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TRACE METAL SPECIATION AND RESEARCH
IN MARINE GEOCHEMISTRY

C. LATOUCHE, J.C. DUMON, G. LAVAUX, and Ph. PEDEMAY

Département de Géologie et Océanographie, Université de Bordeaux I, 351 cours de la
Libération, 33405 Talence, France

(Received in final form, 31 August 1992)

In order to precise the origin and behaviour of trace metals associated with coastal marine sediments, marine
geochemists frequently utilize various methods of sequential extraction. The main objective is to test the potential
mobility / stability of particulate metals in the natural environments. Several examples are presented in the article,
namely: i/ Exchangeable Pb from podzolic soils of the drainage basin of a lagoon which sediments and phreatic
waters are for a large part inherited from the surrounding soils; ii/ Evolution of particulate metals in an estuary; iii/
Mobility of metals at the sea bottom interface; iv/ Role of amorphous components of estuarine sediments and
suspended matter; v/ Effects of dredging activities on solubility of metals in an estuary; vi/ Behaviour of heavy
metals in lagoons.

Main results obtained from the extraction procedures are described, as well as particular difficulties encountered
when applying some classical methods.

KEY WORDS: Trace metals, metal speciation, sequential extraction, estuaries, sediments, geochemistry.

INTRODUCTION

Marine geochemists are interested in a great deal of problems related to the behaviour of
metallic elements in oceanic systems, or in coastal environments, and even in the surround-
ing drainage basins controlling coastal terrigenous sedimentation. It is for instance the case
for soils in the immediate proximity of a lagoon deeply inserted in the continent. If the soils
are of podzolic type, with a very weak cation exchange capacity, the mobility of adsorbed
elements towards rivers, lagoons or sea is very high. Moreover correlative pollution of
nearshore environments having always to be considered, it is necessary in such an environ-
ment to take into account, not only the marine system itself, but also the surrounding drainage
basins and soils. In the marine environments, the problems related to heavy metals are highly
complex ones due to the fact that the origin of these metallic elements is twofold. For the
first part, they are natural components of sediments and suspended matter (SM), i-¢: either
major components, (e.g. iron); minor components (¢.g. Mn) or, more often, trace-elements
(Zn, Cu, Pb, Ni, Co, Cd, Cr. etc ...). The second part is of anthropogenic origin, e.g. metal
emission into the atmosphere, such as lead from gazoline combustion, or direct input into
the hydrocycle such as Zn, Cd, Cr, from wastes of various industries such as: ore processing,
177
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metallic surface treatments, tanneries etc ... In addition to this diversity of origin and
pathways, metallic elements in marine environments have a large diversity of physical states
and chemical bonds, easily passing from particulate matter to dissolved matter and recipro-
cally.

As a consequence, the knowledge of origin and behaviour of these elements requires
reliable analytical tools. In order to understand the factors responsible of their concen-
tration and also to predict their possible evolution in a natural system and then to
appreciate their possible impact on human health, it is necessary to have the more exact
informations on the physico-chemical forms in which heavy metals exist in sediments
and SM.

The main objective of this paper is to present some case studies for which sequential
extractions -in a very general sense- unabled us to precise the origin of metals and to
better understand their geochemical cycles and mobility. Most of the examples pre-
sented below are relative to coastal environments. For several reasons, this environment
is probably one of the more critical ones. First of all because it is the most exposed to
the fluxes of pollutants, among them heavy metals. Second, because the fresh-water /
saline-water interface is characterised by drastic changes of the main physico-chemical
parameters (ionic concentrations of waters, pH, Eh and often temperature and light-
transmission effects). The examples mainly concern estuarine systems and lagoons,
more or less isolated from the open sea. They address to sediments and suspended matter
but in consideration with reciprocal exchanges with water. The role of organic compo-
nents, living or non living, is also considered in the cycle of these heavy metals in coastal
systems.

Finally, thanks to trace metal speciation and/or selective extractions various important
processes relative to the transfer of metallic elements from the continent to the ocean have
been identified; the following examples are presented in this paper (Table 1).

- Adsorption of Pb from motor fuel additive, by podzolic soils(i-e: deprived of any
cation-retention, what is capital in such a context), in the vicinity of a marine-lagoonal
environment: Arcachon Basin.

- Solubization of particulate organic matter and associated trace metals in Gironde estuary.

- Mobilization of Mn at the sea bottom interface.

- Role of amorphous inorganic components as support of metallic elements in estuaries.

- Effect of dredging activities on the mobility of metallic elements in an estuary.

- Behaviour of heavy metals in lagoons.

CASE STUDIES

Adsorption by soils of lead from motor fuel additive

Distribution of Pb, on its exchangeable form, has been studied in soils of the drainage basin
of a famous French lagoon: Bassin d’Arcachon. The drainage basin of the lagoon (Leyre
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Table 1 Overview on various case studies presented in the article.

Objectives of Studies Methods Extracts Results

Adsorption of Pb by soils ~ Ammonium acetate(N,pH7) Exchangeable Pb Impact of highways on
of drainage basins. on Ao Horizon the environment

1 - Exchangeable.

phase
2 - Easily reducible
phase Solubilization of metals
Evolution of particulate Brannon and al (1976) 3 - Organict+ sulfide  associated with
metals in an estuary phase Particulate Organic
4 - Moderatly reducible Matter (POM) along
phase the estuary

5 - Residual phase

1 - Hydroxyde phase - Relative mobility of Fe
Metal exchanges at the Chester et Hughes (1967) 2 - Organict+ sulfide  and Mn at the inter-
sea bottom interface Presley and al.(1972) phase face. Effect of Eh;
3 - Residual phase - Consequences on Zn,
Pb,Cu, Ni distrib-

utions

Amorphous components of Amorphous silicaet Comparisons of various
estuarine sediments and  Biermans and Baert (1977) associated Fe and Al  estuarine systems
Suspended Matter (SM).

Effects of dredging Experimental extraction Limited effects of
activities on metals with pure water and FeMnCuZnCd dredgings compare to
solubility in estuary saline water (5%o) soluble the effect of natural

processes

Heavy metals mobility in HCl0,1 mol.I"! Cu, Zn, Ni, Sr Role of aquatic plant
lagoons easily mobilisable on metals mobility

river) is crossed by an important highway (R.N.10, Bordeaux to Bayonne), responsible,
given the intense traffic, of a pollution by hydrocarbons and Pb from fuel motor
additives. In order to appreciate this pollution at its source, analysies have been made
on samples of forest litter collected at increasing distances from the highway. Extrac-
tions have been classically carried out by ammonium acetate (1 mol.I"') and at pH 7.0.
The results (Figure 1) show that the distribution of exchangeable Pb in horizons A, is
maximum along the highway itself and decreases with the distance; 30 meters away the
road, the content of exchangeable Pb becomes quite normal.(1 mg.kg "' dry matter).
Also, the results clearly show that the distribution of Pb depends on the direction of
prevalent winds.

The first studies along this highway are rather old'. Since this period, monitoring have
been carried on considering a probable interesting environmental evolution: the expected
decrease of Pb emission since the reduction of using of Pb additive in motor fuels and
corresponding decrease in soils and lagoon sediments originating from the erosion of these
soils.
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Figure 1 Exchangeable Pb in soils along RN 10 highway.

Solubilisation of particulate organic matter and associated trace metals in a macrotidal
estuary

Macrotidal estuaries such as Gironde (tidal range 4 to 6 m) are characterised by an
important oscillating stock of suspended matter enabling such systems to accumulate
heavy metals. In the Gironde estuary however, the study of their distribution and their
subsequent flux quantification during several consecutive years showed that the accu-
mulation of metals associated with sediments is limited. It has been demonstrated that
the residence time of SM in the estuary before their expulsion to the open ocean, is 2
years. In such a context the majority of particulate metallic elements (about 80%) pass
into solution, before escaping to the atlantic marine environment’.

Mechanisms responsible of such an evolution have been studied on the basis of
various approaches. By sequential extraction, Bertrand’ examined the repartition of
various forms of metals associated with SM along the estuary. Using the method
proposed by Brannon and al.*, he demonstrated that the strong upstream / downstream
decrease of particulate Zn is mainly due (Figure 2) to the decrease of organic fraction,
other fractions (exchangeable, hydroxydes, residual) remaining rather constant along
the estuary. Conversely for Ni, no major variation of metal content appears along the
estuary. For this metal, sequential extractions showed that the most important form is
the residual one.

Following the study of Bertrand (quoted above), several methods demonstrated that
the results obtained from sequential extraction methods are reliable. On the basis of
examination of the balance of organic matter in the estuary, it was demonstrated® that a
large part of the particulate organic matter considered, from the results of sequential
extraction, as the main support of metals, either pass into solution or is mineralized along
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Figure 2 Upstream (La Réole) / downstream (Bouée 20 ) distribution of Zn and Ni in the various fractions of
suspended matters of the Gironde estuary (from Bertrand 1980).

EP + ERP:  Exchangeable phase

OSP:  Organic + sulfide phase

MRP : Moderatly reducible phase

RP: Residual phase

the estuary. Moreover an experiment of simulation of pollution by radioactive tracers (**Zn
and '™ "™ Hf) demonstrated® that, as expected from the results of the sequential extraction,
Zn associated with SM at the entrance of the estuary pass into solution during the transfer
of particles in the estuary.
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Figure 3 Arcachon Basin: reducible, oxidizable and residual fractions in ug per g. dry sediment in core.

Mobility of metals at the sediment water interface

In order to study the effects of early diagenesis on the partitioning of Mn, Fe, Cu, Zn, Pb,
and Ni in nearshore sediments from Aquitaine coast (France), El Ghobary’ performed
sequential extractions on thin layers of cored samples of the four following coastal environ-
ments of the SW of France: Marennes-Oléron Bay, Gironde estuary, Vasiére Ouest-Gironde,
and Arcachon Bay. Extractions were made according to the method proposed by Chester
and Hughes®; Presley and al.’. The sequential extraction steps were performed as follows

(Figure 3):

1 sediment was leached for 4 hours with hydroxylamme hydrochloride—acetic acid
v/v: NH20H, HCI (1 mol.I ) in HOAc (0,25 mol.I” )

2 after, the sample was submitted for 4h to hydrogen peroxyde (50 ml of H202 (10,2
mol.l' ), 5 ml are added at the time while heating 85°C)

3 and then, takes place a dissolution in HF-HCIO4-HCl.

These three steps were respectively attributed by the authors to the reducible fraction, for

the first, the oxidizable one for the second, and to the residual fraction for the last.
Concerning H,O- extraction, the ratio extractant / sediment has been increased in

comparison with other methods (e.g. 10), but without adding HCIl, because the pH
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would be too much acid and, in this case, silicates could be attacked.

It has to be emphasized that some more detailed methods of sequential extractions have
been proposed with the aim of distinguishing: exchangeable, carbonate, oxide and hydrox-
ide, organic and residual fractions'®'". Other methods also differentiate sulfide and organic
fractions. Nevertheless, taking into account some lack of specificity of very detailed
sequential extractions' it appeared better to prefer a method regrouping the so called
exchangeable, carbonate, oxide and hydroxide fractions.

Despite its simplicity, this sequential extraction method enabled us’ to better understand
the roles of organic matter, sulfides, oxides, carbonates, water chemistry and rates of
sedimentation on the associations and diagenesis of metals. In the surficial sediments, an
important part of the mobile fractions of metals is associated with oxides and carbonates.
In “Bassin d° Arcachon” however, under highly reducing conditions which prevail at the
bottom, a high percentage of the mobile fractions of Fe, Cu, Mn and Ni is associated with
sulfides. An intense dissolution of Mn oxides close to the water sediment interface could
account for the low Mn content of surficial sediments.

In the Gironde estuary, the establishment of reducing conditions following burrial,
solubilization may lead to the precipitation of metals with carbonates.

In the four nearshore studied environments of the Aquitaine Coast the enrichment of Zn,
Pb and Cu in the surficial sediments appears to have resulted from an increase in the
anthropogenic fluxes of this metals during recent years. (Figure 3).

Amorphous fraction of estuarine suspended matter and sediments

In order to precise the relative abundance and metallic adsorption capacity of amorphous
fraction of estuarine suspended matter and sediment, various extraction methods were
experimented'*. Preliminary comparisons of 10 methods described by several authors,
conducted to select 3 methods. The first one'’ is the extraction of amorphous Si and Al by
NaOH (0,5 mol.I" boiling). It has been completed by the solubilization of the Fe components
by Na citrate and dithionite treatment at 80°C'®. A third method was the extraction by NaOH
and Tiron (0,1 mol.I") at 80°C,".

None of these methods can be totally considered as specific of the amorphous fraction.
A small part of crystalline components, particularly clay fraction, is always attacked by this
kind of extraction. Nevertheless, comparisons of extracts from sediments and suspended
matter of Gironde and Loire estuaries allowed to demonstrate the higher content of
amorphous fractions in Loire samples (mean value: 14.1%) than in Gironde estuary (mean
value: 8%). This is probably due to the shorter residence time of solid material in Loire than
in Gironde estuary (2 years), and to the evolution of SM estuarine systems during its transfer
in the freswater/seawater interface,™.

Effect of dredging activities on solubilization of metals in Gironde estuary

Recent attempts to chemically evaluate the quality of dredged sediments and the impact of
dredging activities on the quality of the environments has been conducted in the Gironde
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Table 2 Total trace metal contents of dredged sediments of the Gironde estuary (dry matter).

Elements Pb \ Cu | Zn | Ni \ Cd | Fe Mn
Hgg Hgg Hgg Hegg Hg.g % %

1 63 66 251 43 0,68 442 0,09

2 219 79 811 69 1,95 6,65 0,07

1- uncontaminated sample
2- polluted sample

estuary. The comparison of trace metal contents (Fe, Mn, Cu, Cd, Zn) of sediments from
the dredged sites with metal contents of sediments from dumping areas showed a decrease
of 10 to 20% of the metallic load during dredging operations. With a view to precise the
significance of this decrease, experiments of solubilization by freshwater and then by saline
water (5%o) were conducted on sediments of various dredged areas of the Gironde estuary.
The availability of trace metals associated with dredged sediments (Table 2) was first
estimated by agitation of mixtures of sediments in water (1/3 sediment, 2/3 water). In order
to avoid any risk of post-extraction readsorption, percolation experiments were then con-
ducted with the same samples and extractants. Extracts were 10 times more important using
percolation columns. Nevertheless, compared to the total metal contents, extractable con-
tents do not exceed 0,6% for Cu; 0,07% for Cd; 0,04% for Mn.

Consequently from these extraction experiment results one can assume that dredging
activities have limited effect on trace metal solubility into the Gironde estuary. In fact it
appeared that the decrease of metal content recorded before and after dredging operations
was mainly due to grain size effects. Dumping of sediments resulted in a dispersal of fine
grained suspended material. On disposal site boundary, sediments are coarser and then have
a lesser content of trace metals.

Importance of Eelgrass in the heavy metal budget of Arcachon basin (SW France)

Eelgrass (Zostera noltii) is a very abundant aquatic plant in the Arcachon Basin. With the
aim to study the role of this plant on the cycle of Zn, Cu, Fe,and Mn, Wasserman'® considered
the mobility of these elements in superficial sediments. For this purpose, mild reagent (30
ml of HClI 0,1 mol.I") / 1g sediment, shaken 24 hours), was used to appreciate the
bioavailability of metals. Such acid-soluble metals can be considered as the fraction possibly
chelated by agents produced by plants. In comparison to the total contents of metals in
sediments, the extraction provided for each metal an index of mobility. Zn and Cu are the
most easily extracted from sediments, respectively 40,4% and 74,9% of the total content,
acid-soluble Fe and Zn fraction presented good correlations (0,855 and 0,825 respectively)
with particulate organic carbon (POC). In relation with their greater bioavailability, these
elements are easily fixed by aquatic plants and then they return to the sediment under an
easily mobilizable form, associated with organic detritus. Few quantity of Mn (11,7% of the
total content) were extracted from sediments; this is due, for a large part, to the very low
content of Mn in sediments.

Acid-soluble method was also utilised for an experimental study of metal exchanges
between sediments and senescent or recently dead Zostera noltii*®. It appears that leaves of
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these plants deposited on sediments are able to absorb metals particularly those that are
moderately linked to sediments. The results did not show any significant variations for the
for acid-soluble metals tested.

CONCLUSION

Trace metal speciation and selective chemical extractions enable geochemists to identify
various important processes relative to the transfer of metallic elements to the continente.g.
mechanisms of transport mobilization, bioavailability, bioconcentration, accumulation,
diagenesis at the interface water-sediment. In order to give to the results relative to these
processes a quantitative basis that may be compared between various environments or case
studies it is obvious that common procedures’ has to be adopted by all scientists involved
in earth sciences studies. Adoption of common schemes relative to sequential extractions
clearly appears as a necessary condition for the comparison of data throughout the world,
modeling application, theory development, etc ...
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