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In this work we propose a new approach for the determination of the mobility of mercury in sediments based on spatial distribution

of concentrations. We chose the Tainheiros Cove, located in the Todos os Santos Bay, Brazil, as the study area, for it has a history

of mercury contamination due to a chloro-alkali plant that was active during 12 years. Twenty-six surface sediment samples

were collected from the area and mercury concentrations were measured by cold vapour atomic absorption spectrophotometry. A

contour map was constructed from the results, indicating that mercury accumulated in a “hot spot” where concentrations reach
more than 1 pg g'. The model is able to estimate mobility of mercury in the sediments based on the distances between iso-
concentration contours that determines an attenuation of concentrations factor. Values of attenuation ranged between 0.0729 (East

of the hot spot, indicating higher mobility) to 0.7727 (North of the hot spot, indicating lower mobility).
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INTRODUCTION

The determination of metallic concentrations in sediments has
shown to provide reliable informations on the degree of contamination
of the environment. Nonetheless, a number of studies had indicated
that there is a lack of correlation between total metal concentrations
and toxicity'?. In these studies the chemical form and consequently
mobility of the metals were considered more important, in defining
toxicity, than total concentrations alone. The search for determining
mobility gave rise to the development of a myriad of chemical
procedures that selectively extract metals, among them, the partial
extractions and sequential extractions*’. Even though the selective
procedures have been used since the early seventies, until today, these
methods are subject to critics, for they do not reproduce environmental
condition, but are merely operational extractions®!°. The assumption
that, for instance, acid volatile sulphide (AVS) extraction procedure
yields toxic bio-available cadmium'' can be considered unreliable
because, the cadmium content in extracts resulting from the 6 N nitric
acid leaching has no geochemical meaning, a harsh situation that is
never observed in the natural environment.

The mobility and toxicity can also be assessed with the use of
mineralogical and granulometric corrections'?. Mineralogical
corrections can distinguish between natural metals, that are in the
lattice of clays, and anthropogenic metals that are less tightly bound
to sediments. These corrections can be done with the so-called
conservative elements, mainly those that appear as major compounds
in clay minerals'®. Aluminium has shown to be an adequate correcting
element', for it is present in clay minerals in large concentrations
(percentages), it is relatively unreactive and the anthropogenic sources
are minor when compared with natural ones. Iron has also been used
to correct surface sediment concentrations', yet its redox sensibility
is a limiting factor for its application, mainly in sediment cores'.
Although largely used, mineralogical corrections give only a rough
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estimate of the relatively mobile and extremely immobile metals
present in the sediments. For instance, in this case, no distinction is
possible between adsorbed metals and metals trapped in the very
stable sulphide complexes.

Granulometric corrections are supported by researchers that
consider that metals can only be associated with fine grained particles
(smaller than 63 um). In their view, no association is possible with
the coarser quartz grains that constitute the sand fraction'’. More
recent works showed that metals can form colloidal films in the surface
of the quartz grains, that may contain significant concentrations of
metals that are completely neglected when granulometric correction
is applied. In sediments with very little amounts of fine grained
particles, Wasserman et al.'® obtained the impossible concentrations
of 263% of iron in a sediment sample.

Concluding, the search for procedures that yield reliable
informations on the mobility of metals is far from being resolved.
Nonetheless, the procedures developed until now are only based on
chemical or physical fractionations, that frequently are operational
and do not reproduce environmental processes. New procedures,
based on geographical modelling has not yet been tested and may
represent a promising path for evaluating metal mobility.

In the present work a new and simple model that assess mobility
of metals in the sediment is proposed. This model is based on the
spatial distribution of metals in surface sediments and generates values
that describe the attenuation of the metal concentrations from a hot
spot in different directions. The faster the concentrations fall from
the hot spot (strong attenuation) the less mobile is the metal. In order
to illustrate the use of the model, it was applied to an evaluation of
mercury contamination in the sediments from the Tainheiros Cove, a
degraded environment within the Todos os Santos Bay (Bahia, Brazil).

EXPERIMENTAL PART
Study area

Located at the latitude of 38°30' W and longitude of 12°55" S,
the Todos os Santos Bay (Figure 1) is the largest bay in Brazil,
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covering an area of 1,100 km?. Historical Portuguese occupation
started in the early XVI" century, with the arrival of the fleet of
Americo Vespucio. Later the city of Salvador (funded in 1549), built
within the margin of the bay became the first Capital of Brazil and
the environment was subject to increasing population growth and
consequent degradation. In the years 1960 the region suffered from
a large wave of industrial development, that was responsible for the
construction of around 200 units. Metallurgic, textile, powder and
chemical plants are among the most polluting'® '°. Population growth
as a result of the industrial development accounted as a further factor
for the degradation of the bay. Presently, the Todos os Santos Bay is
being submitted to an important programme for non-point pollution
eradication (mainly domestic sewage), but results are still far from
being detectable.
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Figure 1. Location of the study area and positioning of the sampling stations

The industrial activities have been introducing heavy metals
directly into the aquatic environment, generating a widespread
contamination with lead, cadmium and zinc®. Tavares et al.*' studied
metallic concentration in molluscs of the bay and could determine
that levels where above WHO limits. They estimated that 400 tons
of cadmium and another 400 tons of lead were dumped in the bay by
industrial activities located in the drainage basins. These same authors
also analysed mercury in the molluscs that presented abnormal values.

The physiography of the region is characterised by a typical
submerged Mesozoic coast, where the quaternary deposits are absent
or poorly developed. Further inland, in the drainage basin of the bay,
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the geology shifts to Precambrian grounds. Among the six main fresh
water inputs to the bay, the Paraguassu river, in the north-western
part is the most important®. The freshwater inputs of the bay are
insignificant when compared to tidal inputs and do not affect the
mean salinity that ranges between 35 and 37, very close to the seawater
salinity. The tidal prism is the main factor responsible for the currents
(that can reach 80 cm s') and for the low residence time of the waters
in the system (30 h?).

The climate of the region was classified as humid and tropical,
Af in the classification of Koppen. The average annual precipitation
is 1,500 mm and the temperatures are warm, averaging 25° C*.

After Hertz® the most important vegetation formation of the
Todos os Santos Bay shoreline is mangrove, that covers over 15 km?,
forming very large and dense forests. Although mangrove ecosystems
are still widespread in the region, their conservation status is
decreasing, where human populations occupies the shoreline. The
Tainheiros Cove is an example where large mangrove stands where
completely substituted by very poor shantytown.

During the early 1970’s a chlor-alkali plant was settled in the
neighbourhood of the Tainheiros Cove (Figure 1) and produced
discharges loaded with some 900 kg mercury year'. After 12 years
the activity became economically less interesting and the plant activity
ceased, leaving a liability of around 10 tonnes of mercury in the
environment. By this time the region had housed some 100,000 people
who used the area for the exploitation of mussels and fishing?'. A
considerable amount of the mussels and fishes were directly consumed
by the community and another part was sold in the region’s markets.

Although the calculations of the mercury dose, based on dietary
intakes and concentrations in molluscs and fishes indicated a possible
contamination of the population®, for unknown reasons the
concentrations in human hair”’ did not reach values above the limits
established by WHO. Some authors attributed to the “dendé”, a
cooking plant oil with a very high boiling point, that is widely used
in the region, the loss by volatilisation of mercury during boiling of
the sea food. Nonetheless, no direct evidence of this loss has ever
been presented yet.

In a study in the same area, Tavares et al.”® reported sediment
contamination with mercury and the results presented in this work
confirm this finding. Nonetheless, the mobility of the mercury present
in the sediment has never been assessed, neither by fractionation
studies (e.g. sequential extractions), nor by speciation (e.g.
measurement of alkylated forms).

Sampling and analytical procedures

The sediment samples were collected in 1998 from an outboard
boat with a stainless steal Petersen bottom grab in the 26 sites
described in Figure 1. A fraction of sediment that was not in contact
with the surface of the grab was separated and placed in plastic zip-
lock bags and immediately cooled to 4 °C for transportation. In the
laboratory, the samples were frozen and stored at -20 °C. Within a
few weeks, the samples were oven dried at less than 40 °C under a
constant air flow for three days, ground with an agate mortar and
stored in sealed plastic bags until analysis.

Total mercury analysis were performed by extracting one gram
sub-samples of the sediments with 20 mL of a 50% aqua regia
solution for 1 hour, using the cold finger technique®. The mercury
concentrations in the extracts were determined by cold vapour atomic
absorption spectrophotometry (CV-AAS), after the reduction of the
mercuric forms with SnCl,. The detection limits were established by
multiplying three times the standard deviation of more than 20 blank
concentrations yielding a value of 5 ug kg'. The accuracy of the
method was controlled with a standard reference material, Buffalo
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River Sediment (NIST SRM 2704), showing an error smaller than
5%.

Attenuation of concentrations model

The results were plotted in an contour (iso-concentrations) map
with the program Surfer using the Krigging method of interpolation.
Krigging method has proven useful for it produces iso-concentrations
maps from irregularly spaced data, avoiding isolated bull’s-eye type
contours.

The concept of attenuation of concentrations proposed here is
distinct from the ‘natural attenuation’ largely applied in soil and
groundwater sciences. “Natural attenuation” is defined as “naturally
occurring processes in the environment that act without human
intervention to reduce the mass, toxicity, mobility, volume, or
concentration of contaminants in those media™. The principle of
the attenuation of concentrations model presented in this work is
based on the distance between contours of concentrations of a metal,
determining its degree of geographic homogeneity (Table 1). The
smaller are the distances between the contours, the faster concen-
trations decrease (less homogeneous distribution) and in such
conditions the mobility of the metal is low. On the other hand, for
bigger distances between contours, the distribution of the metal is
homogeneous due to a higher mobility. In order to distinguish our
model from the “natural attenuation”, the term “attenuation of
concentrations” is proposed.

Table 1. Relationship between attenuation of concentrations (A) and
mobility of the pollutant

Attenuation value A Distance between contours  Mobility

Higher distances Higher
(homogeneous distribution) mobility

Smaller values

Smaller distances Smaller
(heterogeneous distribution) mobility

Higher values

The attenuation of the concentration (hereafter called “A”) is given
by the slope coefficient from a first degree equation describing the
decrease in concentration from a hot-spot (HS in Figure 2) until lower
concentrations point (B or C in Figure 2). The straights from segments
HS - B and HS - C are plotted in the graph of Figure 3 and the slopes

Figure 2. Contour map of the concentrations, showing a hot spot and
segments HS - B and HS - C
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Figure 3. Plot of the concentrations against distance showing straights of
regression and equations. Each point corresponds to intersection of the
segments and contours. Circles represent the segment HS — B and squares
represent the segment HS — C in Figure 2

in the given equations correspond to A. It is worth of note that the
value of second term of the equation (where x = 0) is meaningless
for the model. Further, the negative sign is due to the fact that the
higher concentrations are plotted on the left hand of the graph,
therefore has no meaning for the model.

In the case of the Tainheiros Cove, we chose to place one segment
for every 18° angle, starting from the East, clockwise. The values of
A were plotted in the median point of each segment and another
contour map could be designed, showing the mobility distribution
of mercury in the study area.

RESULTS AND DISCUSSIONS

The comparison between total mercury concentrations and those
of the literature shows that although the concentrations in the
Tainheiros Cove are not among the world’s highest, they are
considerably above the background levels that should be considered
as low as 5 ug kg! (Table 2).

Table 2. Comparison of the mercury concentrations obtained in this
study with the results obtained for other environments

Study area Range (ug kg') Ref.
Clyde river (England) <50 - 3,680 31
Everglade estuary (USA) 220 - 1,860 32
Guanabara Bay (Brazil) 320 - 3,380 5
Guanabara Bay (Brazil) 50 - 37,200 33
Average shale 400 34
Tainheiros Bay (Brazil) n.d. - 37,480 35
Tainheiros Bay (Brazil) <5- 1,710 This study

n.d. = non detectable (no mention to the detection limits appears in
the publication)

The Figure 4 shows the distribution of mercury concentrations
in the sediments of the Tainheiros Cove. The concentrations indicate
a considerable contamination of the sediments, mainly in the central
part of the system that is not necessarily associated with the dumping
of mercury from the chlor-alkali plant, but certainly to favourable
accumulation conditions . For the attenuation of concentrations model,
whenever there is no accumulation of the contaminant in the sediment,
the site is considered unpolluted, even if it is associated with a known
source of the contaminant.
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Figure 4. Contour map of the concentrations of mercury in the sediments of
Tainheiros Cove

In the Tainheiros Cove, the presence of only one very well defined
hot spot (1,710 ug kg) facilitates the application of the attenuation
of concentrations model, because only one system of segments
starting radially from that hot spot can be designed. Nonetheless,
multi-hot-spot systems theoretically can also be modelled.

The A values of the segments starting at 0° angle (that corresponds
to the East direction) and running clockwise were presented in Table
3. It can be observed that for the angle 0° (full East), the distance
between contours is large, yielding a relatively small value of A
(0.1500). If we pick another direction like 90° (full North), the value
of A (0.6471) is considerably higher, indicating a smaller mobility in
this direction.

The values of Table 3 were plotted in the median of each segment
to generate another contour map, the attenuation of concentrations
distribution, shown in Figure 5. In the future, data from Table 3 will

Table 3. Values of the attenuation of the concentrations of mercury

(4)
Angle, starting East A (dimensionless)

0° 0,1500
18° 0,0729
36° 0,0800
54° 0,4080
72° 0,6086
90° 0,6471
108° 0,6376
126° 0,6471
144° 0,5188
162° 0,3616
180° 0,2519
198° 0,1852
216° 0,2083
234° 0,3430
252° 0,5556
270° 0,7727
288° 0,4489
306° 0,5837
324° 0,2179
342° 0,1843
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be comparable with values from other environments and other metals
The model constitute the subject of a few projects in the Guanabara
Bay and Sepetiba Bay (Rio de Janeiro) that are being carried out by
our laboratory.
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Figure 5. Distribution of the values of attenuation of concentrations in the
Tainheiros Cove

The map in Figure 5 shows that there are two areas of higher A
corresponding to directions where there is very small dispersion of
the mercury. On the other hand, the lower values of A in the direction
East-West indicates a tendency of spreading of the metals. The model
indicated that while there is a geochemical barrier in the South and
in the North, there is a tendency of transport of the mercury to the
mouth of the bay, eventually associated with hydrodynamics of the
tidal currents. Another possible explanation for this behaviour is that
the southern and the northern part of the Cove present very negative
redox potentials that can be responsible for mercury trapping in
sulphide complexes®**’. The higher values of A in the northern part,
even though concentrations became lower, confirm the hypothesis
of lower mobility in this area.

It has to be underlined that the model is not able to determine
whether metals are immobilised in sulphides or other complexes.
Actually the model functions as a black box, where the various
chemical, physical and mineralogical processes responsible for me-
tal mobility play their role. Nevertheless the model is not able to
display details on these processes, it gives only the outcoming
mobility of metal.

CONCLUSIONS

In this work we presented the first results of a model that would
be able to estimate mobility of metals in sediments and that can help
to design deeper studies on speciation and fractionation. Although
we present here only data for mercury, the model can be applied for
any contaminant or natural chemical present in the sediment.

The application of the attenuation of concentrations model to
different environments would yield a better understanding of the
geochemical meaning of the contours. Furthermore, comparisons
between A values obtained in various environments would generate
normal and average values that can be intercompared with abnormal
situations. Comparisons between A values obtained from different
metals may permit the determination of a scale of mobility and
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harmfulness of these contaminants. Future researches that permit the
comparison of the attenuation of concentrations with the results of
speciation/fractionation studies would calibrate the model.

Finally, some limitations of the model can be listed at the present
stage of the research. First, it seems that a more dense sampling of
the study area would permit the generation of more reliable
distribution maps and a more accurate result of the modelling. A lot
of care has to be taken when using computational programs that
interpolate and extrapolate data to design contour maps. Methods of
interpolation must be very carefully selected and the final result
depends to a great extent on the researcher personal capacity of
evaluating the results. The procedures for designing the model as
they were performed in this study are still tedious, since manual
measurements of the distances between contours were made in printed
graphs. The automatic calculation of the distances between contours
is now being developed, that would yield more precise and rapid
modelling.
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