. Recent studies
by Smith and Goldstein [73] showed that exposure to elevated concentrations of Ni and
Zn resulted in limited abundances under varying salinity and temperature conditions.
The effects on species richness and test deformities, however, remained puzzling and
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inconsistent. No significant positive correlation with none of the PTEs was found for
neither species richness nor for the most abundant hyaline-perforate species (A. aoteana)
in Lagos Lagoon. Previously recorded data from Lagos Lagoon showed that the FN in
total assemblages increased west-east across the lagoon with an accompanying decrease in
species richness and salinity [13]. Total abundances were recorded to correlate positively
with Co-Ni-Al-Fe-Zn and negatively with Pb in the F4 fraction. Therefore, the spatial
distribution of foraminiferal diversity is best explained by their negative correlation with
Cory-Nips-Fery, as it also follows salinity gradients. On the contrary, positive correlations
exist between Cops-Cups-Nips-Alps-Feps-Znpy, FN, and TOC, suggesting that these PTEs
behave as micronutrients.

Except for Sepq and Pbpy, no significant and consistent negative correlation between
the abundance, species richness, and spatial distribution of benthic foraminifera and PTEs
was found in Lagos Lagoon. We acknowledge that the PTEs analyzed in this study represent
only a fraction of the pollution cocktail accumulating within Lagos Lagoon. Especially
in the industrialized western part of the lagoon, other toxic substances, including PAHs,
PCBs, and high concentrations of organic compounds, were reported to have detrimental
and lethal effects on marine life [1,2,76,77].

6. Conclusions

Foraminiferal assemblages collected across the highly polluted Lagos Lagoon display
a distinct separation of agglutinated and hyaline-perforate/porcelaneous taxa. The spa-
tial separation is largely oriented along the salinity contour lines. Superimposed on the
salinity-driven distributional differences are a multitude of stressors related to increasing
anthropogenic influences. Our in-depth cross-correlation analysis on the spatial distribu-
tion foraminifera and a selection of Potentially Toxic Elements (PTEs) yields the following
major conclusions:

1.  Theresults of our study do not show a significant negative correlation between benthic
foraminiferal species and PTEs except for Pbps and Sep;.

2. The spatial distribution of foraminiferal species richness and diversity negatively
correlates with Cops-Nips-Fepy, a feature that tracks the salinity gradients. On the con-
trary, the positive correlation of Cops-Cups-Nips-Alps-Feps-Znpy with the foraminiferal
number distribution suggests that these PTEs behave as micronutrients since it also
correlates favorably with TOC.

3. This study provides new information on the bioavailability of PTEs, especially of Se
in Lagos Lagoon. The relatively high concentrations of Se suggest that it has been
accumulated unnoticed in the lagoon over the years. Lagos Lagoon will continue to
act as a sink for Se and other PTEs, therefore, their potential impact on the lagoon’s
ecosystem must be monitored and assessed for proper management and control to
minimize further impacts of all these pollutants on coastal activities.

4. Shannon diversity values H(S) show significant negative correlations with various
bioavailable PTEs in the F4 fraction (Co-Ni-Fe).

5. Aninteresting finding is Se being the only PTE with the highest total concentration
(32-120 mg/kg) within the central portion of the lagoon. The Ecological Risk Index
and Enrichment Factor also suggest that this part of the lagoon is experiencing mod-
erate to severely polluted environmental conditions. It is uncertain what the extent of
its effects on the foraminiferal assemblages is, since the abundance of A. salsum and
Trochammina sp. 1, and the FN are the only parameters showing significant negative
correlations with the non-bioavailable fractions of Se.

6.  Our study serves as a baseline for future studies investigating the environmental
impact of pollution on benthic foraminifera, species richness, and within the Lagos
Lagoon environment. Because the PTEs analyzed in this study represent only a portion
of the pollution cocktail accumulating within Lagos Lagoon, future analysis of PAHs,
PCBs, and OCs would provide a more comprehensive view on the status of pollution
and their effects on foraminiferal bioindicators. Consistent with previous work, our
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results identify the problems associated with using total concentrations of selected
PTEs alone as tools for biomonitoring, but support the usefulness of foraminiferal
abundance and species richness as tools for environmental analysis.
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Appendix A

PTE concentrations for each fraction (F1-F4).

Table Al. PTE concentrations for each fraction. Concentrations are in mg/kg and in percent (*).
(BDL = Below Detection Limit).

Fraction #1 (F1: Exchangeable)

Sample ID

Cr Co Cu Ni Cd Pb K* Se As Al* Fe * Zn
1 0.75 0.39 0.87 BDL 2.25 111 0.01 0.42 0.15 1.11 x 1074 2.76 x 1074 0.57
2 0.18 BDL 0.39 BDL 0.18 0.78 0.02 0.39 0.18 1.35 x 1073 2.34 x 1074 0.24
3 BDL 0.33 0.30 BDL 0.06 0.60 0.04 0.24 BDL 9.3 x 107° 2.01 x 10~* 0.27
4 BDL 0.00 0.33 BDL 0.00 0.75 0.09 0.48 BDL 2.4 x 1073 5.49 x 1074 0.15
5 0.03 0.18 0.24 BDL 0.12 BDL 0.14 0.00 0.09 1.65 x 1073 3.16 x 1073 0.60
6 0.06 0.24 0.33 BDL 0.42 BDL 0.13 BDL BDL 3.88 x 1073 7.55 x 1073 0.87
7 0.00 0.09 0.18 BDL 0.00 BDL 0.06 0.15 BDL 213 x 1073 424 x 1073 0.21
8 BDL BDL 0.09 BDL BDL BDL 0.01 0.18 BDL 255 x 1074 7.92 x 1074 0.06
9 BDL BDL 0.09 BDL BDL BDL 0.01 0.03 0.09 9.3 x 107° 3.42 x 1074 0.06
10 BDL 0.27 0.09 BDL 0.03 BDL 0.15 0.42 BDL 294 x 1074 1.15 x 1073 0.24
11 0.00 0.15 0.12 BDL 0.03 BDL 0.15 0.09 BDL 1.6 x 1073 33 %1073 0.21
12 BDL 0.00 3.00 BDL BDL BDL 0.01 0.12 BDL 6.3 x 107° 1.44 x 1074 0.12
13 BDL 0.00 0.12 BDL BDL BDL 0.01 0.15 BDL 9.3 x 107° 447 x 1074 0.45
14 BDL 0.03 0.09 BDL BDL BDL 0.06 0.30 BDL 5.1 x 1074 8.22 x 107* 0.18
15 BDL 0.06 0.09 BDL BDL BDL 0.04 0.24 BDL 9.9 x 1074 14 x 1073 0.27
16 BDL 0.06 0.09 BDL BDL BDL 0.05 0.12 0.09 1.03 x 1073 1.69 x 1073 0.18
17 BDL 0.03 0.30 BDL BDL BDL 0.02 0.09 BDL 354 x 1074 8.76 x 107+ 0.12
18 BDL 0.06 0.06 BDL 0.00 BDL 0.09 0.15 BDL 288 x 1074 6.15 x 107* 0.18
19 BDL 0.06 0.09 BDL BDL BDL 0.05 0.21 BDL 246 x 1074 63 x 1074 0.12
20 BDL 0.03 0.09 BDL BDL BDL 0.03 0.24 BDL 213 x 107* 441 x 1074 0.12
21 BDL 0.00 0.06 BDL BDL BDL 0.05 0.33 BDL 4.65 x 1074 9.42 x 10~* 0.21
22 BDL 0.06 0.09 BDL 0.00 BDL 0.07 0.57 BDL 1.53 x 1074 417 x 1074 0.12
23 BDL 0.18 0.06 BDL 0.06 BDL 0.18 0.24 BDL 354 x 1074 7.14 x 107* 0.42
24 BDL 0.15 0.06 BDL 0.03 BDL 0.14 0.12 BDL 477 x 1074 1.46 x 1073 0.27
25 0.45 0.33 0.33 BDL 0.27 BDL 0.14 0.48 BDL 6.9 x 1074 417 x 1074 0.30

26 BDL 0.18 0.18 BDL 0.39 BDL 0.11 0.36 BDL 1.5 x 1074 3.6 x 1074 0.57
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Table Al. Cont.

Fraction #2 (F2: Acid-soluble)

Sample ID -
Cr Co Cu Ni Cd Pb K* Se As Al* Fe * n
1 0.12 0.00 0.15 0.03 0.03 0.39 0.01 1.350 BDL 477 x 1074 6.3 x 107* 0.60
2 0.06 0.03 0.09 0.03 0.03 0.36 0.02 1.56 BDL 402 x 10~* 471 x 1074 6.00
3 0.06 0.21 0.00 0.21 0.00 0.36 0.03 1.74 BDL 9.9 x 1075 2.85 x 104 1.20
4 0.06 0.18 BDL 0.12 0.03 0.30 0.05 1.59 BDL 513 x 10~* 1.08 x 1073 0.81
5 0.09 0.05 0.12 0.06 0.03 0.66 0.10 1.71 BDL 597 x 10~* 21 %1073 2.85
6 0.06 0.66 0.12 0.30 0.18 0.96 0.09 1.68 BDL 327 x 107* 1.15 x 1073 6.57
7 0.06 0.51 0.03 0.06 0.06 0.66 0.04 1.74 BDL 462 x 107 1.58 x 1073 21.00
8 0.06 0.09 0.09 0.06 0.00 0.27 0.02 1.89 BDL 7.53 x 107* 1.13 x 1073 0.66
9 0.06 0.03 0.03 0.00 0.03 0.42 0.02 2.07 BDL 2.76 x 10~ 6 x 1074 0.51
10 0.09 1.17 0.12 0.21 0.03 0.60 0.10 1.77 BDL 6.78 x 107 5.45 x 1073 1.38
11 0.15 1.47 0.15 0.06 BDL 213 0.09 1.71 BDL 5.76 x 107 469 x 1073 1.41
12 0.09 0.15 0.21 BDL BDL 1.77 0.01 1.80 BDL 243 x 107* 32 x1073 0.57
13 0.06 0.03 0.15 BDL BDL 0.84 0.02 1.89 BDL 246 x 107 7.32 x 10°* 0.48
14 0.15 0.24 0.12 BDL BDL 2.64 0.03 19.80 BDL 453 x 107 1.27 x 1073 0.87
15 0.15 0.18 0.09 BDL BDL 3.18 0.02 1.98 BDL 348 x 1074 5.76 x 1074 0.84
16 0.06 0.18 0.03 0.15 0.03 0.42 0.03 2.07 BDL 6x 1074 1.08 x 1073 0.99
17 0.09 0.27 0.09 0.03 BDL 1.20 0.02 0.90 BDL 435 x 10~* 742 x 1073 1.23
18 0.06 0.21 0.03 0.21 0.00 0.60 0.04 1.77 BDL 435 x 107 828 x 1074 0.78
19 0.06 0.30 0.12 0.18 0.03 0.30 0.03 1.86 BDL 3.66 x 107 2.07 x 1073 1.05
20 0.06 0.15 0.03 0.09 0.00 0.30 0.02 1.86 BDL 345 x 107* 8.7 x 107* 1.17
21 0.06 0.18 0.06 0.18 0.03 0.30 0.03 1.83 BDL 5.19 x 10~ 229 x 1073 1.11
22 0.06 0.51 0.06 0.06 0.03 0.48 0.05 2.04 BDL 1.83 x 10~* 1.22 x 1073 2.28
23 0.09 0.36 0.12 0.09 0.03 0.45 0.08 1.89 BDL 42 x107* 1.19 x 1073 1.71
24 0.21 1.02 0.24 0.33 0.18 0.45 0.12 1.56 BDL 6.81 x 10~ 521 x 1073 1.68
25 0.09 0.45 0.12 0.15 0.12 0.30 0.11 2.04 BDL 2.7 x 1074 7.17 x 1074 2.25
26 0.12 0.69 0.15 0.12 0.21 0.84 0.12 2.100 BDL 3.87 x 10°* 1.15 x 1073 7.35
Fraction #3 (F3: Reducible)
Sample ID :
Cr Co Cu Ni Cd Pb K* Se As Al* Fe * n

1 3.6 0.3 0.6 0.6 0.3 45 2.01 x 1073 83.4 BDL 0.02 0.10 9.9

2 15 0.3 0.6 0.9 0.3 1.8 252 x 1073 92.1 BDL 0.02 0.17 11.4
3 1.5 0.6 0.3 15 0.3 1.8 243 x 1073 93.3 BDL 0.01 0.22 11.4
4 39 39 0.0 33 BDL 5.1 0.01 73.5 BDL 0.01 0.63 222
5 93.0 8.4 0.6 5.1 BDL 15.3 0.03 38.1 BDL 0.02 1.15 70.5
6 60.0 8.1 0.3 11.4 0.3 12.6 0.02 66.9 BDL 0.03 0.79 89.1
7 2.7 45 0.0 2.4 BDL 8.4 0.01 75.9 BDL 0.02 0.56 38.1
8 24 6.6 0.6 1.8 BDL 5.7 1.53 x 1073 66.9 BDL 0.02 0.68 25.8
9 2.1 5.4 0.6 1.8 BDL 42 1.47 x 1073 81.3 BDL 0.01 0.56 24.6
10 5.7 10.2 0.6 5.7 BDL 8.4 0.02 441 BDL 0.02 1.24 4.7
11 6.3 10.2 0.6 5.7 BDL 10.8 0.02 30.0 BDL 0.02 1.25 453
12 2.7 24 0.6 0.3 BDL 7.8 7.80 x 1074 92.1 BDL 0.02 0.40 17.1
13 2.7 3.0 0.6 0.9 BDL 7.5 9.00 x 104 9.7 BDL 0.03 0.50 24.3
14 2.7 0.9 0.6 0.6 0.0 7.8 3.15 x 1073 100.8 BDL 0.03 0.32 18.3
15 33.0 1.5 0.6 0.9 0.0 7.2 225 x 1073 111.3 BDL 0.02 0.35 16.5
16 33 1.8 0.3 2.1 0.0 5.4 2.73 x 1073 94.8 BDL 0.02 0.39 16.5
17 2.7 2.7 0.3 0.9 BDL 8.1 1.56 x 1073 88.5 BDL 0.03 0.50 20.7
18 3.0 33 0.0 24 BDL 7.5 495 x 103 79.5 BDL 0.02 0.57 222
19 3.0 3.6 0.3 2.1 BDL 6.9 315 x 103 72.9 BDL 0.02 0.68 26.1
20 15 1.2 0.0 0.6 0.0 6.3 1.8 x 1073 109.5 BDL 0.02 0.24 16.2
21 24 1.8 0.3 15 BDL 6.3 3.48 x 1073 70.2 BDL 0.03 0.53 19.8
22 9.3 929 39 46 2.7 13.5 0.01 66.3 BDL 0.02 0.61 414
23 5.1 5.7 1.8 39 0.6 10.5 0.01 67.8 BDL 0.02 0.73 37.2
24 5.7 9.3 0.9 6.0 BDL 9.9 0.03 53.7 BDL 0.02 1.17 447
25 8.1 9.6 0.6 54 BDL 12.9 0.02 423 BDL 0.02 1.62 88.5

26 54 8.1 0.3 45 0.3 15.6 0.02 69.9 BDL 0.04 0.71 103.8
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Table Al. Cont.

Fraction #4 (F4: Oxidizable)

Sample ID -

Cr Co Cu Ni Cd Pb K* Se As Al* Fe * n
1 0.90 0.00 0.36 0.12 0.03 081  003% 019  BDL 3.84 x 103 0.01 0.00
2 0.60 0.03 0.57 0.18 0.03 0.63  0.04% 564  BDL 0.01 0.01 3.00
3 1.80 0.66 3.18 087 BDL 075 008% BDL BDL 0.02 0.16 0.18
4 1.44 1.47 1.86 132  BDL 090 0.12% BDL  BDL 0.04 0.11 3.12

Water 21122 14, x FOR PEERIFBVIEW3.96 138 BDL 003 004% BDL BDL 0.08 0.39 22.6326

258 138 97 186 BDIL Q012 0.02% BDIL BDL 0.06 037 14 04
7 0.48 1.50 5.94 105 BDL 015 008% BDL BDL 0.08 0.39 12.03
8 0.51 0.66 0.33 0.30 0.00 057  0.04% 246  BDL 0.02 0.01 1.89
190 g-gi’ Z-gg 1293211 g-g%.ls ];’4. %éé zoé)f-"/" BDIZ: 13BDL 0% BDI% ;]ZBDL 0.198-&1L 0.65 %72§
1 318 402 564]12 29754 (g]%g 0.0 054 B [03% 2.5419BDL 00155 001 5 é@q
12 0.54 0.18 01813 01872 Pty  B3h %30/ 0002.520 78 prol6% - 2.49) 11BDL 00151 001 ¢
13 0.72 0.27 03014 02198 (gl D98 Q6% BDI2.490.75 BISI08%  BDIp,1BDL 0.030.01 010 PR
14 1.98 0.21 20415 05038 BDI7 1025  (3B% BDIBDL0.69 BDID7%  0.04.03BDL 0.020.10 0.05 @75
15 1.38 0.27 12316 0.32.34 BiF7 V48 085 % BDI10.060.63 BIDI11% BDIV.02BDL 0.040.05 0.13 Q7%
16 2.34 0.57 24617 06605 BRIs Q@8  @3hl% BDBPLo.g1 BRlgyy%  0.600-04BDL 0.02013 004 1%
}g }gg gég g-igls ?';Q.SO E’Pée 98 A% BDLg ]ggo 93 g%s% BD]g'ggBDL 0.073% 020 5%y
19 1.23 0.87 18619 07823 B@% ]8%62 (87% BDI; 096 BE’EO% BDIy 04BPL 0.045 19 010 %%9
20 1.23 0.30 15920 03323 Epi0 BB %%%O/ BD[BDLO 75 p9f06%  BDIy orBDL 00208 008  OG
21 1.26 0.51 21021 07426 EpIl DM 7% BDIBDL0.60 Brol0%  BDIp g4BDL 004015 015 47l
22 4.05 1.77 55822 13805 BDI7 B%  1088.% BDIBDI0.69 BDI21% BDID.10BDL 0.10045 045 &%l
23 4.29 4.05 9.3023 3.3@.29 BLN5 933  33H% BDIBDL0.03 BIRIO5%  BDIV.19BDL 0.190.73 0.73 1794
24 4.23 1.35 63324 19223 BPls Q4%  10828% BpIBDLo.oe BIRl23%  BDIV-12BDL 012050 o050 &4
25 2.85 345 63375 25%¢5 Bhls BRI Ds9% gpPPlgpr Bldligy,  BpIV1%BDL 016957 057 %
26 7.23 315 1395, 240, BDL  ARE  Pe% poPPlapr BRbse,  pi®28epr 028NP Np o AR

Appendix B
Spatial heat maps for the bioavailable PTEs. Spatial diistribution maps of thebiinavail-
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