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Abstract

The benthic flux was determined of copper, copper complexing ligands and
thiol compounds from shallow lagoon sediments (Venice Lagoon). Benthic chambers
were used to follow changes in the overlying waters as a function of time; the data
were compared to diffusion calculated from gradients in the porewaters. Copper
speciation was by cathodic stripping voltammetry (CSV) and ligand competition. The
benthic chambers were placed at two sites in the Venice Lagoon and left in place for
60 h. Tresse Canal (located near a site of local industrial contammatlon) showed a
negative copper flux (into the Qedlments) of -4.6 + 0.2 pmol cm™ h™' and a positive
thiol flux of 45 + 0.5 pmol cm™ h™', whereas a second site (Campalto) with a lower
ambient dissolved copper concentration Qhowed positive fluxes of both copper and
thiols of 4.7 + 0.1 and 42 + 0.5 pmol cm™ h’! respectively. With time the copper
concentration in the benthic chambers approached 25 nM at both sites suggesting this
was the equilibrium dissolved copper concentration in the shallow waters overlying
the sediments.

The equilibrium concentration (17.3 + 4.4 nM, log K'cyp = 14.5 +£0.5) of
strong copper complexing ligands (L1) was similar to that of copper, but weaker
ligands (L2) were present at higher concentration (44-170 nM, log K'cyrz =125
0.3). The concentration and copper-complex stability of L2 were similar to that of the
thiols (log K'cymhiot = 13.1 £ 0.2) which are therefore a prime candidate for the identity
of L2. The sediments were shown to be a significant source of thiols to the waters in
the lagoon.

The benthic flux of lead, cadmium, zinc and chromium into the overlying
waters of the Venice Lagoon was determined using benthic chambers and compared
to porewater data. Metal detection was by electrochemical techniques and ICP-MS.
The benthic chambers were placed at two sites, Tresse Canal and Campalto, and left
for 60 h. Tresse Canal (located near a site of local industrial contamination) showed
fluxes (in pmol cm™ 25 ) of 0.07 £ 0.01 lead, 0.04 = 0.01 cadmium, 21 + 0.01 zinc and
0.22 + 0.01 chromium. The Campalto site showed fluxes (pmol cm™>h™") of -0.07 +
0.01 lead, 0.33 + 0.01 cadmium, 47.6 + 0.4 zinc and -0.70 + 0.03 chromium. These
benthic fluxes were orders of magnitude greater than those inferred from the
porewater measurements. Metal concentrations in the fluffy layer at the sediment-
water interface were usually much greater than in the sediments suggesting a trapping
mechanism and opportunity for recycling. The large differences indicate that
porewater gradients should be used with care to estimate benthic metal fluxes for
lagoon waters.

A 2 ml micro-benthic chamber was fitted with a microelectrode for the in-situ
determination of benthic fluxes of S(-II), I', O,, Mn(II) and Fe(II). Detection was by
voltammetry using a battery operated potentiostat and a gold microelectrode. The
chamber was fitted on a Perspex plate to be placed on sediments. Due to the small
chamber volume benthic fluxes could be determined in a few hours rather than days,
eliminating the need for sample extraction. Tests on homogemsed sediments in the
laboratory showed fluxes of 17.1 + 1.8 nmoles cm™ min’ ' S(-II) and 1.3 + 0.2 nmoles
cm™ min” Mn. Benthic fluxes of oxygen and iodide were determined in-situ in the
ﬁeld The oxygen flux was negative (consumptlon) at a rate of -4.9 + 0.5 nmoles cm™
min" O,. The I ﬂux was initially negative in oxygenated waters at a rate of -30 + 3
pmoles cm™ min” and subsequently turned positive to a rate of 12 + 1 pmoles cm™
min”' when the oxygen concentration dropped. The rate of change in the microbenthic
chamber was sufficiently quick to complete a flux measurement within minutes.
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1. Introduction

The purpose of this research is to quantify how important sediments are in
supplying the water column with metals and complexing ligands. The sediments are
the major sink for trace metals in natural waters but little is known about the
magnitude of the source from the sediment. Sediment pore water profile data is useful
in understanding sedimentary processes (e.g. Taillefert et al., 2002) but yields limited
information about the sedimentary flux to the water column (Glud et al., 1994a). The
exchange of molecules across the sediment-water interface is called the benthic flux
and it is controlled by many factors. This chapter will provide the background
information on the biogeochemical cycles of the metals and organics of interest in
natural waters and sediments. The experimental methods used in this research are also
discussed.

1.1 Biogeochemical metal cycles

This thesis is an investigation into the geochemical cycles of key bioactive trace
metals at the sediment water interface. The metals to be studied in this thesis are iron,
manganese, zinc, lead, cadmium, copper and chromium. These metals have very
different roles in the oceans and natural water systems. In most water systems they are
considered trace metals with concentrations ranging from M (10°M) to low pM (0.1
*10"°M) (Bruland et al., 1994; Kozelka and Bruland, 1998; Morse et al., 1993). Tron,
manganese and zinc are classed as micronutients which are elements essential for
biological processes but in high concentrations are toxic to organisms. Iron of all the
studied metals is the most biologically important and has been identified as the key
limiting nutrient in primary production such as phytoplankton and heterotrophic
bacteria in areas such as the Southern Ocean with high nutrients but low chlorophyll

concentrations (Bruland et al., 1991; Martin et al., 1991). In polar regions light is also



an important nutrient. Like nutrients, metals are only taken up in the dissolved form
(not held by a 0.4 um filter) and this can make it a biolimiting factor for the
phytoplankton because most metals are held in the particulate or organic form which
is often not directly bioavailable to the phytoplankton (Landing and Bruland, 1987;
Martin et al., 1991). Metals like lead and chromium serve no biological purpose and
even in small quantities (low nM) are toxic (Alloway and Ayres, 1997). Copper and
cadmium are essential nutrients at low concentrations of 5 pM (inorganic metal ion)
for cadmium (Lee et al., 1995) and 10 "°M for copper (Sunda and Huntsman, 1995b),
both of which are similar to oceanic levels, but are toxic at hi gher concentrations, 4
nM for cadmium (Ahner et al., 1995) and 10 pM for copper (Sunda and Huntsman,
1995b). These nutrient/toxic metal ion concentrations are species dependant. The
bioavailability of these important metals to the primary production is controlled
mainly by their chemical speciation (Jackson and Morgan, 1978; Morel and Price,
2003) as described in Section 1.2.

There are a variety of sources and sinks of metals in natural waters. The main

sources are atmospheric deposition, land run-off, anthropogenic activities and

sediments (Libes, 1992) and the supply and sink processes are summed up in Figure

L.
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Figure 1. Diagram showing the general processes influencing the fates of trace metals

in coastal margins (Chester, 2003)

The main removal processes are scavenging of metals onto fine particles such as
metal oxides/hydroxides, or uptake by microorganisms which then fall to the
sediments so removal processes can be controlled by their bioavailability (See Section
1.2) and their particle reactivity (Turekian, 1977). For particle reactive elements the
journey from input to removal involves aggregation, disaggregation, zooplankton
scavenging, decomposition and dissolution (Gardener et al., 1985) and is summed up

in Figure 2.
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Biologically important metals such as copper, manganese and cadmium can be
taken up by microorganisms in place of micronutients such as iron and zinc
sometimes causing antagonistic effects. Known antagonisms in phytoplankton have
been reported for copper and manganese (Sunda and Huntsman, 1983), copper and
zinc (Rueter and Morel, 1981), cadmium and iron (Foster and Morel, 1982), cobalt
and zinc (Sunda and Huntsman, 1995a) and zinc and cadmium with manganese
(Sunda and Huntsman, 1996).

1.2 Metal speciation in natural waters

The speciation of an element describes its form, including binding by particulate
matter, organic matter, major anions (e.g. CI') and its redox state. The speciation of a
metal is an important factor in controlling bioavailability of metals to organisms. The
bioavailability is greatly increased when the metal occurs in the free ionic form
(Jackson and Morgan, 1978; Sunda, 1988-1989) and can be greatly reduced when
complexed to strong ligands some of which can be produced by phytoplankton in situ
to vary the availability (Boye and van den Berg, 2000; Bruland et al., 1991 Luther et
al., 2001; Rue and Bruland, 1997). Depending on the site and metal, average ranges of
the metal bound to organic matter are between 70 % for cadmium, 99 % for copper
(Laglera and van den Berg, 2003) and 99.9 % for iron (Rue and Bruland, 1997). This
percentage can be much lower in the case of Ni (25-80 %) (Achterberg et al., 1997)
and manganese where no complexation with organics has been noted (Bruland et al.,
1991). The percentage of metals complexed with organic matter will tend towards
zero with depth away from the euphotic zone as is the case for cadmium (Bruland,
1992).

The cell membrane of primary producers such as phytoplankton is impermeable to

charged ions like metal ions so their uptake into the cell is via a specialised membrane



protein as shown in Figure 3. Metal ions bind to receptor sites on these proteins and

then either dissociate back into the medium or are transported across the membrane

and released into the cytoplasm. The rate of uptake is related either to the external

labile metal concentration (thermodynamic control) or kinetically labile inorganic

metal species. For thermodynamic control, rapid ligand exchange kinetics are required
such as those for Cu®* and Cd** (Sunda and Huntsman, 1998). In the case of kinetic
control the concentration of dissolved inorganic metal species is the major factor.
Organically complexed metals and most bound particulate forms of metals (e. g.
colloidal metal oxides) would not be directly available for uptake since their
dissociation and ligand exchange kinetics (or their diffusion rates in the case of
colloids and particulates) are too slow to permit rapid donation of the metal ion to
membrane transport sites (Morel et al., 1991). Examples of kinetic control

mechanisms are Fe**, Ni, Al and Cr** (Hudson and Morel, 1993)
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Figure 3. Schematic diagram for the interrelationships between the external speciation

and intracellular uptake of trace metal (M) by a membrane transport protein (Sunda

and Huntsman, 1998).



In some situations organically bound metal species are more toxic than the
inorganic, mercury and tin are prime examples of this. Tin is used as an antifouling
for boats as synthetic tributyltin (TBT). Tin is more toxic in the +4 state than the +2
(due to solubility and reactivity increases) and that effect can be enhanced if the metal
exists as an organometal. TBT is readily absorbed through the skin causing
mitochondrial dysfunction. Being highly soluble in tissue, shellfish such as oysters
suffered shell thinning and dog whelks were developing imposex (both male and
female sexual organs) in areas of high maritime activity (Alloway and Ayres, 1997;
Bech, 2002).

Metallic mercury is not as toxic to organisms as the more volatile methylated
form (CH3Hg" - a neurotoxin), which is lypophillic and accumulates in body fats.

The case of methylmercury poising in Minamata, Japan, highlighted the problem of
metal bioaccumulation in the food chain, resulting in many deaths (Pelletier, 1995). In
the case of microorganisms, metallic and ionic mercury are more toxic (Mason et al.,
1996). The methylation process can occur biologically or abiotically (non-biologically
influenced), in the sediments or the organism (Alloway and Ayres, 1997) and
(Pelletier, 1995).

Copper is an interesting element due to its toxicity and abundance and is the
central metal of this study. Typical concentrations are 1-100 nM (Beck et al., 2002;
Campos and van den Berg, 1994; Laglera and van den Berg, 2003). Copper speciation
is almost entirely controlled by organic complexation. The speciation of copper is
dominated by the presence of two ligands termed L1 and L2. The L1 type ligand
strongly binds copper with stability constants of log K¢y = 12 — 16 and log Kcura =9
— 12 (Donat et al., 1994; Kogut and Voelker, 2001; Kozelka and Bruland, 1998;

Laglera and van den Berg, 2003; Skrabal et al., 2000; van den Berg and Donat, 1992).



These values are dependant on salinity (Laglera and van den Berg, 2003). Copper is
most toxic in its free ionic form [Cu”"] with tolerated concentrations of approximately
log [Co®]=:11—=<12 (M) (Brand et al., 1986; Stoecker and Sunda, 1986). This
tolerated concentration can be changed or regulated by phytoplankton which have
been shown to produce strong copper complexing ligands within the cells which binds
the free copper and hence lowers its toxicity (Bruland et al., 1991; Croot et al., 2000:
Dupont et al., 2004; Leal et al., 1999; Moffett and Brand, 1996). Another known
source of copper ligands is the sediments (Skrabal et al., 1997; Skrabal et al., 2000).
The coordination and structure of these ligands on the whole has eluded researchers.
However one commonly found compound present in cellular structures are thiols.
Thiols like glutathione have been identified in seawater (Le Gall and van den Berg,
1998) and estuaries (Tang et al., 2000). Copper (I) forms very strong complexes with
thiols glutathione and cysteine with log Kcumiel = 17 — 20 (Le Gall and van den Berg,
1993; van den Berg et al., 1988). Thiols in one estuary (the Scheldt, Netherlands)
have been shown to be similar to ligands of the weaker L2 type (log Kcugiol = 12-14;

(Laglera and van den Berg, 2003).
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Figure 4. The structure of a) glutathione, b) cysteine and c) thioacetamide.



Glutathione is of particular interest in the marine environment because of the
important role it plays in organisms. The structures of glutathione along with other
common thiols are shown above in Figure 4. Glutathione is one of the most abundant
low-molecular weight thiols in animals, plants and bacteria. It has been shown to play
important roles in protecting cells against oxidative stress, radiation damage and
elevated heavy metals (Giovanelli, 1987). It is also an important constituent of
phytochelatins, which are produced by phytoplankton in response to metal stress
(Ahner et al., 1995).

Humic and fulvic substances are also known to form stable complexes with
copper in seawater (Kogut and Voelker, 2001; Shank et al., 2004) as do sulphide
clusters (Rozan et al., 2000).

1.3 Benthic processes

The benthos is a term describing the sediment and the biological community
living within. The sediments are the main sink for metals enterin g water systems,
adsorption, precipitation or sedimentation processes. However the large sedimentary
pool of metals can also act as a source (Ciceri et al., 1992: Klinkhammer, 1980;
Westerlund et al., 1986; Zago et al., 2000). Fluxes from the sediment are known as
benthic fluxes and geochemical processes within the sediment are termed diagenesis.

Diagenetic processes are controlled by the redox reactions, which in turn are
controlled by the decomposition of organic carbon. The composition of the marine
organic matter in sediments tend to have constant ratios of C:N:P. These ratios are
often referred to as Redfield ratios (Redfield, 1958). Organic matter that undergoes
early diagenesis (top couple of centimetres of the marine sediment) can be expected to
have the Redfield composition and the oxidation of this by aerobic organisms can be

represented as:



5 (CH20)106(NH3)16(H3PO4) + 690 O3 — 530 CO, + 80 HNO; + § H;PO,4 + 610 H,O
(AG = -3190 kJ/mol) (Froelich et al., 1979)

This C:N:P organic matter ratio of sediments such as coastal lagoons are less constant
due to high terrestrial inputs which have different ratios. The ammonia can also
undergo nitrification to nitrate. Oxygen is the primary oxidant (due to a greater release
of free energy AG) in oxic sediment but when the oxygen becomes very low (< 5%)
secondary oxidants (bold) become dominant and can be represented in the following

reactions:

5 (CH,0)06(NH3)14(H:POy) + 472 HNO; — 530 €O, +276 N, + 5 H;PO, + 886 H,O

(AG =-3030 kJ/mol)

5 [CHgOhuﬁ(NH])lﬁ(H]POJ) + 236 Mn()z +472H — 236 Mn2+ + 106 C03 +8 Ng + H3P04 + 336 H:O

(AG =-3090 kJ/mol)

5 (CH,0),06(NH3)6(H;POy) + 212 Fe,05 + 848 H* — 424 Fe* + 106 CO; + 16 NH; + HyPO, + 530 H,0

(AG =-1410 kJ/mol)

5 (CH;0)06(NH3),4(H;PO,) + 55 S04 — 106 CO, + 16 NH; + H;PO, + 55 §* + 106 H,O

(AG = -380 kJ/mol) (Froelich et al., 1979)

It can be seen from these reactions (using AG) that the maximum concentration
for iron, manganese, zinc and sulphur will be in deeper anoxic sediments where the
metals ions are released as a consequence of the organic matter oxidation. The ions
migrate along a concentration gradient following Ficks’ first law and can be helped or
hindered by sedimentary physical (advection, wave shear etc) and biological

(bioturbation) processes (Berner, 1980). As they approach the oxic zone, iron and
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manganese precipitate out of solution (along with other metals) as metal
oxyhydroxides causing a minimum in porewater concentrations at the surface. This is
a similar observation in the water column.

Depending on the sediment, cadmium can be removed from the porewater in
oxic conditions by its adsorption on iron/manganese oxides (McCorkle and
Klinkhammer, 1991). The subsequent release is probably because of the development
of more reducing conditions associated with early diagenetic oxidation of organic
matter (Klinkhammer, 1982) leading to the reduction of the man ganese oxides.

Processes involving sulphides are likely to be more important for more
strongly reducing conditions (Emerson et al., 1984). Hence cadmium solubility would
be controlled by the precipitation and dissolution of poorly soluble cadmium sulphide
species (Kuwabara and Luther, 1993; Rosenthal et al., 1995). This leads to a release
from the sedimentary matter in oxic conditions and uptake (i.e. porewater
concentrations falling) under reducing conditions.

For copper, early diagenesis causes its remobilisation from the sediment to
porewaters and occurs where oxygen penetrates, creating a copper maximum at the
surface. This is almost entirely due to the aerobic decomposition of organic matter
releasing the copper bound to it (Klinkhammer, 1980; Widerlund, 1996).

Lead is considered to be a particle reactive compound (Turekian, 1977) and hence
will quickly precipitate out of solution in oxic environments either on particulate
matter or as insoluble lead sulphides. For chromium the reduced form (Cr(II)) is
highly particle reactive, readily associating with any particulate material including
manganese oxide. Manganese oxide would tend to oxidise the chromium to the

soluble species Cr(VI) (Nakayama et al., 1981) releasing it back to the porewaters.
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1.4 A brief description of the sulphur cycle

Sulphur and its various species have an important role in the biogeochemical
cycles of metals and organisms in natural waters. The typical species of sulphur are
S (H2S or HS"), thiosulphate (53032'), sulphate (3042'), pyrite (FeS,) and organo-
sulphur compounds (glutathione and cysteine). It is known that sulphide forms stable
complexes with metals with log K values of 4-13 (Al-Farawati and van den Berg,
1999; Dryssen, 1988; Luther et al., 1996). Organo-sulphur compounds such as
glutathione and cysteine, have also been shown to form stable complexes with log K
values of 12-14 (Dupont et al., 2004; Laglera and van den Berg, 2003) and up to 17-
20 for copper(I) (Leal and van den Berg, 1998). These stable metal-sulphur
complexes can serve to reduce the toxicity of the metals to organisms in seawater as
mentioned in Section 1.1.

Sulphide is the major inorganic sulphur species in anoxic environments with
concentrations of up to 0.5 mM being reported in anoxic waters (Luther et al., 1991a),
up to 3 mM in sediments (Luther et al., 1986), oxic waters have significantly less
approximately 1 nM (Cutter and Krahforst, 1988; Luther and Tsamakis, 1989). Thiols
(R-SH) such as glutathione are known to occur in seawater at concentrations of 0.1-7
nM (Le Gall and van den Berg, 1998; Tang et al., 2000), compared to up to 300 nM
(Le Gall and van den Berg, 1993) in estuarine waters and up to 2 mM in porewaters
(Luther et al., 1986).

Thiols are known to be produced by primary producers in response to toxic effects
of metal ions in particular copper (Croot et al., 2000; Dupont et al., 2004; Leal et al.,
1999; Tang et al., 2004) but they are also known to be formed in the sediments. The

pathway for thiol formation in the sediments is the reaction of sulphides, sulphur

12



anions (S,0;%) or pyrite with organic matter (Luther et al., 1986; Vairavamurthy and
Mopper, 1987).

Sulphur also plays a significant role in the atmospheric processes. Carbonyl
sulphide (COS) is the most abundant sulphur trace gas in the atmosphere. Once it
reaches the stratosphere it is oxidised to sulphate aeorosol. Thus COS contributes to
the earths radiation budget, climate and stratospheric ozone concentration (Crutzen,
1976). Photochemical degradation of DOM in particular cysteine and cystine, have
been shown to be a significant source of COS (Flock et al., 1997) and carbon
disulphide (CS,) (Xie et al., 1998) in seawater, which exchanges with the atmosphere.
Dimethylsulphide (DMS) is produced marine phytoplankton (Vairavamurthy et al.,
1985) and DMS accounts for half of the biogenic sulphur emissions entering the
atmosphere.

Oceanic sulphur and the different sulphur compounds play an intricate role in
atmospheric and oceanic cycles. The sources of the sulphur compounds are chemical,

physical or microbial processes within the sediments, water and atmosphere.

1.5 Stripping voltammetry

Stripping voltammetry uses a bulk electrolysis step (pre-electrolysis) which
preconcentrates the analyte or analytes from solution into or onto the working
electrode. After the pre-electolysis (electrodeposition) step, the analyte is redissolved
(“stripped”) from the electrode using a voltammetric scan. During the scan, the peak
current (a result of the analyte redissolution) can be employed to calibrate the analyte
concentration. The position of the peak (E,) is determined by the standard potential of

the analyte relative to a standard reference electrode (E°, typically hydrogen or

Ag/AgCl). A representation of the voltammetric scan can be seen in Figure 4.
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Figure 4. Diagram showing the principles of anodic stripping; potentials and E, (peak

potential) are typical for Cu** analysis. (a) Electrodeposition step at potential Eg;
stirred solution. (b) rest period; stirrer off. (¢) Anodic scan where typical scan rates

are 10-100 mV/s (Bard and Faulkner, 2001)

Different voltammetric techniques exist which use different wave forms
during the scan but in most of this research square wave voltammetry (SWV) was

used and Figure 5 shows how SW scans are generated. Working electrodes are

commonly a hanging mercury drop electrode (HMDE) and disk (eg. glassy carbon or

iridium). This study uses HMDE, glassy carbon rotating disk electrode (GCRDE) and

gold micro disc electrodes. Recent advances in the science have enabled very low
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detection limits (10°-10"" M) for metals and organics making it an ideal technique for

marine chemists.
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Figure 5. Waveform and measurement scheme for SWV. The actual potential
waveform applied to the WE is shown in bold. The lighter lines indicate the
underlying staircase onto which the SW has been superimposed. Each cycle consists
of a forward current sample taken at the time indicated by the solid dot, and the
reverse current sample is shown by the shaded dot. E; = the initial potential, E, =

potential for the staircase shift and E, = pulse height (Bard and Faulkner, 2001).

Stripping voltammetry can be used in two modes both of which have been

used in this thesis:
Anodic stripping voltammetry (ASV) which is explained in Figure 4 and cathodic
stripping voltammetry (CSV) except it uses a more positive E4 than ASV (typically -

0.1V) for an preconcentration step consisting of adsorption of the organic molecules
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on the mercury electrode. CSV of thiol compounds can be represented by the
following equation:

Deposition step:

Thiol — SH + Hg(0) — Thiol — S — Hg(Il)agsorbea + 2¢ + H*

Subsequently, the mercury(II) in the adsorbed complex is reduced during the scan:

Thiol — S — Hg(INagsorvea + 2¢” + H™ — Thiol — SH + Hg(0)

Sulphide (Al-Farawati and van den Berg, 1997; Brendel and Luther, 1995) and thiols
(Le Gall and van den Berg, 1998) have been shown to follow the above reactions.

CSV can be applied to metal analysis using an organic ligand to complex the
metal. The complex is then adsorbed and removed as usual (van den Berg and Jacinto,
1988). CSV is particularly useful for metal speciation analysis using ligand
competition and has been used extensively for this (Al-Farawati and van den Berg,
1999; Bruland et al., 2000; Laglera and van den Berg, 2003; van den Berg, 1984).

Electrochemical applications have become important to in situ analysis. In situ
analysis is needed to obtain results free from contamination and chemical change
(which can occur during sample transport). Electrochemistry allows for analysis in
very high and low salt concentrations as well as high dissolved organic matter
concentrations. Finally minimal sample handling or preparation is required compared
to in-line analysis and equipment size can be very small (shoe box size). New sensors
are being developed all the time ranging from oxygen microelectrodes to those

capable of multi-metal analysis (Buffle and van Leeuwen, 2000: Taillefert et el
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2000b; Tercier-Waeber et al., 1999). Complete systems are now available which are

able to sample a variety of metals in profiles and autonomously working for days

(Howell et al., 2003; Whitworth et al., 1998).

1.6 The objectives of this thesis

The work aims to:

1) Further the knowledge of benthic interactions of several key bioactive metals
using electrochemical techniques. It includes an in-depth study of copper
speciation at the benthic interface. Benthic processes have been examined using
benthic chambers and extraction of porewaters from the sediments. This
information is used to asses the contribution of the sediments to metal and ligand
concentrations in the water column.

2) Revolutionise benthic chamber technology by making experiments significantly
shorter, equipment more cost effective. Measurements were to be made in situ,
eliminating the possibility of the samples being modified by analysis
(contamination etc.). Traditional benthic chambers are large and require long
deployments and an important objective is the miniaturisation of the chambers and
the fitting of electrochemical probes which produce rapid and reproducible
benthic flux measurements.

1.6.1 Study Areas

The location for the first part of this benthic interactions study was the Venice

Lagoon, a shallow water lagoon in the north Adriatic Sea. The Venice Lagoon is a

complicated and varied lagoon with sediments contaminated from historical and

modern inputs. The lagoon sediment is regularly disturbed due to anthropogenic

activities raising concerns about secondary contamination from the sediments. The
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second part of this thesis saw the development of the chamber and was deployed in
the Mersey and the Dee estuary and the Liverpool Docks.
1.6.2 Experimental techniques and approaches used in this dissertation

The metals chosen for this research are copper, zinc, lead, cadmium,
chromium and manganese. With the exception of chromium the metals were
measured electrochemically. Copper was chosen for speciation analysis because of
the toxic nature of free copper ions and its significant reduction of toxicity when
complexed to organic matter. The copper speciation was investigated using CSV with
titrations of copper against the natural ligands and a known competitive ligand SA.
This allows calculation of the copper complex stability constants, concentrations of
the complexing ligands and the concentration of free ionic copper [Cu”*] (Laglera and
van den Berg, 2003; Ruzic, 1982; van den Berg, 1982). During the same scans, thiol
concentrations which are known to complex copper can be followed. A model was
used to calculate the complex stability of the copper-thiol complex (log Kcymior) from
the titration data (Laglera and van den Berg, 2003). The thiol complex stability
constants were then compared to the main titration data to asses the importance of the
thiol as a chelator of benthic fluxes of copper. Attempts to identify the thiol will be
made to allow for direct calibration and flux calculations.

Sediment core samples were taken and the porewaters extracted, complimenting
the benthic chamber experiments and allowing for the modelling of fluxes due to
molecular diffusion of metals and thiols. This modelling enables an assessment to be
made on the magnitude of the contributions of physical and chemical sedimentary
processes to benthic fluxes of the various analytes, measured in the main chamber.

By using the unique properties of electrochemistry a probe was constructed

using macroelectrodes modified from a previous design (Brendel and Luther, 1995)
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which was inserted into a “micro-benthic chamber”. The “micro-benthic chamber” is
a new concept where the volume of the chamber is a few millilitres. It was hoped that
this would allow for the measurement of the benthic fluxes of key bioactive elements,
oxygen, sulphide, iodide, manganese and iron in situ and in a few hours instead of
days. The work involved constructing and testing the probe and chamber in the lab
and the field which was operated by a small battery operating hand held potentiostat

with computer.
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2. Benthic fluxes of copper, complexing ligands and thiol compounds

in shallow lagoon waters

2.0 Introduction

Sediments can act as a source of copper (Klinkhammer, 1980), copper
complexing ligands (Skrabal et al., 2000), sulphur species (Luther et al., 1986) and
thiol compounds (Luther and Church, 1988). Metal complexing ligands (Croot et al.,
2000; Moffett and Brand, 1996) and thiol compounds (Leal et al., 1999) are also
known to be released by marine phytoplankton, which would be apparent as an in-situ
source of ligands or thiol compounds in the water column. As thiol compounds form
stable complexes with copper (Leal and van den Berg, 1998) it is likely that the thiols
are part of the pool of copper complexing ligands thereby potentially controlling its
bioactivity and biogeochemistry. A more detailed description of glutathione in
seawater is found in Chapter 1 Sect. 1.2.

In this study we investigated whether benthic interactions can be an important
control on the concentration of thiols, copper and copper binding ligands in shallow
surface waters as occurring in lagoons and salt marshes. Venice Lagoon was selected
for this study as it is an extensive, shallow, lagoon, with salt marshes on the
boundaries. The benthic interactions are likely to be relatively important to the water
composition due to shallow water depth of typically 1 m. The presence and source of
thiol compounds, copper and copper binding ligands was determined by using benthic
chambers to isolate water and following the impact of benthic processes. Porewaters
from sediment cores were used to provide supporting information to enable modelling

of fluxes from the sediments.
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2.1 Materials and Methods
2.1.1 Instrumentation and reagents

The voltammetric equipment was a pAutolab potentiostat attached to a
Metrohm VA 663 electrode stand and controlled by a PC. The working electrode was
a hanging mercury drop electrode (HMDE), the reference electrode was double
junction, Ag/AgCl, filled with KCI (3 M); the counter electrode was a glassy carbon
rod.

Water used for dilutions was Milli-Q (MQ). HCI and NH; were purified by
sub-boiling distillation on a quartz condenser. Copper standards were prepared by
dilution of atomic adsorption standards (Spectrosol, BDH) and acidified to pH 2.2
using 11 M HCI. Stock solutions of 0.01 SA (BDH) were prepared in 0.1 M HCI.
Copper speciation and thiol interactions were determined as described previously
(Laglera and van den Berg, 2003). Copper titrations were at pH 7.8 (NBS scale) using
HEPES buffer containing 1 M HEPES (N-2 hydroxyethylpiperazine-N’-2
ethanesulfonic acid, Merck) and 0.55 M NaOH. Thiol and dissolved copper
determinations were at pH 8.3 using 100 pl of a buffer solution containing 1 M boric
acid (BDH) and 0.35 M NHs. Stock solutions of glutathione, thioacetamide, thiourea,
cysteine (BDH) and 3-mercaptopropanoic acid (Fluka) were prepared freshly before

use by dissolution in MQ.

21



2.1.2 Study area

Venice Lagoon consists of salt marshes and shallow waters. It is known to
receive inputs of PAHs (Rossini et al., 2001) and metals (Donazzolo et al., 1984;
Frignani et al., 1997) from industrial and human waste waters. The water exchange
rate is 140 km® yr'', it has an area of 549 km” and an average depth of 1m, causing a
residence time of the water of about one day but this can increase to three days in
areas of lower dynamics. In remote parts of the lagoon, atmospheric deposition of
contaminants is thought to dominate (Cochran et al., 1998) but run-off is the main

source near the industrial zone (Donazzolo et al., 1984).
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Figure 1. Schematic diagram of the benthic chambers. The plastic walls were

constructed of polyethylene bags which can move inwards to allow for sample

extraction.
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2.1.3 Benthic chamber sampling and sites
Benthic chambers were constructed at Venice University with a volume of 90 L with
collapsible sides to enable sample extraction without water exchange (Figurel). The
sides of the chamber are made from polyethylene bags which allow for pressure
changes from sampling and tidal changes. Samples were collected by battery operated
peristaltic pump. The chambers were fitted with a multi-element probe for O,, pH,
conductivity and temperature (YSI, mod. 556, Ohio, USA) for constant monitoring of
these basic parameters. Water samples for total metal analyses were collected every 3-
4 h whereas samples for speciation were collected every 9 h. All samples were filtered
using two stage cartridge filters containing 0.45 pum and 0.2 um membranes (Sartorius
Sartobran 300) and collected in low density polyethylene (LDPE) bottles. The sample
bottles were cleaned by soaking in detergent then acid and were stored partially filled
with 0.01 M HCI. The bottles were rinsed with water from the chamber before filling.
Two sites were studied (Figure 2) in an attempt to differentiate between
“normal” lagoon (Campalto, Site 2) and more industrial (Tresse, Site 1) conditions.
The experiment at Tresse started at 1 pm on the 28" — 31* of October 2002 and the

same time at Campalto but the 25" — 27" May 2003.
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Figure 2. Map showing the locations of the sample sites. Tresse = Site 1 and

Campalto = Site 2.
2.1.4 Copper determinations

Dissolved copper was determined by CSV using procedures adapted from
existing methods (Campos and van den Berg, 1994; Laglera and van den Berg, 2003).
All samples were acidified to pH 2.5 using 10 pl 50% HCI per 10 ml of sample.
Samples were UV-digested for 1 h in acid cleaned silica tubes. A 10 ml aliquot was
then pipetted into the voltammetric cell and approximately neutralised with ammonia.
100 pl of boric buffer and 25 pl of SA was added giving final concentrations of 0.01
M buffer and 30 uM SA. The solution was deaerated by purging for 5 min with
nitrogen. Voltammetric parameters for copper were: deposition time of 30 sat-1.1 V
whilst stirring; 8 s equilibration at -0.1 V; a square wave potential scan is then
initiated from -0.1 to -0.8 V with parameters 50 Hz, step height 2.5 mV and a pulse

height of 25 mV. The sensitivity was calibrated by standard additions of copper.
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2.1.5 Copper complexing ligand titrations

The concentration of copper complexing ligands was determined as before
(Campos and van den Berg, 1994; Laglera and van den Berg, 2003). Briefly, 130 ml
of thawed sample was transferred to a Teflon bottle and 0.01 M buffer and 10 uM SA
added. Aliquots of 10 ml were pipetted into 12, 30 ml polystyrene vials (Bibby,
Sterilin) which had been spiked with copper to give a concentration range of 0 to 200
nM and then left overnight to allow for equilibration. All vials were previously
conditioned with similar samples over the same copper range. The equilibrium
concentration of copper bound with SA was determined by CSV with an adsorption
potential of -0.1 V for 60 s and scan parameters as for dissolved copper. The
sensitivity was calibrated by two additions of copper to the last aliquot (normally
containing between 80-140 nM of labile copper), where the copper concentration was
> than the natural ligand concentration, and the peak height was recorded immediately
to minimise equilibration with the unknown ligands.
2.1.6 Thiols

Reactive thiol concentrations were determined by CSV (Leal et al., 1999).
Voltammetric parameters were as for copper in the presence of SA; the peak potential
was approximately -0.5 V depending on the copper concentration. A tentative
concentration scale was obtained by standard additions of glutathione which were
found to behave similarly to the unknown thiol species. The maximum peak height
(Imax) related to the total thiol concentration was determined at the same time as the
titrations in the presence of 10 uM SA and 100 uM EDTA to lower the free copper
concentration, and was used to calculate the thiol concentration and conditional

stability constant of the copper thiol complex (see below).
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2.1.7 Porewater sampling

Porewater samples were obtained on June 2003 at both sampling sites. A
piston corer was used to collect 30 cm box cores which were sealed and stored in a
nitrogen conditioned box to remove oxygen. At the same time, the overlying water
column was sampled. The cores were sliced at intervals of 0.5-2 cm with more detail
at the top of the core. The slices were centrifuged to extract the porewater, which was
quickly filtered under an inert atmosphere and frozen until analysis. Copper in the
porewaters was determined by ICP-SFMS (Sector Field Mass Spectrometry) (Turetta
et al., 2005).
2.2 Theory
2.2.1 Theory of the complexing ligand titrations

The theory used to evaluate complexing ligand concentrations and conditional
stability constants from titrations with copper has been described before (Ruzic, 1982;
van den Berg, 1982). A plot of [Cuyuiie] versus [Cuygpiie]/[CuL] is linear when a single
ligand is present and curved when two ligands are present, due to the following

relationship:

M:[—%ﬂd__ajm_

: (1)
[CuL] [C,] Ko G

where [CuL] is the concentration of copper complexed by natural ligands L, [Cujpiic]

is the labile copper concentration, C; is the concentration of natural copper ligands L,
Cley is the a-coefficient of Cu** with inorganic substances and SA and K’¢, is the
conditional stability constant for the formation of CuL. Data were fitted by linear least

squares regression unless curvature of the plot showed the presence of more ligands

26



which were fitted using an iterative method (Laglera and van den Berg, 2003; van den
Berg, 1984).
The free ionic copper concentration in the original sample (in the absence of

SA) was calculated using the following quadratic equation (Laglera and van den Berg,

2003)

[Cu*T? (K'cuwt (0icw + 02) + K'eura (0cw + 1)) + [Cu**] (K'curt (Cri - Cure) + K'cur2

(Cr2 - Curg) + acy) — Cupe =0 (2)

where o, and a, are the a-coefficients for complexation of strong (L1) and weak (L2)
ligands. The overall a-coefficient for the complexation of the copper with both natural
ligands (ocyr) is:

dcut. = Geurt + 0ot = ([CuLy] + [Culy])/[Cu] (3)
2.2.2 Determination of the stability of the copper-thiol complexes
The thiol peak at -0.5 V is due to reduction of mercury in a complex of the
thio-group with mercury after adsorption on the electrode. The mercury for this
species originates from the mercury drop electrode:

Subsequently, the mercury(II) in the adsorbed complex is reduced during the scan:

Thiol — S — Hg(IDadsorbed + 2€ + H" — Thiol — SH + Hg(0) (5)
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Copper competes with mercury for complexation of the thiol causing the thiol
peak to decrease. This competition was used as before to estimate the copper-thiol
complex stability (Laglera and van den Berg, 2003) by following the decrease of the
thiol peak with increasing copper concentrations during the main titration. The free
metal ion concentration was obtained from the height of the CuSA peak and the

sensitivity:

[Cu™] = iy cusa (Sticy)”

Values for K'c,ymiol were calculated by non-linear least squares reeression of
¥ q

[Cu®*] to the following equation (Laglera and van den Berg, 2003):

I i (7)
1+ Keymin [Cu™]

Values for R were calculated from the ratios of the thiol peak heights:

- [Thiol’] - 1 ot (8)
(&

R

thiol 1 thiolmax

2.2.3 Calculation of the benthic flux from porewater gradients

The benthic flux of an analyte at the sediment-water interface is defined as the
mass of that analyte migrating per unit of sediment surface and per unit of time. The
following equation was used to calculate the flux (Zago et al., 2000). The mean

benthic flux was calculated from:
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