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APRESENTACAO

Este trabalho é apresentado na forma de um manuscrito que serda submetido para a
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Chronology of anthropogenic impacts reconstructed from dated sedimentary
records of trace metal and Pb isotopes in a tropical bay

Abstract

The mankind actions have lead us to the Anthropocene, a geological epoch when Nature
is not alone conducting the biogeochemical cycles of many trace elements. The objective
of this study was to use sediment cores to determine the chronological record of
anthropogenic impacts in five regions of Todos os Santos Bay, Bahia, Brazil. Trace metals
(Co, Cu, Mn, V, Pb, Zn, Fe, Al, Cr, Cd, Ni, and Ti) and Pb isotopes (?°8Pb, 206Pb, 207Pb, and
204Pb) were measured in five dated sediment cores (CI1-CI5). The sedimentation rates
raged from (0.38 - 2.60 cm yr-1). The grain size was homogeneous through time along all
cores, and was mainly composed by silt sediments. Trace elements concentrations
tended to increase especially after 1950, most of them showing low to moderate
enrichment. Increases in concentrations of trace metals were associated to different
anthropogenic activities: Pb smelting (CI2-CI3), burning of fossil fuels (all cores at some
extend), maritime traffic (CI4), petroleum related activities (CI5), and changes in land
uses (CI1). All metals, except Cu at CI4, presented concentrations bellow TEL, indicating
that contamination in the studied areas are not prone to cause adverse effects to biota.
Stable Pb isotopic ratios identify a decommissioned lead smelter and burning of fossil
fuels as the main sources of Pb to the bay. The results of implementation of
environmental policies to improve the waters of the bay could not be noted by the

evaluated cores.

Keywords: Sediment cores; Pb isotopes; Geochronology; Trace elements; Todos os
Santos Bay



1. Introduction

The world’s population growth associated with the industrial and technological
development; the astounding natural resources exploitation, intensive agriculture
practices, production of new materials (e.g. plastics); the extinction of species and the
proliferation of exotic species in several places have supported the designation of
Anthropocene for the current geological epoch (Crutzen and Stoermer, 2000; Waters et
al, 2016, 2014). In this period, the anthropogenic activities started to exert dominance
over many geological surface processes, increasing substantially the scale of mankind
negative impacts in the planet’s environments (Halpern et al., 2008; Meybeck, 2003).
Consequently, the anthropogenic fluxes of trace metals, which can act as contaminants
to water bodies, were substantially increased, perturbing their biogeochemistry cycles
(Boyle et al., 2014; Dean et al., 2014).

The costal zone is particularly important in this scenario, once it provides space, goods
and services to human beings and highly diverse habitats to organisms. This region is
one of the most densely populated and industrialized areas in the planet, what makes it
extremely vulnerable to man-made changes to soil, atmosphere and waters both in local
and global scales (e.g. increase in sea level) (Jennerjahn, 2012). The coastal systems
receive most of the fluvial inputs of water, as well as dissolved and particulate matter
(Martin and Meybeck, 1979; Milliman and Farnsworth, 2013; Viers et al., 2009). A large
part of the fluxes of the natural and anthropogenic materials introduced in coastal
systems tend to accumulate in sediments, producing unequivocal geochemical
signatures within sedimentary bodies, thus registering changes in time (Bruland et al,,
1974). These anthropogenic geochemical signatures include elevated levels of
contaminants such as metals (Bai et al.,, 2016; Begy et al.,, 2016; Garcia-Orellana et al.,

2011), polycyclic aromatic hydrocarbons (PAHs) (Martins et al., 2015; Peng et al., 2008),

6



pesticides (Alonso-Hernandez et al, 2015; Kaiser et al, 2016), polychlorinated
biphenyls (PCBs) (Combi et al, 2016; Ruiz-Fernandez et al, 2012), in addition to
changes in Pb isotopic composition from leaded gasoline and other industrial processes
such as non-ferrous metal smelting, coal burning, and waste incineration (Nriagu and
Pacyna, 1988; Waters et al., 2016; Yu et al., 2016; Zhang et al., 2016).

The chronological history of environmental impacts can be assessed by dating sediment
layers in the sediment deposit (Begy et al.,, 2016; Birch et al,, 2013; Cantwell et al.,, 2015).
210Pb is a natural occurring radionuclide from the 238U series commonly used to
determine the chronology of recent (~150 years) deposits (Appleby and Oldfield, 1978;
Foster et al,, 2015; Yang et al., 2016). Given that natural and anthropogenic processes
may disturb the sedimentary record, the use of complementary tracers, such as Pb
isotopic compositions (Cheng and Hu, 2010) and/or artificial radionuclides (e.g., 137Cs)
becomes important for the validation of the 210Pb derived chronology (Alvarez-Iglesias
etal., 2007).

Lead is also a valuable geochemical tracer for contamination, because of its four
naturally occurring stable isotopes: 206Pb, 207Pb, 208Pb, and 294Pb, which is the only non-
radiogenic one. Though 204Pb abundance on Earth has not varied in time, the
abundances of 206Pb, 207Pb, and 298Pb in an ore deposit depend on when it was formed,
since they are products of radioactive decay (Bird, 2011; Doe, 1970; Ault et al., 1970). As
Pb does not undergo significant isotopic fractionation in natural or industrial
physicochemical processes, the isotopic composition only changes if mixed with a
secondary source of Pb (Bird, 2011; Komarek et al., 2008; Cheng and Hu, 2010). Since
many different sources of Pb have distinct isotopic signatures, lead isotopes are a

suitable tool for tracing sources of Pb in different environmental compartments, as well



as studying its transport pathways (Cheng and Hu, 2010; Komarek et al., 2008; Oulhote
etal, 2011).

The Todos os Santos Bay (BTS), located in northeast Brazil, is the second largest bay
(1223 km?) in the country and is considered a fluvial-marine depositional environment
with tropical humid climate characteristic and diverse ecosystems (coral reefs,
estuaries, mangroves, islands, and tidal flats) (Cirano and Lessa, 2007). In the northern
section of the bay, sediments are mostly composed of mud, and in the southern section
sand is prevalent (Lessa and Dias, 2009). The currents inside BTS are tidally driven and
the tides are semidiurnal with a maximum range of 2.7 m (Lessa et al., 2001). Paraguacu
(56,300 km?), Jaguaripe (2,200 km?), and Subaé (600 km?) rivers are the three major
tributaries of the bay (Cirano and Lessa, 2007). The Paraguacu River has had its
hydrological regime artificially controlled since the construction of the Pedra do Cavalo
dam in 1985 (Cirano and Lessa, 2007).

BTS is located in the vicinity of Salvador, the third largest metropolitan area in Brazil,
with a population of 2.9 million of people(IBGE, 2016). In 1949, the construction of the
Landulpho Alves Mataripe refinery (RLAM; Supplementary Material Figure S1) led to
extensive industrial development, with the construction of the Camacari Industrial
Center, the largest petrochemical complex of the southern hemisphere, and the Aratu
Industrial Complex (CIA). Since then, the anthropogenic pressures in BTS increased
progressively and several activities have been influencing the environmental quality of
the Bay, such as terrestrial run off, shrimp farming, inputs of industrial and untreated
domestic effluents, solid wastes, mining and intense harbor activities (Beretta et al,,
2014; de Souza et al.,, 2011; Hatje et al., 2006; Hatje and Barros, 2012; Ribeiro et al,,
2016). The commercial port of Aratu, opened in 1975, is especially critical for the flux of

commodities (e.g., Cu, Fe and Mn ores; fertilizers; propylene; urea; naphtha) from the
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Camagari and the Aratu Industrial Complexes (CODEBA, 2016a). In 1995, the program
Bahia Azul was implemented with the objective of improving the urban sewage system,
to reduce inputs of solid wastes and contaminants to the bay (Borja et al., 2004). Later,
the construction of a second ocean submarine outfall, off the coast of Salvador, added to
the efforts to improve the quality of the waters and sediments of BTS.

The objective of this work was to determine sedimentation rates and to reconstruct the
chronology history of the contamination by trace elements recorded in Todos os Santos
Bay, northeast Brazil, by investigating the vertical profiles of 21°Pb dated sediment cores.
Pb stable isotopes and trace element profiles were employed to constrain the
importance and temporal variation of diverse anthropogenic sources that contributed to
the metal contamination of the bay. The use of geochemical signatures employed here

could then be related to new proposed Antropocene epoch.

2. Methodology

2.1. Sample collection and processing

In October of 2014, scuba divers collected five cores (Figure 1) by carefully introducing
polycarbonate cylinders into the bottom sediments. Core CI1 was collected close to the
mouth of the Paraguagu estuary. Cores CI2 and CI3 were expected to be under the
influence of Subaé estuary and TEMADRE, the harbour operated by RLAM. Core CI4 was
collected in the vicinity of the harbour and the Industrial Complex of Aratu (CIA),
whereas Core CI5 was collected nearby the refinery RLAM. Cores (~ 120 cm long) were
sliced at 1 cm intervals for the top 20 cm and then at 2 cm intervals down core. Samples
were stored frozen before being freeze-dried for further analysis. Dry bulk density was

calculated dividing the dry weight of slices by its volume. Twenty slices of each core



were selected for analyses assuming that top sediments would be more impacted by
anthropogenic activities. The analyses were performed in the bulk fraction of sediments.
For grain size analysis, sediments were first sieved through a 2 mm mesh and 0.5 mm, to
separate the gravel and coarse sand fractions. The fraction < 0.5 mm was then analysed
by a Particle Size Analyser by laser diffraction (Cilas model 1064). Organic carbon (Corg)

contents were determined by EA-IRMS after removal of CaCOs3.
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Figure 1 - Location of sample collection (Cores CI1-CI5) at Todos os Santos Bay, Bahia.
The location of Enseada Industria Naval Shipyard (EIN), Sdo Roque do Paraguacu
Shipyard (CSRP), Pedra do Cavalo Dam (PC Dam), Landulfo Alves Refinery (RLAM), and
Madre de Deus Waterway Terminal (TEMADRE) are showing for reference.
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2.2. Trace element analysis

Homogenized and comminuted sediments were extracted employing 0.1 M HCI (30%
suprapur, Merk, Germany) (Hatje et al, 2006). Concentrations of trace and major
elements (Al, Co, Cr, Cu, Fe, Mn, Pb, V, and Zn) were determined by ICP OES with axially
viewed configuration (PerkinElmer, Optima 7300 DV). Sediment extractions were
carried out in triplicate and relative standard deviations (RSD) were lower than 5%.
Blanks and certified reference material (MESS-3, National Research Council of Canada,
Canada) were utilized to assess the accuracy of the analytical procedure. Recovery
values ranged from 3 - 61% for Al and Pb, respectively. The dilute acid leach used
solubilized only the more readily bioavailable fractions and left behind residual metals
within the structure of silicate minerals (Bryan and Langston, 1992).

Sediments were also leached with 1.75 M HNO3/3 M HCI employing ultrasonic bath for
90 minutes, following Graney et al. (1995). Samples then sat for 24 h before centrifuged
to separate from supernatant, being diluted with 0.1 N HNO3 (Optima, Fisher Chemicals,
USA) and filtered through 0.45 um PTFE syringe filter cartridges (acid cleaned). Spikes
of 1 ppb In were used to correct for instrument drift. Lead concentrations were more
precisely determined by isotope dilution (%°4Pb spike). Concentrations of Pb, Cd, Ni, and
Ti were determined by ICP-MS (PQ2+, Fisions Instruments, UK). Recovery values for
MESS-3 ranged from 18 - 84 % for Ti and Pb, respectively.

The Pb isotope determination was a slight adaptation of the isotope ratio method of
Reuer et al. (2003), as described below. The method included purification by column
chromatography and isotope ratio analysis on a GV/Micromass IsoProbe Multicollector
MC-ICP-MS with Tl addition for mass-fractionation correction, and a tailing correction

established by measuring the monoisotopic 20°Bi spectrum at half-mass intervals. The
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instrument was calibrated by running NBS SRM 981. Normalization to NBS SRM 981
used the absolute ratios performed by Baker et al. (2004). During the isotope ratio
analysis, the data were collected in 20 cycles. The isotope ratios were edited for outliers,
and averaged with standard errors estimated from the multiple cycles. Using this
method for 12 determinations of an in-house standard (“BAB”) shows that samples can
be reproduced (1 s.e.) to ~0.05 permil for 206Pb /207Pb and 298Pb /207Pb and ~2 permil for
206Ph /204Ph. Samples SUB3 and SUB9 collected in the Subaé River estuary in a previous

study (Hatje and Barros, 2012) also have had their stable Pb isotopic ratios determined.

2.3.210Pp analyses

Concentrations of 219Pb were determined through the analysis of its decay product 219Po
by alpha spectrometry after addition of 20°Po as an internal tracer and microwave-
assisted acid digestion (Sanchez-Cabeza et al., 1998). The concentrations of excess 219Pb
(*19Pbex) used to obtain the age models were determined as the difference between total
210Pb and 22°Ra (supported 21°Pb), which was determined for selected samples along
each core by low-background liquid scintillation counting (Wallac 1220 Quantulus)
(Masqué et al,, 2002). These concentrations were confirmed with some measurements
by gamma spectrometry, and found to be in agreement with the concentrations of total

210Pb at depth below the excess 219Pb horizons.

3. Results

3.1. Grain size analysis
Vertical differences in sediment texture were small along all cores (Figure 2) that were
mainly composed of silt (~ 91%). Mean clay percentage ranged from 5% in core CI1 to

10% in core CI5. Sand contents varied the most between cores. Cores CI4 and CI5 had
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almost no sand through them. Core CI3 had about 3% of sand along all core. Cores CI1

(51%) and CIZ (5.1%) displayed the highest sand contents in the topmost slices and

nearly no sand in the deeper layers. The sand in these cores contained mostly

siliciclastic grains.
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Figure 2 - Depth profiles of grain size classes (grey scale areas), dry bulk density (red

line), organic carbon content (Corg, green line), and 219Pbex and associated standard

errors (black line and bars) for each sediment core.

3.2. DBD

Generally, dry bulk density oscillated from values around 0.2 g cm3 at sediment-water

interface of cores Cl4 and CI5 up to 0.9 g cm3 in core CI1 (Figure 2). The sediment cores

showed an almost continuous transition from liquefied to denser mud. DBD increased
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with depth through the cores and tended to stabilize towards the bottom at
approximately 0.7-0.8 g cm-3. The exception was core CI2, which DBD tended to stabilize

around 0.6 g cm3.

3.3.210Pp geochronology

The concentration profiles of 219Pbey are shown in Figure 2, and main results derived
from the data are synthesized in Table 1. The depths at which the horizon of 210Pbey was
detected ranged from 55 to >100cm (for cores CI2 and CI4 it was not reached),
indicating that sedimentation rates are substantial at all sites. Mixing of the surface
layers was present in all cores, varying from 20 to 30 cm. Mean sedimentation rates,
which are to be taken as upper limits, below the mixed layers, were determined using
the CF:CS model (Benninger et al, 1979; Krishnaswamy et al, 1971). They were
particularly high for CI2 (2.6 £ 0.2 cm yr'1) and CI4 (1.50 £ 0.2 cm yr'1), and considerably

lower for CI1, CI3 and CI5 (0.35 - 0.43 cm yr1; Table 1).

Table 1 - Main 219Pb parameters of sediment cores collected in Todos os Santos Bay.

Core 20pp., horizon (cm) SML (cm) SAR (g cm’ yr') SR (cm yr)

C11 70 20 0.19 £ 0.01 0.38 £0.02
CI2 >100 25 1.34 £0.09 2.60 £0.20
C13 60 30 0.23 £0.02 0.35 £0.02
Cl4 >100 20 1.00 £0.12 1.50 £ 0.20
CI5 55 20 0.24 £ 0.02 0.43 £ 0.04

Zlonex horizon = penetration depth of excess 210p}, for each core; SML= surface mixed layer; SR= sedimentation rate;

SAR= sediment accumulation rate.

The estimated SR for CI3 was not supported by the historical human occupation in the

area and/or Pb isotopic and metal changes along the sediment profile. The similarities
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between CI3 and CI2 profiles were then used to estimate a corrected SR to CI3 (about

1.24 cm yr1). These date will be further discussed in the next section (4.1).

3.4. Organic carbon (Corg)

The organic carbon content in cores CI2 to CI5 exhibited only small changes through
time, varying from 0.70 to 1.82 %. The only exception was the minimum value observed
in CI5 profile that reached 0.17 % at 19 cm (1984). Organic carbon contents in core CI1
varied from 1.55 to 3.29 %. The later, showed an important decrease in Corg contents at
60 cm (1870), when it changed from around 2.99 = 0.22 to 1.82 = 0.22 % up to 1945.

From 1960 on, the Corg contents increased again to 2.34+0.28.

3.5. Pb source identification and apportionment

The major potential sources of Pb to the study areas are anthropogenic, from a Pb
smelter and from fossil fuels, and natural sources. These sources can be distinguished
using Pb isotopes. The Pb isotopic changes for sediment profiles are showed in Figure 3,
together with the signatures for the galena, used for about 30 years in a
decommissioned lead smelter located upstream Subaé River (2°°Pb/207Pb= 0.96 + 0.01,
208pPh/207Phb = 2.26 * 0.04, and 29°Pb/204Pb= 14.67 + 0.20) (De Anrade Lima and
Bernardez, 2011); the isotopic background (?°6Pb/207Pb= 1.19 * 0.01, 208Pb/207Pb = 2.50
+ 0.11, and 206Pb/204Pb= 18.76 * 0.02), estimated as the average ratios of the
bottommost layers of sediment cores; and values for gasoline (Aily, 2001). All isotopic
profiles of each core exhibited a similar pattern. Isotope ratios for CI1 showed only a
slight change over the years. For 208Pb/207Pb this change was still within the estimated
background range, whereas 20°Pb/204Pb and 206Pb/207Pb ratios indicated that for the

past 75 years gasoline also had a minor contribution to Pb signature in this region. CI2
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and CI3 cores showed the greatest change, with a pronounced decrease in all isotopic
ratios from around 1970 to 1980, then a slower increase until 2000, when the ratios
stabilized. Cores CI4 and CI5 displayed changes in isotopic ratios between 1970-90, and
1940-1960, respectively, followed by the stabilization of the ratios.

There was a good linear correlation between 206Pb /207Pb ratios and 1/Pb for cores CI2-
CI5 (0.919 <r < 0.998, p < 0.05). This indicates that there was a linear mixing of natural
Pb (background) and anthropogenic Pb from one single source. No significative

correlation was observed for core CI1 (p > 0.05).
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Figure 3 - Comparison of temporal trends for Pb isotopic ratios for sediment cores
collected at Todos os Santos Bay. Galena and gasoline data are from de Andrade Lima
and Bernardez (2011) and Aily (2001), respectively. The background was estimated as

the range of values that samples from before 1900 exhibited.
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The relative contribution of the anthropogenic and natural Pb sources can be evidenced
by a triple isotope diagram of the samples (Figure 4). Samples showing background
values fall within the same area, on the upper right corner of the plot, featuring high
206Pb /207Pb and 206Pb/204Pb ratios. On the opposite side, the galenas (i.e., lead ore, de
Andrade Lima and Bernardez (2011)) sources feature low 206Pb/207Pb and 206Pb /204Pb
ratios. Between these endmembers there is a clear mixing line made out of CI2 and CI3
samples and surficial sediment samples from Subaé estuary (Sub 3 and Sub 9). In the
context of these endmembers, sediments from northwest of BTS contain the highest
contribution of anthropogenic Pb from the Pb smelter.

Cores CI1, CI4, and CI5 also present a mixing line, between background values, fossil
fuels and gasoline soot isotopic ratios. Core CI5 presented relatively lower 206Pb/207Pb
and 206Pb/204Pb ratios, corresponding to an increased contribution of Pb from fossil
fuels due to the proximity of the RLAM refinery. The CI4 features isotopic ratios greater
than CI5, but still suggesting the contribution of fossil fuel as the main source. The
distribution of CI1 samples in the triple isotope diagram was parallel to the CI4

indicating a minor contribution of fossil fuel.

17



N
o

1

0
o
S ¢
N
o 16 A
o
[{o] w
(=]
N
144
12 T T T T
0.8 0.9 1.0 1.1 1.2 1.3
206pb/207pb
19.
90 Enlarged area Core 1
¢ Core2
v Core3
A Core4
18.5+
-} m Core5
a
‘_&Q iy Background = Sub9
& A A Sub3
&
18.0- v Smelter
» ¢ Gasoline
L ® Alcool
Gasoline soot
17.5 i i Diesel
1.10 1.15 1.20 1.25 * Galena
206pp207Pp ® Aerosol from Recife
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are plotted for reference.

3.6. Trace metals
Concentrations of trace elements are shown in Figure 5. For core CI1, Cu, Zn, Pb, and V
concentrations reached a small peak around 1950 (5.79 * 0.07 mg kg1, 24.4 + 0.15 mg
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kg1, 12.3 + 0.16 mg kg1, 16.7 + 0.29 mg kg1, respectively) and decreased afterwards.
Iron also showed an increase in concentrations from the bottom of the core up to 1950,
then a more substantial increase was observed from 1950 until 1980, when
concentrations stabilized. Concentration profiles of Pb, Zn, Cu and Fe were highly
correlated (0.70 <r < 0.92, p < 0.05). Manganese concentrations were stable throughout
the core up until 1998, when it started to show a small increase, reaching 297 * 7.06 mg
kgl. Cadmium and Co also showed a slightly increase towards the surface.
Concentrations of Co showed high variability in the last 60 years. Chromium and Ni did
not vary substantially along the core, whereas Ti showed a slight increase in the past 60
years.

Concentrations of Pb, Cd, and Zn in CI2 increased from the lowest recorded levels (7.89
+ 0.21 mg kg1, 0.01 mg kg1, 21.3 + 0.17 mg kg1, respectively) in 1967 to a maximum
level at 1985 (28.6 £ 0.03 mg kg1, 0.44 mg kg1, 42.8 + 0.17 mg kg, respectively).
Afterwards the concentrations of these elements decreased until 1996, when they
stabilized. Lead and Zn concentrations were highly correlated (r=0.97, p < 0.05). Cupper
and V also presented similar trends (r=0.75, p < 0.05). Cupper concentrations profile
showed an increase between 1975 and 2012 (8.24 * 0.07 up to 13.2 £ 0.19 mg kg'1).
Vanadium concentrations increased slightly from bottom (11.3 * 0.04 mg kg1) up until
1990 (15.5 = 0.29 mg kg1), when they stabilized for about ten years, then started to
decrease. Vanadium was also correlated to Zn and Pb (0.82 < r < 0.88, p < 0.05).
Chromium presented a small variability, reaching a minimum value of 8.84 + 0.05 mg kg
L at surface; and was significantly correlated to Al (r=0.87, p < 0.05). The concentrations
of Mn were mostly constant, but presented peaks in 2010 and 2014. Manganese
distribution was correlated with Fe (r=0.73, p < 0.05). Nickel and Ti did not vary

substantially through time.
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Lead, Zn, Cu, Cd, V, and Fe records in CI3 showed lowest concentrations (<0.01 mg kg1,
15.1 + 0.06 mg kg1, 0.21 + 0.01 mg kg1, 0.02 mg kg1, 6.51 + 0.15 mg kg1, 5639 + 35.2
mg kg1, respectively) at the beginning of the 20t century and started to increase
significantly after 1975, followed by a stabilization of the concentrations after 1990

(13.1 £ 0.72 mg kg1, 31.5 £ 1.24 mg kg1, 10.8 + 0.38 mg kg1, 0.05 + 0.01 mg kg1, 10.4 +

+

0.82 mg kg1, 8428 * 296 mg kg, respectively). All these elements were highly

A

correlated (0.86 < r < 0.99, p < 0.05). Manganese concentrations record started to
increase since 1975 to a maximum value of 520 * 1.92 mg kg! in 2014, and was
negatively correlated to Ti concentrations (r = -0.90 p < 0.05). Titanium, Cr, and Ni
concentrations presented small variability along the core, and showed a small decrease
towards surface. Cobalt concentrations fluctuated over the time, but concentrations
were always below 18.0 + 0.22 mg kg'1. Aluminium and Cr were correlated (r=0.85, p <
0.05).

Trace metals, with the exception of V, presented minimum concentrations at the base of
the core CI4. Small increases in the concentrations of Cu, Pb, and Zn started around
1978, then a noteworthy increase occurred in concentrations of Cu, Pb, Zn, and Cd
between 1985 and 1990. The maximum concentration of Cu (122 * 3.43 mg kg1), Pb
(31.9 £ 0.35 mg kg1), and Zn (46.4 + 1.53 mg kg'1) were up to 11, 3.5 and 1.7-fold higher
than concentrations at the base of the core, recorded in mid 20%* century. The latter
elements were highly correlated (0.83 <r < 0.99, p < 0.05). Nickel and V concentrations
showed a slight decrease after 1980 to a minimum concentration in surface sediments
(13.5 mg kg! and 14.9 * 0.37 mg kg1, respectively). Manganese and Al profiles were
correlated (r=0.83, p < 0.05), and exhibited an increase in concentrations in the last 15
years, with maximum values around the top of the core (664 * 3.56 mg kgt and 6,810 *

21.0 mg kg, respectively). Chromium, Ti and Co concentrations did not change
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significantly through time, though Co has shown a noteworthy increase in concentration
in 2014 (24.8 + 0.28 mg kg1).

Core CI5 showed increase in Cu, Zn, Fe, and Pb concentration profiles (Figure 5) since
mid-20t century, reaching maximum values of 13.1 + 0.08 mg kg1, 38.6 + 0.80 mg kg1,
8,507 + 117 mg kgl, 134 * 0.56 mg kg, respectively. From the 1975s, the
concentrations of these elements remained relatively constant, with the exception of Pb
that displayed a minor decrease towards surface. The above-mentioned elements were
highly correlated (0.95 < r < 0.99, p < 0.05). Manganese showed a gradual increase in
concentrations, reaching the highest values at surface sediments (612 * 3.48 mg kg'1).
Co concentrations were constant (around 6.15 * 0.65 mg kg1) until 1990s, then a
gradual increase in concentrations was observed, reaching the highest values at surface
sediments (12.2 £ 0.32 mg kg1). Cobalt and Mn were highly correlated (r=0.91, p <
0.05). Chromium, Ni, Cd, Cr, Ti, and V did not exhibit significant variability along the
core. Cr was highly correlated to Al, Cu, Zn, Pb, and Fe (0.71<r < 0.92, p < 0.05).
Enrichment factors (EFs) were calculated for trace elements through each core to assess
the contamination degree over time. The EF was defined as follows:

_ (E/AD)Sediment
~ (E/ADBaseline

Where E/Al is the ratio of the element to Al, which was chosen as the normalization
element. Baseline values were estimated for each element using concentrations
obtained from before 1900. The EFs were classified according to Wang et al. (2015) and

are exhibited in Figure 6.
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Figure 5 - Mean and standard deviation of trace elements profiles of cores CI1, CI2, CI3,
CI4, and CI5. Lead, Zn, Cu, Co, Fe, Al, V, Mn, and Cr data are from the HCl 1M extraction,
while Cd, Ni, and Ti data are from the pseudo-total digestions. The black lines are plotted
in the upper scale and the red lines in the lower scale of each graph. The grey area

represents sediments older than the age dateable by excess 21°Pb method.

In CI1, Zn and Cr presented no enrichment (EF < 1.5). Manganese, Fe, and V showed
some enrichment (1.5 < EF < 2.5) in the top layers of CI1. Lead, Cu, and Co were
moderately enriched (2.5 < EF < 5) since 1900, 1958, and 1926, respectively.

In the case of CI2, only Cr and Fe showed no enrichment (EF < 1.5) throughout the core.
The other elements showed enrichments (EF < 4) either since the base of the core
(1967), case of Pb, Co, and Cu, or starting at the end of 70’s and 80’s, case of Zn, Mn, and
V. Lead reached significant anthropogenic enrichment (5 < EF < 20) between 1981 and
1989.

The CI3 was not enriched in Cr and V. Cobalt, on the other side, exhibited moderate
enrichment since the base of CI3. Fe only presented enrichment in the 80’s. Lead, Cu and
Zn started to show moderate enrichment after 1980 and Mn after 2002.

Core CI4 presented moderate enrichment in Cu concentrations since its base (1955). By
1996, however, it showed a very high enrichment (20 < EF < 40). Manganese and Pb
were also moderately enriched throughout CI4. Vanadium, from the base of the core up
to 1979, and in Zn, from 1990 onwards also showed enrichments (EF up to 2.27 and
2.07, respectively). Enrichment was not observed Co, Fe and Cr.

The CI5 was not enriched in Fe, Cr, and V. Most pronounced enrichment for Pb, Zn, Cu,

and Mn were observed since mid-20th century.
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Figure 6 - Profiles of enrichment factors (EFs) of each element through time in cores
CI1-CI5. The grey area represents sediments older than the age dateable by excess 219Pb

method.

4. Discussion

4.1. Sedimentation rates

The sedimentation rates estimated for the cores collected in BTS varied greatly, but did
not change along the recorded time in each core. Nevertheless, the Pb isotopes and trace

metals profiles validated the estimated ages for all cores, except CI3. Core CI1 exhibited
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a remarkable change in the Corg at 60 cm deep, corresponding to 1870. At this period,
there was a major shift in the land use in the Paraguagu River basin, changing from
sugarcane to tobacco farming (Figure S1). No clear change in the CI1 SR was observable
over the time, which implies that even though the building of the Pedra do Cavalo Dam
in 1986 significantly altered the fluvial water discharge and salinity field patterns in the
estuary (Genz, 2006; Lima and Lessa, 2002), it did not cause significant modifications in
the deposition of sediments at the mouth of Paraguacu estuary, where CI1 was collected.
This result can be explained by the presence of the Iguape bay, which may have buffered
the impacts of a possible reduction of the transport of suspended particulate material
due to the damming of the river. An alternative hypothesis, less likely (ie, the dating
agreed well with the change in land use), is that the surface mixed layer in CI1 might be
hiding a potential change in the SR.

For the CI2, the profiles of Pb isotopic signatures and concentrations of trace metals
matched with the historical changes in the area, as will be discussed later (sections 4.2
and 4.3), corroborating the estimated dating results. Sedimentation rate for CI2 was
higher than the other collected cores (0.38 - 1.5 cm yr1) in BTS, as well as sedimentation
rates previously estimated for BTS (0.29 - 0.99 cm yr! (Argollo, 2001); 0.08 - 0.40 cm yr-
1 (Lessa et al., 2000)), and other tropical bays in Brazil (e.g., Guanabara Bay (0.14 - 1.25
cm yr1; Figueiredo et al., 2014), and Sepetiba Bay (0.08 - 1.03 cm yr1; Marques et al.,
2006)). However, Chesapeake Bay (0.30 - 4.16 cm yrl; Zimmerman and Canuel, 2002)
and Bohai Bay (0.1 - 3.0 cm yrl; Wang et al, 2008), among others, presented even
higher sedimentation rates than the maximum observed in BTS. The position of CI2,
relatively close to Subaé River mouth, and its depth, few meters deeper than CI3, is the
probable explanation for the highest SR observed in this core. The Subaé River is a

source of suspended particles and its deeper and closer position to the river when
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compared to CI3 created better conditions for the deposition of particles. Also, no
changes in the 219Pb distribution through time were observed in this core to justify
recent changes in land use or dredging as the source of these sediments.

Coastal land use as well as natural processes, such as littoral currents, bioturbation, and
storms, may induce the mixing of sediments in coastal areas and disturb the 219Pb
activity in the top layers of a sediment core, which might lower sedimentation rate
estimates through 219Pb dating (Wang et al., 2008). In the case of core CI3, the surface
mixing layer was 30 cm thick, which is about half of the penetration depth of excess
210Pb, estimated in 60 cm. Moreover the 219Pb inventory for this core (579 + 48 Bq m)
was lower than for the other areas (i.e, 631 * 56 to 635 * 57), suggesting possible
erosion in the top layers of this core. These facts might have caused bias in the
estimation of CI3 sedimentation rate, which was much lower than the observed in CI2,
located nearby. Besides, the age model derived for CI3 (SR = 0.35 # 0.02 cm yr1) is in
disagreement with the historical human occupation of the area (ie, observing Pb
isotopes and metal concentrations as will be discussed in sections 4.2 and 4.3).
Considering the proximity between CI3 and CI2, the similarity of environmental settings
of these areas, the Pb isotopes and the trace metal concentration profiles, the CI3
sedimentation rate was adjusted to fit the local historical events that were observable in
CI2. It was assumed that the minimum value of 20Pb/207Pb in CI2Z (74 cm deep,
estimated age 1981) coincided in time with the minimum value in CI3 (42 cm).
Considering that surface sediment was deposited in 2014, it was possible to estimate a
SR of about 1.24 cm yr-! and the age of each layer.

Argollo (2001) estimated relatively higher sedimentation rates for the Northeast part of
the Bay (0.95 - 0.99 cm yr-1) than for other areas. This result agrees with the high

sedimentation rates obtained in CI4 (1.50 * 0.20 cm yr-1), collected in the vicinity of the
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Aratu harbor. Nevertheless, previously reported temporal variation of SR (Argollo,
2001) was not observed in this study, possibly due to the larger distance from the Aratu
Industrial Center, which nearby deforestation possibly caused increase in erosion and
sedimentation rates.

Sedimentation rate for CI5 (0.43 + 0.04 cm yr-1) is in agreement with values obtained by
Costa et al. (2016) for the surrounding region (0.53 * 0.05 cm yr-1), which was

estimated using 219Pb and 137Cs data.

4.2. Pb sources

The relative contributions of the anthropogenic and natural Pb sources for the sediment
cores collected at BTS could be evidenced in the triple isotope diagram (Fig. 4). This
graph used the 204Pb isotope as the denominator in one of the axes to assure that it could
reliably reveal more than two sources (Ellam, 2010). The decommissioned Pb smelter in
Santo Amaro that used galena from Boquira (de Andrade Lima and Bernardez, 2011),
and the burning of fossil fuels were identified as the main anthropogenic sources of Pb.
Cores CI2 and CI3 were predominantly influenced by the deposition of Pb derived from
the smelter, which produced isotopic ratios that were much less radiogenic than the
background values, and also lower than fossil fuels. These cores are relatively close to
the Pb smelter (Plumbum Mineracao, Figure 1) that operated between 1960 and 1993 in
Santo Amaro (Figure S1). Dust emissions are one the main pathways of contamination
from smelters (de Andrade Lima and Bernardez, 2010; Ettler, 2015; Shotyk et al., 2016).
A clear peak in the isotopic ratios in CI2 and CI3 (Figure 3) coincided with the end of the
period of uncontrolled atmospheric emissions of the lead plant (1980), when the main

chimney was extended to 90 m and filtration started to be applied (Machado et al,,
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2012). Since then, an increase in Pb isotopic ratios was observed, reflecting the
reduction in atmospheric emissions from the smelter.

Given the isotopic ratio profiles and the relatively large distance between the smelter
and the other studied locations, the Pb presented in CI4 and CI5 are more likely derived
from the ongoing atmospheric deposition of industrial Pb and from the burning of fossil
fuels from both terrestrial and maritime traffic. As leaded gasoline was phased out in the
beginning of 1990s in Brazil (Gioia et al., 2006), the observed signature in the most
recent sediments is presumably due to Pb emissions from industrial sources and legacy
Pb from fossil fuels. Even so, it is important to note that the data on Pb isotopic
signatures of fossil fuels (Aily, 2001) is very recent and does not include leaded petrol.
Atmospheric data on Pb isotopes for BTS would be of fundamental importance to a
better interpretation of the results. However this information is not available. Bollhofer
and Rosman (2000) studied the Pb isotopic signatures of atmospheric particles of some
Brazilian cities. As Recife is more similar to Salvador concerning its industrial
development, population, and also geographic position than other studied cities, its Pb
atmospheric data was plotted in the triple isotope diagram (Fig. 4). The Pb isotopic
ratios (2°°Pb/207Pb= 1.1401 = 0.0004 and 2°°Pb/204Pb= 17.806 * 0.008 for the period
since around 1960) in CI5, close to RLAM, and the signature of the atmospheric
particulate material from Recife (29°Pb/207Pb= 1.141-1.156 and 29¢Pb/204Pb= 17.77-
18.14) (Bollhofer and Rosman, 2000) were similar. This result suggested that the
sources of Pb to CI5 area are comparable to the industrial and vehicular emissions
observed in Recife. The isotopic signature of CI5 in 1944 was positioned around the
gasoline and the gasoline soot in the triple isotope diagram, indicating that there was
some anthropogenic impact in the area since this period. Costa et al. (2016) also

observed anthropogenic impacts around 1940 using a core collected in the same area.
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The latter detected an increase in },PAHs from bottom to top of the core, as well as a
change in total organic carbon at 1940 and Unresolved/Resolved ratios (UR/R),
indicating the presence of waste associated to biodegraded oil in this region.

It is important to note that the development of Todos os Santos Bay is relatively recent
(Figure S1). The man-made changes were initially driven by the production of the first
Brazilian oil fields (1939-1950) and the construction of the RLAM in 1950, close to core
CI5. The RLAM promoted a significant increase in the population growth (IBGE, 2016)
and, from the 1960s, in the industrialization resulting in the construction of the largest
petrochemical complex in the southern hemisphere. The inflection in Pb isotope profile
for CI4 is coincident to the installation of the Aratu harbor that served the industrial
complex, while the inflection in CI5 Pb isotope profile is contemporaneous to the start of
the production in oil fields as well as the later operation of the RLAM. The construction
of the refinery marked a time when the transport of goods and people stopped being
exclusively maritime and was slowly substituted by road transport, which increased the
use of gasoline that at this time was mainly imported from the USA.

Although coal burning has been present in the bay since previous centuries (Figure S1),
Pb isotope ratios for coals (from Peru 206Pb/207Pb= 1.193-1.122; 208Pb/206Pb= 2.029-
2.103 (Diaz-Somoano et al,, 2009)), and diesel (2°°Pb/207Pb= 1.194-1.199; 206Pb /204Pb=
18.676-18.854 (Gioia et al., 2005)), alike, are very variable and overlap with background
values. Besides, coal usage as the main energy resource in BTS happened since the
1600s in the sugarcane farms (Caroso et al.,, 2011), which makes it harder to identify the
coal origin and its isotopic signature. Diesel has also been largely used in BTS as a ship
fuel. However, the variability of diesel ratios and the lack of its signature for the region
make difficult the identification of possible impacts of the usage of diesel and also coal in

BTS using Pb isotopes as tracers.
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Among the studied cores, 20°Pb/207Pb data did not vary significantly with 1/Pb for CI1,
at the mouth of the Paraguacu River. This result implies that changes in Pb
concentrations were not reflected in the Pb isotopic ratios, which indicated that the
source of the Pb throughout CI1 was the same along the time, i.e.,, mostly natural, and/or
with only a minor contribution of anthropogenic source that could not be clearly
identified. Another possibility is that a linear model cannot explain satisfactorily the
variability in the dataset, that results from the existence of more than one anthropogenic
source of Pb for the area, which is reinforced by the mixing line for CI1 data observed in
the triple isotope diagrams.

Other possible sources that could have impacted Pb ratios of the CI1 area are the Pedra
do Cavalo Dam and the S3ao Roque do Paraguacu shipyard, build in 1986 and 1976,
respectively. However, the variations of Pb ratios over the time, together with Pb

concentrations did not show any significant change after these events.

4.3. History and current status of metal contamination

The Paraguacu River is considered relatively well preserved, especially when compared
to other estuaries (de Souza et al., 2011; Hatje and Barros, 2012). The construction of
the Pedra do Cavalo Dam and the Sao Roque do Paraguacu shipyard are the major
changes that happened in the Paraguacu River basin in the past 60 years. Even so, no
element has indicated a relationship with the dam, nor with the shipyard constructions
and operations. The peaks in Cu, Zn, Pb, and V and the increase in Fe concentrations
around 1950 cannot reflect these events. The high correlations (r > 0.70, p < 0.05)
presented between Cu, Pb, Zn and Fe indicated they had the same origin. However, as Fe
presents a very different profile in the last 60 years it is possible that its high correlation

with these elements is derived from the period before 1950 when they showed similar
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distributions through time. There are other few small industries and private marinas
operating in the Paraguacu river area, but it is unlike that they represent a major source
of trace elements, except for the traditional handmade potteries and tanneries, many of
which did not exist before 1950s. It is important to notice that the concentrations of Pb,
Cu, Zn, Cr, and Mn throughout the core are low, especially when compared with the
concentrations of superficial sediments along the course of the Paraguacu River (Barros
et al., 2008; Hatje and Barros, 2012). Cadmium presented low concentrations, and its
highest value was still within the background range (0.09 + 0.01 mg kg'1) determined by
Argollo (2001). These facts together with the isotopic signal of Pb suggest that diffuse
sources are generating relatively low impacts in the Paraguacgu River area and that the
Pedra do Cavalo Dam and the Sao Roque do Paraguacu shipyard did not cause
significative changes in the Pb isotopic ratios and trace elements concentrations in the
area where core CI1 was collected.

The lead smelter, which operated in Santo Amaro until the 1990s producing 11-32 x 106
kg of Pb bars year!, was responsible for exposing people to high levels of toxic elements
(Carvalho et al., 1984, 2003, 1989; Tavares et al., 1989). The smelter also caused the
contamination of the Subaé estuary, causing a decrease in the abundance and richness of
benthic macrofauna assemblages and impairing the ecological services promoted by this
system (Hatje et al., 2006; Hatje and Barros, 2012). Nowadays, the Subaé estuary is
known as one of the most contaminated areas of BTS mainly due to this lead smelter,
which still is a source of contamination through atmospheric, runoff and groundwater
dispersion of a large waste reservoir (Hatje et al, 2006; Hatje and Barros, 2012;
Machado et al,, 2012). According to de Andrade Lima and Bernardez (2010), the lead
smelter dust was rich in Pb, Zn, Cd and As oxides. Core CI2, located near the mouth of the

Subaé River, showed an increase in concentrations of Pb, Cd, and Zn during the period of
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uncontrolled emissions of the smelter, followed by reductions of these values after 1980,
when mitigation measures begun to be taken (Machado et al, 2012). The high
correlations between Zn and Pb concentrations, together with the Pb isotope ratios,
reinforce the hypothesis that these contaminants are from the smelter.

Lead, Zn, Cu, Fe, V and Cd concentrations in CI3 showed similar temporal patterns to CI2
and also high correlation between the cited elements, indicating these elements are
from the same source, similarly to CI2. However, they did not present significant
reductions after 1980, perhaps due to the surface mixing layer that comprised about 30
cm of this core. Comparing the CI2 and CI3 results with the composition of the lead
smelter slag (Andrade Lima and Bernardez, 2010), it is noticeable that some of its main
constituents (Fe, Pb, Zn) and also elements in relatively high (Cu) and very low (Cd)
contents have presented increased concentrations since the start of the smelter
operations, with pronounced a peak during a period of high production of the smelter,
when no mitigation measures were in place.

The CIA is a multisectoral industrial complex, founded in 1967, which is served by the
Port of Aratu. This port is one of the most relevant drains for the production the Aratu
Industrial Complex and the Camacari Industrial Center production nationwide. It was
installed in 1975 and its structure allows operations with a variety of products,
including ores, chemical and petrochemical products. The remarkable increases in
concentrations of Cu, Pb, Zn and Cd in core CI4 since 1978, especially between 1985 and
1990, can be related to the beginning of the port of Aratu and the Petrochemical
Complex of Camacgari (COPEC) operations. It is noteworthy that Cu concentrations
increased by one order of magnitude in this period and stabilized around high values
(>100 mg kg1) afterwards. In general, trace elements concentrations in the base of this

core (1954) were already higher than in other cores. Vanadium concentrations, for
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instance, were 2-fold higher in the base of this core than in the top. During this period,
neither the CIA nor the Port of Aratu were operating, however, there was an oil field in
Candeias that started production by the end of 1941. The port of Salvador was in
operation and most of the transport was maritime at this time. As V is generally linked
to petroleum exploration (Khalaf et al., 1982; Soldi et al., 1996), the general increase in
concentrations of trace elements in cores might be related to the exploration of the
Candeias Oil Field and the intense flux of vessels.

Since the start of the RLAM construction (Figure S1) many jobs were created promoting
the economic growth and subsequently attracting more investments to the area.
Nowadays, it produces 31 varieties of products daily, including diesel, gasoline, lubricant
etc. (Petrobras, 2016). The increase in concentrations of Cu, Zn, and Pb in core CI5 since
mid-20t century, together with the strong correlations between Fe, Cu, Zn, and Pb,
indicate that the exploration of the first Brazilian oil fields had an impact in the
concentrations of these elements in the surrounding environment, corroborating with
Costa et al. (2016). However the latter elements also show a higher increase in
concentrations between 1944 and 1960, period that comprises the construction (1950)
and an extension of RLAM activities (1959) together with the start of operations of
TEMADRE (1957), the private harbour of RLAM. The stability in the concentrations of
Pb, Cu, and Zn from 1975 onwards is possibly due to the presence of a surface mixing
layer (SML) of about 20 cm in CI5. The presence of the SML in this core also prevented
the observation of any environmental changes that management actions might have
produced.

In all cores the calculated enrichment factor showed no enrichment in Cr, which,
together with the high correlations this element showed with Al in cores CI1, CI2, CI3,

and CI5, indicated that Cr is mainly associated to natural sources. The significative
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anthropogenic enrichment in Pb concentrations that CI2 exhibited in the 80’s is another
indication of the impact the lead smelter had in this environment particularly when in
operation. Copper, in CI4 was the element that presented the highest enrichment levels
among the studied elements. In CI4, Cu EFs gradually increased from the bottom of the
core, becoming highly enriched since 1990’s. This period coincides with an expansion of
Brazilian participation in the international market and also of the Camacari Industrial
Center (Bahia, 2013), which consequently increased the traffic of vessels at Port of
Aratu. Antifouling paints of boats are considered one of the main sources of Cu in areas
of intense boat activities (Dafforn et al, 2011). Although data for Aratu harbor
operations is available only from 2000 (CODEBA, 2016b), the number of vessels that
docked in Port of Aratu since then was significantly correlated to the concentrations of
Cu (r=0.84, p<0.05), indicating that Cu originates primarily from the antifouling paints
from vessels. Cindri¢ et al. (2015) also noted an increase in Cu concentrations in the
Krka River estuary during periods of increased maritime traffic.

Cu concentrations in core CI4 exceeded the Threshold Effect Level (TEL= 35.70 mg kg1
(Buchman, 2008)) from the 1990’s up to date. All the other cores did not present
concentrations above TEL values.

In general, trace metals showed some enrichment after 1950, showing that the northern
part of BTS has been overall impacted by anthropogenic activities. Although some areas
are more impacted than others, in general Pb, Cu, and Zn are the elements of concern,
considering their toxicity and noticeable tendency to increase in concentrations over
time. Comparing to highly industrialized and urban coastal systems such as Sepetiba
(Wasserman et al., 2001) or Guanabara bay (de Carvalho Aguiar et al., 2016), Chesapeak

bay, Spanish bays (Casado-Martinez et al., 2006), Tagus (Cobelo-Garcia et al., 2011),
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New South Wales estuaries (Birch et al, 2015), the levels of metals measured here

indicated a much lower level of anthropogenic impacts.

5. Conclusion

Very distinct sedimentation rates were observed in different areas of Todos os Santos
Bay. Unexpectedly high SR was observed in CI2, comparable to SRs observed in bays
with a large input of sediments through fluvial transport.

The trace elements concentrations and Pb isotopes in the sediments of Todos os Santos
bay are examples of the impact of anthropogenic activities characteristic of the
Anthropocene. Although the colonization of the bay started in 1550s, the intense human
activities in BTS basin only jumped in the mid 19% century. The exploration of oil,
followed by the construction of the first industries (RLAM, CIA, Pb smelter and harbors)
caused changes in the Pb isotopic signatures and trace metal concentrations.

The two main sources of anthropogenic Pb to Todos os Santos Bay through the years
have been the Pb smelter that operated in Santo Amaro and the burning of fossil fuels
(refinery, maritime and terrestrial traffic). The smelter was also associated to increase
in concentrations of other elements such as Zn, Cu and Cd in the northeast area of the
Bay, which presented the highest sedimentation rates.

Increases in concentrations of trace metals, especially after 1950, were associated to
different anthropogenic activities: Pb smelting (CI2 and CI3), burning of fossil fuels (all
cores at some extend), maritime traffic (CI4), petroleum related activities (CI5), and
changes in land uses (CI1). Impacts of the damming of the Paraguagu River were not
observed in sediments, possibly due to the buffer effect caused by Iguape Bay, which

was directly affected by hydrological and water chemistry modifications after damming.
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Although many elements, in all cores, presented a substantial enrichment along time, all
metals, except Cu at CI4, presented concentrations bellow TEL, indicating that
contamination in the studied areas are not prone to cause adverse effects to biota.
Moreover the concentration levels of contaminants are substantially lower than most
industrialized and/or highly urbanized bays. The results of implementation of
environmental policies to improve the waters of the bay could not be noted for the cores

evaluated.
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FAFEN - Nitrogen fertilizer factory
EIN - Enseada Industria Naval shipyard
PC Dam - Pedra do Cavalo Dam
RLAM - Landulfo Alves Refinery
TEMADRE - Madre de Deus Waterway Terminal

Figure S1 - Timeline of main anthropogenic sources of contamination to Todos os

Santos Bay, Bahia.

46



