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Abstract

Excessive concentrations of arsenic in aquifers have been presented for the first time in the southern Brazilian coastal plain.
In this region, the shallow aquifers are mainly constituted by a mosaic distribution of marsh sediment lenses formed in the
interdune depressions in past times and subsequently covered by eolian sands. The stratigraphic descriptions and analytical
determinations in water (pH, conductivity, As) and sediment (organic carbon, As, Fe, Mn) were obtained in samples of an
interdune freshwater marsh, an aquifer (a palaeo-freshwater marsh), and a modern eolic dune. Principal component analy-
sis was applied to summarize the process of As immobilization. In sediments of the modern interdune marshes and under
suboxic conditions, As is mobilized from the eolic sands and its redistribution occurs along sediment profile. Its maximum
concentration (up to 1.7 mg kg~! dw) occurred at the marsh’s sediments surface and was strongly coupled to Fe hydroxides.
In pore water of marshes, As has been registered up to 79 ug L™!. This enrichment was driven by reductive dissolution of
As-bearing Fe hydroxides in sediments, where the reduced environment has allowed their desorption from solids as Fe(II)
and As(III) reduction. After the cover of the interdune marshes by eolic sands, turning them into current aquifers, the high
As contents have been maintained above the sanitary limit of 10 pg L™ for drinking water in groundwaters. The southern
Brazilian coastal plain is probably an area with arsenic contamination problem for groundwater, which deserves more atten-
tion when it is used for drinking supply.
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Introduction

One of the main sources of drinking water is the groundwa-

ter, and the presence of arsenic (As) is worrying taking into

account populations at risk of exposure to its excessive levels
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received attention because of it (Smedley and Kinniburgh
2002; Johannesson and Tang 2009; Kumar et al. 2010).

Few areas with As pollution problems were detected
in Brazil, and these are mainly related to the mining envi-
ronments. High concentrations of As in groundwater were
found in the “Iron Quadrangle” in Minas Gerais state, one
of the most important long-term mineral resource regions of
the world (Bundschuh et al. 2012). They are related to ore
deposits where As is predominantly contained in sulfidic
minerals such as arsenopyrite and pyrite (Borba et al. 2003).
Some other regions have also been investigated in Brazil,
Ribeira valley (southeastern) and Amazon (northern) among
them, where As occurs in Pb—Zn mine wastes and in asso-
ciation with mined manganese ores (de Figueiredo et al.
2007). For the first time in Brazil, high concentrations of
As were registered in groundwater up to 600 ug L™! due to
natural contamination in the Baixada Fluminense coastal
plain (Paraiba do Sul delta in Rio de Janeiro state) (Mirlean
et al. 2014).

Two main geochemical conditions are known to be asso-
ciated with natural As enrichment in groundwater systems
(Rodriguez-Lado et al. 2013): (1) aerobic alkaline environ-
ments in closed basins in arid and semiarid regions, where
high pH leads to alkaline desorption of As from oxide min-
erals, and (2) aquifers with reducing conditions, where the
release of As is related to reductive dissolution of As-bear-
ing iron hydroxides in sediments (Smedley and Kinniburgh
2002; Guo et al. 2011; Rodriguez-Lado et al. 2013). This
latter is probably the mechanism of As release to ground-
water in the Baixada Fluminense plain (Mirlean et al. 2014).

Values up to 273 mg kg~! from sediments were deter-
mined in Keratea-Lavrio, one of the Attica streams, in
Greece (Alexakis 2011). According to Alexakis (2011) and
Alexakis and Gamvroula (2014), both natural and anthro-
pogenic are sources of As input in this region. By hydro-
chemical analysis, statistical analysis, and GIS database,
Gamvroula et al. (2013) verified that several factors and
mechanisms control the distribution of major and trace ele-
ments in groundwater and that the knowledge of these is
necessary in each type of environment.

Along the margins of the Patos lagoon, a beach ridge
complex of relic nature, dating from Quaternary, character-
izes the coastal plain of the southern Brazil (Buchmann et al.
2009). Between the ridges, freshwater marshes are formed
in the interdune depressions, locally called “banhados”,
and characterized as periodically inundated areas (higher
saturation in the months with greater accumulation of pre-
cipitation, Mirlean et al. 2000; Casartelli et al. 2008). These
palustrine areas are formed by saturated sediments with sig-
nificant accumulation of organic matter from decomposed
plants and small animals, commonly called peat or gyttja.
This more organic material is very important, since it is
highly reactive to metals and surfaces playing an important
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role in driving the mobility and bioavailability of As (Recio-
Vazquez et al. 2011). According to Polizzotto et al. (2008),
the metalloid release may continue until either As is depleted
from solids or its reduction becomes limited due to the labile
organic carbon exhaustion.

Environments with ridge-dominated formations suggest
As accumulation in groundwater and via atmospheric depo-
sition (Mirlean et al. 2014), similar to As problematic areas
in Asiatic deltas (Bhattacharya et al. 2002, 2009; Hoque
et al. 2012). This idea is reinforced by the exclusion of other
As sources, since the study area is free of volcanic deposits,
as well as of alluvial and lithological contribution containing
this metalloid. Based on the exposed and according to simi-
larities of geomorphological and geological features among
areas with high As concentrations, hypotheses about the
significant presence of this element in groundwater of the
southern Brazilian coastal plain are highlighted.

A possible As contamination in groundwaters is wor-
thy of attention considering the importance of these envi-
ronments in health and economy. Most of these aquifers
are located in man-occupied areas and in suburbs, where
groundwaters from artisanal wells are used for domestic
supply and irrigation. So, a research should be carried out
in order to show these real possibilities of contamination.

In this paper, we presented the results of As distribution
in sediments and waters of a freshwater marsh, an aquifer (a
palaeo-freshwater marsh), and a modern eolic dune in the
coastal plain of the southern Brazil. Our main goals were to:
(1) characterize the As distribution in sediment cores; (2)
quantify the concentration of As in groundwater; (3) evalu-
ate geochemical controls of As distribution along a fresh-
water marsh sediment core; and (4) to provide insight into
the mechanisms of As mobilization in shallow groundwater
systems.

Study area

Three sampling sites were selected for this study in the
Patos lagoon margins (Fig. 1a). The first site was positioned
in the coastal foredunes (FD—foredune; 32°09'37.4"S
52°06'21.8"W, at sea level) in Cassino beach. The sec-
ond one was placed in an interdune freshwater marsh
in the coastal plain (CM—current marsh; 32°10'11.2"S
52°21'02.3"W, at 12 m a.s.l.), and the third one was also
in an interdune freshwater marsh but buried under eolic
sands in the same coastal plain, where its shallow ground-
water aquifers have already formed (BM—buried marsh;
32°04'07.1"S 52°09'47.6"W, at 9 m a.s.l.; Fig. 1b). All stud-
ied sites were located in undisturbed areas (never occupied)
to avoid any type of direct anthropogenic interference.

The coastal plain is formed of unconsolidated Cenozoic
sediments corresponding to the top of the sedimentary
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Fig. 1 a Location of the sam-
pling sites in the southern Bra-
zilian coastal plain: FD (coastal
foredune), CM (current fresh-
water marsh in the interdune
depression), and BM (aquifer
in a buried freshwater marsh in
the interdune depression). The
red dotted line represents the
distance between CM and BM
(~ 18 km), and the green dotted
line represents the distance
between BM and FD (~ 13 km).
b Topographic profiles of the
transects (red and green dotted
lines) with the location of the
CM, BM, and FD and the rep-
resentation of their associated
environments
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column of the Pelotas Basin (Barboza et al. 2008), character-
ized by depositional systems resulting from reworking of the
surface portion due to transgressive and regressive cycles of
sea level since the late Pleistocene (Buchmann et al. 2009).
The FD and BM sampling sites correspond to the Holocene
Barrier system (Barrier IV) with eolian deposits, formed
by unconsolidated white quartz sands, and CM corresponds
to the Pleistocene Barrier II system with beach and eolian
facies (Fig. 1b). The sediments composing the eolic depos-
its mainly (>95%) formed by fine sand (<0.125 mm) have
mineralogical composition predominantly of quartz (~97%),
small quantity of muscovite and kaolinite, and rare grains
of heavy minerals rutile e ilmenite (Tomazelli and Villwock
2005).
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B FRESHWATER MARSHES IN
INTERDUNE DEPRESSIONS

The eolian dunes (FD) along Cassino beach are repre-
sented by a well-developed field which varies from 2 to
8 km of width and extends over the entire southern coast
(Tomazelli and Villwock 2005). Wind is a very important
climatic element to be considered in the behavior of the
free dunes, since these migrate towards SW in response
to the high-energy wind regime from NE, covering older
lands or adjacent water bodies (Tomazelli and Villwock
2005).

The freshwater marsh (CM) has SW-NE direction with
1.0 km of maximum width and predominance of gytja in the
interdune depressions (Fig. 1b). It is dominated by macro-
phyte plants with a wealth of species of Cyperaceae family
followed by Poaceae and Asteraceae.
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The BM aquifer is currently covered by grassland with
pine and eucalyptus trees (Fig. 1b). Its groundwater sys-
tem is shallow and composed by distinct layers of sedi-
ments, where some of them indicate the presence of for-
mer “freshwater marsh lenses” covered by eolian sands
from dunes.

Materials and methods

Sampling, stratigraphic description, and materials
preparation

The sampling was undertaken in July—August of 2016. The
sediment cores were taken by 8.0-in. high-density plastic
tubes, which were manually pushed into the sediment using
mallet and jaws. Immediately after transportation to the
laboratory, FD and BM cores were longitudinally opened
with a circular saw. After stratigraphic descriptions of these
cores (FAO 2006; Schoeneberger et al. 2012), subsamples
of every 2 cm were taken from central position and stored
in zip-lock plastic bags. The CM core was frozen as soon as
it arrived into laboratory, since its sediment presented high
water content which did not allow the opening of the tube.
After this, to prevent loss of material, the sediment was sec-
tioned with a clean plastic knife, and subsamples were also
taken every 2 cm and immediately stored in centrifuge tubes
with lids. At the time of the subsampling, the description
of the CM core was performed sample by sample based on
their observations, which were annotated following the same
protocol used for the FD and BM cores.

The groundwater samples from the FD and BM were
collected with a Push-Point™ sampler (M.H.E. Products).
Only one water sample was obtained in depth of 210 cm for
FD, and a total of ten water samples was taken in depths of
64—172 cm for BM. These samples were directly stored in
rigorously cleaned 500 mL polypropylene bottles, placed in
thermal boxes, and immediately carried to the laboratory.
Water samples were filtered through 0.22-um membranes,
acidified with concentrated HNO;, and stored in a refrigera-
tor in duplicates one. Water samples of the CM were directly
extracted from its sediment core. For the uppermost sub-
samples (from O to 22 cm) of this sediment, the pore water
was separated from the defrosted sediment by centrifugation.
For the undermost subsamples (from 22 to 45 cm), the water
extracts were received after shaking sediment and deaerated
Milli-Q water (1:1), and finally separated by centrifugation
at 6000 rpm.

For the analytical determinations of the sediments, the
FD, BM, and CM subsamples (material resulting from the
extraction of water) were dried at about 25 °C and sieved
at 2 mm.
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Analytical determinations

The pH and conductivity of the water samples of all cores
were determined using an advanced ISE/pH/mV/ORP/tem-
perature meter with HI 4115 silver/sulfide combination elec-
trode HANNA®.

The organic carbon (Corg) in the sediments was estimated
based on the method for determining the organic matter
(OM) by ignition in a muffle oven (Lynn et al. 1974; Goldin
1987; EMBRAPA 2018). The OM content was determined
by the loss of mass of the incinerated sediment, consider-
ing the burning ranging from 105 °C/24 h to 600 °C/6 h
[MO=(105 °C dry weight —600 °C dry weight)/(105 °C dry
weight X 100)]. The Corg contents were calculated by divid-
ing the OM values by the “van Bemmelen” factor (1.724).

As, Fe, and Mn in the sediments (~2.0 g dry weight) were
extracted with 5 mL Analar grade 14 M HNO; (Madejon
and Lepp 2007). In the solid and liquid samples, As was
determined by electrothermal atomic absorption spectrom-
etry using a Perkin-Elmer 800 instrument equipped with a
Zeeman background corrector and pyrolytically coated tubes
with a platform. For a higher ashing temperature, Pd(NO5),
and Mg(NO;), matrix modifiers were used. In solid samples,
Fe and Mn contents were determined using flame (acety-
lene—air) atomic absorption spectrometry (AAS GBC 900
instrument).

The detection limits were calculated according to [UPAC
recommendations (IUPAC 1994). Each sediment sample was
analyzed in triplicate. The precision as the relative standard
deviation (%RSD) was less than 4.0%, 3.5% and 5.1% for
As, Fe, and Mn, respectively.

Reference material (PACS-2, National Research Coun-
cil of Canada) was analyzed together with the studied sam-
ples for the accuracy control purposes. The total As, Fe,
and Al concentrations of PACS-2 were 25.9 +1.4 mg kg‘l,
4.25+0.1%, and 453 + 12 mg kg™, respectively, i.e. yield-
ing As, Fe, and Mn recovery within 95% confidence limits
(certificate value 26.2 + 1.5 mg kg~! for As, 4.09 +0.06% for
Fe, and 440 + 19 mg kg~! for Mn).

The ions Na, NH4+, K, Ca, Mg, F~, CI7, NO3-, and
S0,% of the water samples were also determined. An Ion
Chromatography Metrohm® apparatus was used for this.
For FD core, the only sample collected (120 cm) was ana-
lyzed, while six (between 1 and 41 cm) and seven samples
(between 78 and 157 cm) were, respectively, selected for
BM and CM cores. The detection (LD) and quantification
(QD) limits were also calculated according to [IUPAC (1994)
(Table S1 in supplementary material).

Statistical analysis

Principal component analysis (PCA) was performed on the
geochemical data of the sediment and water samples of the
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CM and BM cores in order to enable an intuitive interpre-
tation of environmental dynamics and their interactions.
The Kaiser-Meyer—Olkin (KMO) Measure of Sampling
Adequacy (Kaiser 1974) and Bartlett’s test of sphericity
(Bartlett 1937) were used to indicate the suitability of the
geochemical data for the PCA. Each principal component
may provide a meaning about the geochemical processes
associated. For PCA, the samples with all analytical data
such as pH, conductivity, As sediment, As water, Fe, Mn,
and organic carbon were used. The cations Na, NH4+, K, Ca,
Mg, and the anions F~, CI", N 03", and SO42_ in water were
not included in the analysis. This was decided after results
from PCA including water principal ions had demonstrated
insignificant contribution of these cations to As accumula-
tion in sediment and its release to water (see the supplemen-
tary material; Fig. S3 and Table S3).

Except for pH, the geochemical data were log-trans-
formed (natural logarithm) and standardized (z-scores)
before PCA, as suggested for compositional data (i.e. close
data sets) (Reimann et al. 2008). The PCA was performed
in the correlation mode, and a varimax rotation was applied
to maximize the loadings of the variables in the components
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(Eriksson et al. 1999). The Pearson correlation coefficients
were also determined among the geochemical data in order
to quantify their relations. Both principal components and
correlations were analyzed in the SPSS 20.0 software.

Results and discussion

Contents of As in rocks, sediments, and soils have varied
greatly depending on their mineralogical compositions and
environments of formation. The rocks of the continental
crust contain an average of 1.7 mg kg~! (Wedepohl 1995).
Sandstones are usually the poorest in As with an average
of about 0.5 mg kg~ (Siewers 1994). In soils, the As con-
tent varies over a wide range of concentrations from 1 to
105 mg kg~!, averaging 5 mg kg~! worldwide, while this
interval ranges from 0.9 to 22 mg kg™! in alluvial and lacus-
trine sediments (Reimann et al. 2009). Thus, the As content
of 0.6+0.5 mg kg~! in the sand of the FD core (Fig. 2)
almost corresponded to the average content of this metal-
loid in sandstones. The distribution of the As concentra-
tion did not fluctuate significantly along the FD profile

Fe (%)

0.10 0.13 0.16

0.15 0.20
Corg (%)

0.25 20 40 60
Mn (mg kg”)

TEXTURE

Fine sand

LEGEND

Fig. 2 Distribution of the As, Mn, Corg, and Fe contents along the FD core
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down to the level of groundwater (Fig. 2), exceeding the
error of analytical method, i.e., the eolian redistribution of
sands did not lead to the appearance of horizons or layers
markedly enriched in arsenic. Thus, the layers relatively
enriched in CM and BM cores, as shown below (Figs. 3,
4), could not be the result of mechanical separation of sand

deposits on dunes. The Corg (average 0.2 +0.01%), Fe
(average 0.14 +0.01%), and Mn (average 40 + 10 mg kg™!)
concentration also did not fluctuate significantly along the
FD profile (Fig. 2). However, they have be highlighted by
representing the background values of the sandy sediments,
taking part in the formation of the interdune marshes in this
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Fig. 3 a Distribution of the As, Mn, Corg, and Fe contents along the
CM core. b Distribution of pH, electrical conductivity, and As con-
centration in the interstitial water along the CM core. ¢ Record of fac-

tor scores for the two principal components extracted by PCA from
the geochemical composition of the sediment and water samples of
the CM core

Sediment A Water B PCA c |
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Fig.4 a Distribution of the As, Mn, Corg, and Fe contents along the
BM core. b Distribution of pH, electrical conductivity, and As con-
centration in groundwater along the BM core. ¢ Record of factor
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study region. The groundwater in the FD (210 cm) presented
1.28 pug L~! of As concentration which has been consid-
ered as a background for unaffected regions (Edmunds et al.
1989; Welch et al. 2000), in a neutral environment (pH~ 7.3
and Cond.~0.33 mS cm™"). All these data demonstrate that
the geochemical situation in the sandy dune deposits was
not favorable for As redistribution and mobilization into
groundwaters.

The distribution of the elements As, Fe, Mn, and Corg
in the solid phase of the CM core demonstrated a strong
general tendency of decrease from the surface to the base
(Fig. 3a). The highest contents of Corg (maximum of 9.2%
in 0-2 cm) in CM were found in the first 20 cm (average
7.0+ 1.2%), while the lowest values were in the undermost
layer (20—45 cm, average of 2.8 +1.2%) in agreement with
the increase of sandy sediments reaching 0.98% at 45 cm
(Fig. 3). The enrichment of Fe and Mn with values up to
0.52% and 100 mg kg~! concomitantly occurred in the part
with the highest concentrations of Corg in 0-2 cm interval
(Fig. 3a), correspondingly.

The As distribution of the CM sediment demonstrated
an almost eightfold increase of concentration in the upper
0-5 cm horizon (1.7 mg kg™! dw) if compared to the same
in the mineral substrate (Fig. 3a). The highest As values in
the 0-20 cm interval (average 1.0+0.3 mg kg~! dw) coin-
cided with the same interval with the highest OM content
(Fig. 3a). In the sandy layers (2045 cm), the values of As
decreased reaching the lowest values with an average content
of 0.23+0.1 mg kg~! dw. Similar patterns of As distribution
were also observed in other sediments of interdune environ-
ments, as those in the Paraiba do Sul delta with very high
concentrations (~270 mg kg~! dw) in the gyrtja sediments
and low values (< 1.0 mg kg™ dw) in the underlying sandy
sediments (Mirlean et al. 2014).

Studying the distribution of As in profiles of ombro-
trophic peat bogs in Scotland, Cloy et al. (2009) found that
this metalloid is firmly restrained by the peat material (up to
9.7 mg kg") at depths of 10-20 cm from the peat surface. In
the same country, Kiittner et al. (2014) studied the distribu-
tion of arsenic in a 3300-year-old profile of a peat bog and
also found a peak concentration of As at a depth of about
15 cm concluding that As was mainly related to atmospheric
pollution. In Italy, the As concentrations in sphagnum peat
profiles were higher in the uppermost layers (0-20 cm) and
decreased at greater depths to below the detection limit of
the analytical equipment (Ukonmaanaho et al. 2004). These
authors explained the As distribution by its anthropogenic
deposition during past decades.

However, in many cases, the As distribution and its
accumulation in the upper parts of sediments could not be
attributed only to the anthropogenic effects. The common
opinion is that arsenic diagenesis is strongly coupled to Fe
cycling and redox conditions that are determined by organic

matter remineralization in marine sediments (Widerlund and
Ingri 1995; Sullivan and Aller 1996; Chaillou et al. 2003;
Bone et al. 2006). According to our results, the trend of As
decreasing with depth reflected the reduction and removal
of this metalloid from a reactive carrier phase (e.g., metal
oxide) into solution. This interpretation was supported by
the As leachable that varied concurrently with Fe(II), and
its diffusion upwards of the Fe-redox boundary (Widerlund
and Ingri1995). A major part of As was trapped in the oxi-
dized surface layer that forms a sediment slice (0-2 cm) rela-
tively rich in this metalloid (Chaillou et al. 2003). A similar
process of reductive dissolution of Fe(IIl) increased arse-
nic mobility and its diffusion into upper horizons was also
characteristic of freshwater lakes (Deng et al. 2014). The
CM core is more like sediment (and not peat or organic-rich
sediments, according to Andrejko et al. 1983), and we could
expect that As distribution in its profile was determined by
geochemical processes developing in the sediments of open
water systems.

The average content of As in the sediments of the CM
core (Fig. 3a) was almost the same as its average content
in the profile of the dune eolian deposits FD (Fig. 2), with
0.58+0.06 and 0.60+0.45 mg kg~!, respectively. In view
of the lack of anthropogenic sources of As in our study area,
we could consider the primacy of natural geochemical pro-
cesses in its redistribution in the profile of CM, whose sand
sediment was completely represented by dune material. So,
probably, the existence of a reducing environment during the
formation of CM promoted the dissolution of Fe(III) hydrox-
ides present on the surface of sand particles, resulting in the
mobilization of As. Likewise, it was already reported for
salt marshes and continental shelf sediments, where the dif-
fusive migration of As and its sorption by Fe(III) hydroxides
occurred in the upper oxic horizon (Sullivan and Aller 1996;
Caetano and Vale 2002; Leal-Acosta et al. 2010; Mirlean
et al. 2012) similarly to the sediment profile of CM.

The interstitial water extracted from the CM core pre-
sented low conductivity (between 0.06 and 0.45 mS cm™h
and pH~6.2-7.4 (Fig. 3b). A steeply rising peak delim-
iting the interface more organic and mineral sediments
occurred between 17 and 25 cm interval, where the highest
water total dissolved salts was concentrated at 19 cm. A
zone with the lowest pH values (6.2-6.9) was also found at
17-25 cm. Concentrations of As in pore waters of the CM
core (1.2-78.5 pg L") were within the limits of already pub-
lished data for marshy environments. The close data were
reported in Broder and Biester (2015) for an ombrotrophic
peatland located within the nature protection area in north-
western Germany with concentration of As in pore water
between 1.2 and 3.8 pug L™!, and in Wang et al. (2012) in
pore waters of saltmarsh sediments in the Yangtze River
estuary (China), where the As concentration ranged from 3
to 71 ug L™!. The maximum of 79 pg L™" at 33 cm (Fig. 3b)
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was also close to those values determined in Bangladesh,
the country with severe health problems due to high As con-
centration in groundwater (Dhar et al. 1997). However, the
As distribution along this core differed from the same in
pore waters of peat bogs, where peaks of As occurred in the
near-surface horizons. In the CM, the maximum concen-
trations of soluble arsenic were found in the intermediate
depths (23-37 cm) of the sediment profile (Fig. 3b), where
the sediment had the highest contribution of sand followed
by a constant reduction of Corg. The decrease in As concen-
tration in the deepest part of the profile (below 37 cm) could
be explained by the low content of this metalloid in the solid
phase as source for pore water, as well as by a significant
decrease in the OM content directly or indirectly involved
in arsenic mobilization.

According the results of the KMO (0.681) and Bartlett
tests (approximately Chi squared: 67.18; degree of freedom:
21; and significance level < 0.05), the geochemical data were
suitable for the structure detection and the PCA was use-
ful for interpretation of the dynamics and interactions. One
first PCA was carried out containing all the geochemical
data determined in sediments and water, resulting in five
principal components (see in Supplementary Material; Fig.
S3 and Table S3). However, the anions F~, 8042_, NO;™,
CI” and cations Mg, NH,, Na, Ca, K determined in water
were observed in components where As in sediment or in
water were not present (GC1, GC2, and GC3; Fig. S3 and
Table S3). In other words, they were very little related to the
As and did not help to explain the process of As sediment
releasing in water (for more details, see the discussion in
Supplementary Material). In this sense, another PCA was
carried out without these ions, which is the one that is pre-
sented here in the manuscript.

So, two first principal components were obtained and
explained about 67% of the total variance of the geochemi-
cal composition of the sediment and water (Fig. 5, Table 1).
This analysis confirmed the geochemical redistribution of
these elements in the diagenetic transformation processes
of the CM sediment and also summarized the ideas regard-
ing the process of As immobilization from the solid phase
to the water phase supporting all that was inferred here. The
first component (GC1; explained 40.51% of the geochemical
data variance) showed high positive loadings (> 0.7) for pH,
Mn, organic carbon (Corg), and As in water (As_w), and
moderate positive loading (0.5-0.7) for conductivity (Cond)
(Table 1). This component considers that part of the organic
matter (60% of Corg proportion variance; Fig. 5) supported
the presence of As in water, which was corroborated by the
correlation coefficient between them (r=0.55; Table 2).
Corg, a redox reactive compound, mediates the redox trans-
formation of As solid-phase and its release to water, there-
fore presenting a critical role in controlling As mobility. The
Mn element may form Mn—organic matter complex (r=0.63
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Fig.5 Fractionation of communalities of the geochemical variables
used in the PCA of the sediment and water samples for the CM and
BM cores. The communality of each variable (proportion of variance
explained by each component) corresponds to the total length of the
bar. The sections of each bar represent the proportion of variance in
each component. The variables are ordered by the component with
the largest share of variance. Corg organic carbon, Cond conductiv-
ity, As_s arsenic in sediment, As_w arsenic in water

Table 1 Factor loadings for GCl1 GC2

the two components extracted

by PCA‘(?f the geocherpical pH 0.80

oSy m o

and BM cores Corg 0.77 0.40
As_ w 0.69
Cond 0.59 0.51
Fe -0.18 0.84
As_s 0.37 0.78
Eigenv 3.41 1.30
Var (%) 40.51 26.83

Corg organic carbon, Cond con-
ductivity, As_s arsenic in sedi-
ment, As_w arsenic in water,
Eigenv eigenvalues, Var (%)
percentage of explained vari-
ance, GC/ first principal com-
ponent, GC2 second principal
component, The highest factor
loading for each geochemical
attribute is in bold

between Mn and Corg), mainly favored by the alkaline pH
range (r=0.59 between pH and Mn). Although GC1 was
not the main factor controlling the contents of the arsenic
in sediment (As_s), there was a significant proportion of its
variance associated with this component (14%; Fig. 5). As_s
was correlated with Corg (r=0.63) and Mn (r=0.65), and
this may indicate that a part of As_s was supported by the
Mn-organic matter complex to a lesser extent.

The second component (GC2; explained 26.83% of the
geochemical data variance) presented high positive load-
ings for Fe and As_s (Table 1). This component indicated
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Table 2 Correlation matrix of

. .t As_s Corg Fe Mn pH Cond As_w

the geochemical composition of

the sediment and water samples A5 g 1.00 0.63" 0.63 0.65" 02 0.53* 0.11

of the CM and BM cores Corg 1.00 0.47° 0.63" 0.45° 0.63" 0.55"
Fe 1.00 0.30 0.08 0.48° 0.10
Mn 1.00 0.59* 0.54% 0.26
pH 1.00 0.52% 0.34
Cond 1.00 0.21
As_w 1.00
N=24

dCorrelation is significant at the 0.01 level (2-tailed)
bCorrelation is significant at the 0.05 level (2-tailed)

that most of proportion variance of Fe (71% of propor-
tion variance; Fig. 5) supported the adsorption of As_s
(61% of proportion variance; Fig. 5). These elements had
a high correlation (r=0.63; Table 2), suggesting that the
Fe element was most likely in Fe-bearing minerals form,
such as Fe(III) hydroxides (goethite and hydrogoethite, for
example), and the As(V) was strongly adsorbed on them.

The distributions of scores for the GC1 in CM (Fig. 3¢)
showed that these were positive and remained high even in
the sand layers (Fig. 3c). So, the organic matter from the
layers with the highest OM content triggered the process
of As release to water. The As in soluble state (mobile)
could be redistributed in depth by vertical downward infil-
tration, making the underlying layers even more enriched
in this element. The changes in the GC2 scores (Fig. 3c)
showed a good agreement with the stratigraphic descrip-
tions, and the decrease of the scores toward the base was
evident. The highest values of GC2 were in the more
organic layers where also occurred the highest Fe and As
concentrations in the sediments, and the lowest scores in
the sandy underlying layers poorer in this elements.

In the BM core (aquifer), the distribution of the
geochemical elements along this profile was different
(Fig. 4a), where a strong separation of two data sets at
75 cm was remarkable showing differentiated distribution
patterns between 0 and 75 cm and 75-137 cm intervals.
As general trends, As and Fe showed increasing behav-
ior in the upper sediment (0-75 cm) interval, while Corg
and Mn presented opposite trend. In the bottom of the
sediment (below 75 cm), all elements (As, Corg, Fe, and
Mn) showed increasing behaviors (for As and Corg up
to~93 cm and for Fe and Mn up to 106 cm) and a general
abrupt decreasing toward the base after that. This distribu-
tion, especially below 88 cm, was similar to that in the CM
core (Fig. 3a). In the whole core, As concentrations varied
from 0.1 to 0.6 mg kg~ (average 0.2+0.1 mg kg™"), Corg
between 0.2 and 0.6% (average 0.5 +0.1%), Fe between
0.03 and 0.11% (average 0.07 +0.02%), and Mn between
3 and 10 mg kg~! (average 7 +2 mg kg™').

The layers with the highest contents of Corg in the BM
core (Fig. 4a) were the same ones with the highest values of
OM (first two loamy sand layers, 83—114 cm interval), while
the most impoverished were those with the highest contents
of sand sediment (the first 0—79 cm and 114-136 cm inter-
vals; Fig. 4a). The layers with more organic contents were
positioned sandwiched between sand packs, showing very
abrupt changes of Corg concentrations with well-marked
upper and lower limits. This discontinuity supported the idea
about the formation of an ancient marsh between old dunes
in an inner part of the beach ridge complex (Figs. 1b, 6),
since the most basal part of the core presented quartz sand.
After a time, this ancient marsh was buried by sandy sedi-
ments as a sequence of dune dynamics (Figs. 1b, 6).

The Mn has normally tended to move to the surface layers
farther than Fe by the geochemical process of redistribu-
tion, as observed in the BM core (Fig. 4a). Below 75 cm, Fe
concentration continued increasing and Mn remained the
same. The highest concentrations of these elements were
found between 84 and 106 cm interval, corresponding to
the first two sand organic layers, where the maximum value
for Fe (0.11%) occurred in 98 cm and 106 cm and for Mn
(10 mg kg™!) in 106 cm (Fig. 4a). In the second part of this
core, Fe distribution resembled a see-saw model with sharp
variations in depth. Probably, the water table fluctuations
constantly interfered in the Fe oxy-reduction processes when
there was a marsh. An abrupt decrease in concentration of
both elements’ concentrations to very low values occurred
in the most basal part of this profile (106-136 cm) followed
by an accentuated increase in sand content. This behavior
was similar to the tendency already observed in the lower
part of the CM sediment core (Fig. 3a).

Similar to the Corg, the highest concentrations of As
also occurred in the “sandwiched” layers with values reach-
ing 0.6 mg kg™ dw at 94 cm depth (Fig. 4a). In the sandy
uppermost and undermost layers of the core, the lowest con-
centrations (average 0.2+0.1 mg kg~! dw) were observed.
Similarly, higher As concentrations (30.2 mg kg_l dw) were
also seen in more organic layers of buried sediments in the
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Fig.6 Representation of the arsenic geochemistry processes in the different environments in the southern Brazilian coastal plain

Paraiba do Sul delta, while the lowest values (~0.8 mg kg™
dw) were observed in sand-intensive sediments (Mirlean
et al. 2014). The As mean concentrations were close to those
maximums verified in the FD core. Probably, the As from
sandy sediments associated with buried freshwater marshes
was partly remobilized and removed by lateral groundwater
flow from the BM.

The groundwater of the BM aquifer also demonstrated
low conductivity, but even lower (0.027-0.039 mS cm™h,
and was slightly more acidic (pH values between 6.1 and
6.7; Fig. 4b) than that determined in the CM core. Even
with little variation, the conductivity and pH distributions
throughout of the BM core were similar to the second half of
the CM core (below 17 cm; Fig. 3b). In the most basal part
of BM core (Fig. 4b), both parameters presented a reverse
pattern where the conductivity generally decreased while pH
increased. In the upper sand layers of this core (up to 78 cm),
water-extractible As concentrations were significantly lower
(average 0.87 +0.31 pg L™') than in the loamy sand and
sand layers (average 10.6+2.93 pg L") of the lowest part
(78-172 cm) of the profile (Fig. 4b). Two main peaks of
As were verified at 89 cm (11.25 ug L™!) and at 157 cm
(15.11 pg L7H.

@ Springer

The distributions of GC1 scores in BM (Fig. 4c) obtained
by PCA showed an increase in the layers with higher OM
content, and remained more or less constant in agreement
with increase of sand sediment toward the base, agreeing
with As increasing concentrations in depth. The GC2 scores
(Fig. 4c) showed a slight increase in the layers with higher
content in OM and an abrupt decrease after this, i.e., the
highest As values occurred within the layers more enriched
in Fe.

The reduction of As in the BM sediments (Fig. 4a), that
form the modern shallow groundwater table, as a whole
resembled that one in the CM core (Fig. 3a). In the interme-
diate part of the BM core, which was more enriched with
OM, an almost fivefold increase of As concentration was
observed. However, this sediment was generally depleted
in As (about two times) if compared to the CM core. A sig-
nificant decrease in As content in buried marsh sediments
after their transformation into a shallow aquifer could be
explained by a lateral outflow of soluble compounds into
the local drainage system (Fig. 6). A similar decrease in the
arsenic concentration was assumed in the rocks of the aqui-
fers of Southeast Asia (Polizzotto et al. 2008). The authors
supposed that the rates of As release would initially be high,
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due to the large pool of available solid-phase arsenic, and
this release would continue until the As was pretty much
depleted from sediments to groundwater.

The down-core As distribution in the water of BM showed
a multiple increase in its concentration (more than 20 times)
in the part of the core represented by the CM sediments.
The sanitary limit of arsenic (10 pg L™") for drinking water
was exceeded in three BM water samples. Concentrations
above this threshold have been common in aquifers of the
arsenic-contaminated areas (Bhattacharya et al. 1997; Bund-
schuh et al. 2012; Yang et al. 2014). However, groundwaters
with high-As content have not been necessarily related to
areas with high concentrations from source rocks (Smedley
and Kinniburgh 2002). For example, As-affected ground-
waters in the Bengal Basin are associated with sediments
having total As concentrations in the range between 2 and
20 mg kg™, i.e., not exceptional by the world-average values
(Dhar et al. 1997). In the BM, the As content in the source
sediments was extremely low, barely reaching the average
value of 0.25 mg kg~!. However, even this very low content
was able to provide relatively high As concentration in the
groundwater under the reducing conditions of the organi-
cally rich CM sediments.

Regarding geochemistry, the described enrichment of the
BM groundwater was similar to the processes known for
the aquifers of alluvial plains and deltas composed of sandy
sediments with interlayers enriched in OM (Polizzotto et al.
2008; Datta et al. 2014). Although relatively low, but still
exceeding the limit for drinking water, the As concentration
in the BM groundwater could be expected by higher con-
tents in the neighborhood under the similar hydrogeological
conditions. The As concentration in the groundwater of the
Paraiba do Sul delta presented different values ranging from
low 2 pg L™! to very high 600 pg L™! in wells of the same
depth located at a small distance (some hundred meters)
from each other (Mirlean et al. 2012). According this previ-
ous study, the “spotting” of anomalies within a single aqui-
fer was explained by the mosaic distribution of the lenses
of the marsh and lagoon sediments under the overlapping
eolian sands. In the case of the Southern Brazilian coastal
plain, we could expect the same mosaic distribution of As in
groundwater. Figure 6 represents in the whole the geochem-
istry of the process cited here related to arsenic dynamics in
the different environments in the southern Brazilian coastal
plain, encompassing modern eolic dune, freshwater marsh,
and aquifer. The lack of data about As occurrence in ground-
waters in the Brazilian coastal plains has been explained by
the strong prevalence of surface sources in drinking water
supply. Groundwater for drinking purposes is only used by
the population in remote areas deprived of centralized water
supply, and the quality control of waters in artesian wells is
very limited. However, similar problems to those in some
Asian countries are not excluded in the future for Brazil, if

the pollution of surface water courses will force the popula-
tion to intensively use groundwater for drinking supply as
an alternative.

Conclusion

Barrier sand dunes of the study area consist mainly of fine
quartz sand contain low quantity of arsenic (0.6 mg kg™").
Groundwater under these dunes also contains a background
amount of arsenic slightly exceeding 1 pg L™, In the sedi-
ments of modern interdune marshes under suboxic condi-
tions, As is mobilized from the eolic sands and its redistribu-
tion occurs along sediment profile. The maximum arsenic
concentration occurs at the marsh surface (0-5 cm) and is
synchronous with the Fe peak. The migration of As in marsh
ambient undergoes well-described desorption from solids
upon Fe(III) and As(V) reduction. This process involves a
strong As enrichment (up to 79 pg L") of pore waters in the
marsh sediments. After the overlapping of interdune marshes
with eolic sands, high As content is maintained overcom-
ing the sanitary limit of 10 pg L™! for drinking water in
groundwater.

Southern Brazilian coastal plain is probably an arsenic-
contaminated area for groundwater, which can be confirmed
in future by more extensive hydrogeochemical studies in
this region.
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