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by Emily Bulukin 

Measurements of dissolved and particulate manganese (Mn) and cobalt (Co) were made on samples 
collected during two seasons (November 1999 and April 2000) in the oxidising and hypoxic waters of 
Loch Etive, Scotland. Collection of samples was made using an Aqua Monitor that was mounted on 
Autosub, an autonomous underwater vehicle. In addition, an in-situ chemical analyser was developed 
and tested for the determination of dissolved Mn (Mna). Analysis of collected w£ter samples were 
undertaken in a clean room Class-100 laminar flow hood, and the data subjected to rigorous quality 
control. Due to the unique sampling technique the study presents high-resolution data not previously 
obtained. The results give evidence for the presence of localised variations within the general depth 
trend for Mn and Co. During both seasons the Mna concentrations in the oxidising surface waters (44.5 
nM 'in November and 79.8 nM in April, respectively) were significantly lower than those recorded in 
the hypoxic bottom waters (120 nM in November and 358 nM in April, respectively). Results indicate 
that the high concentrations in deep-water were produced by a sedimentary source of Mna. Pronounced 
seasonal variability was observed in the Mny concentration, this being the result of increasing reducing 
conditions that favour Mn reduction. Particulate manganese concentrations (Mp) followed the same 
trend as that observed for Mna, i.e. increasing concentrations in deep waters. This trend is suggested to 
be the result of scavenging of Mnj. The dissolved Co (Coa) concentrations were higher than those 
recorded in the open ocean. Highest Coj concentrations were recorded in surface waters (81 - 288 pM 
in November and 71 - 246 pM in April, respectively), values decreasing with depth. In deep-water, 
low, stable concentrations were observed during both seasons. In surface waters, riverine inputs are 
expected to influence the concentrations while in deep-water the controlling mechanisms are suggested 
to be desorption from Mn-oxides and microbial oxidation. The study investigates the correlation 
between Co and Mn, arguing that in a hypoxic environment biogeochemical processes affect Mn and 
Co differently, resulting in a geochemical separation of these two elements. 
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Introduction 

Chapter 1. Introduction 

1.1. Characteristics of hypoxic environments 

Redox processes in the marine environment regulate the distribution and 

biogeochemical behaviour of many trace metals by affecting their phase transformations 

between insoluble and more soluble forms (Whitfield and Turner, 1987). These redox 

processes are strongly influenced by the presence of dissolved oxygen, which acts as the 

primary electron acceptor in the breakdown of organic matter (Froehlich et al, 1979; 

Stumm and Morgan, 1981). 

In marine systems, the distribution of dissolved oxygen in the water column is, 

beyond simple exchange with the atmosphere, the result of the balance between 

production, through photosynthesis in the photic zone, and consumption, principally 

through the oxidation of organic matter. In most areas of the world's oceans the 

exchange between surface and deep water is such that dissolved oxygen is transferred to 

water below the photic zone through advection and difRision processes (Wyrtki, 1962). 

Hence, the dissolved oxygen concentration remains close to saturation throughout the 

water column. In certain regions, however, where respiration rates are high or in areas 

where water circulation is restricted, the rate of oxygen consumption exceeds the rate of 

circulatory renewal and areas of oxygen depletion arise (Richards, 1965; Breck, 1974). 

As the oxygen is used up, alternative terminal electron acceptors are required in the 

oxidation of organic matter (Froelich et al, 1979). The sequence of these is determined 

by the pE (electron activity), which in an aquatic environment is controlled in turn by 

the oxygen supply and by the presence of organic matter (Stumm and Morgan, 1996). 

As illustrated schematically in Figure 1, when available dissolved oxygen is exhausted, 

nitrate acts as the primary alternative terminal electron acceptor in the oxidation process 

(Cline and Richards, 1972; Froelich et al., 1979). Under such conditions the water 

becomes hypoxic (Sillen, 1965). Hypoxic water is characterised by low (generally < 5 

|aM), but not zero concentrations of dissolved oxygen (Murray et a/., 1989) and 

evidence of denitrification from the presence of a negative anomaly within the dissolved 

nitrate profile (Brandhorst, 1958; Cline and Richards, 1972; Codispoti and Richards, 

1976). Prolonged periods during which utilisation exceeds renewal will cause the 

dissolved oxygen to eventually become completely absent from intermediate and deep 
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waters, resulting in fully anoxic conditions (Deuser, 1975). Anoxic waters are strongly 

reducing and a pronounced O2/H2S interface is often typically established, marking the 

boundary between oxic and anoxic regions (Richards, 1965). Flushing events, where 

the stagnant oxygen-poor water is replaced by more oxygenated water, induces a switch 

back to fully oxic conditions. 

+ 15 +20 PE 
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Figure 1. Sequence of redox reactions at different pE in the marine environment (from 
Stumm and Morgan, 1996), 

For redox sensitive elements, such as manganese (Mn) and cobalt (Co), 

improved understanding of their behaviour under hypoxic conditions is of particular 

interest. Manganese is a transition element (Group VII in the periodic table) that in 

dissolved form mainly occurs in seawater as Mn(II). In this form Mn exists as free 

hydrated Mn(II) or as MnCf (Bruland, 1983). In oxygenated seawater the 

thermodynamically stable form of Mn is as particulate Mn(IV) (MnOx, x = 1.5-2, Yeats 

and Strain, 1990). Despite Mn(IV) being thermodynamically more stable, both forms 

can be measured in seawater due to the slow reaction kinetics of the oxidation process 
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(Yeats and Strain, 1990). The particulate Mn-oxides have large specific surface areas 

(10^ ra^ g"') (Santschi et al, 1990) and a high capacity for cation exchange (Balistrieri 

and Murray, 1986). Hence, the redox cycling of Mn in marine waters can greatly affect 

the fate of many other trace metals (e.g. Aller, 1980; Balzer, 1982; Balistrieri and 

Murray, 1986). 

Cobalt (Group VIII) is another trace metal sensitive to redox changes, which is 

of both biological and environmental importance. In oxygenated waters the scarcely 

soluble trivalent Co(III) is the thermodynamically stable form, while Co(II) dominates 

under anoxic conditions (Stone and Morgan, 1987). As the central metal cofactor in 

vitamin Biz (cobalamine) Co is an essential micronutrient for organisms (Carlucci and 

Cuhel, 1977; SwiA, 1981). Cobalt is also of environmental interest since the ^Co 

isotope is an activation product of radioactive waste (Robertson, 1970). At high 

concentrations (approximately greater than 17nM), Co is toxic to living organisms 

(Lienemann et ai, 1997). Despite the fact that concentrations in this range are rarely 

observed in aquatic systems, Co like other metals can be bioaccumulated through the 

food web. Furthermore, Co plays an important role in the biomethylation of e.g. 

mercury (Hg) (Fergusson, 1990). An understanding of processes controlling the 

distribution of Co in the water column therefore assumes particular importance in 

evaluating any anthropogenic impact. 

The area chosen for this study was Loch Etive, a Qord (loch') system located on 

the west coast of Scotland. Due to the presence of a sill, loch systems exhibits restricted 

deep-water exchange with the open ocean and this can result in the formation of 

stagnant bottom water (Grasshoff, 1975). As such, loch systems are delicately balanced 

and small inputs of organic matter can have a strong effect on the prevailing oxygen 

concentrations, often resulting in reducing conditions. These systems therefore, 

represent an ideal natural environment in which the biogeochemical behaviour of redox 

sensitive trace metals can be investigated. 

Loch Etive has a rainwater catchment area of 1400 km^, larger than any other 

Scottish loch (Edwards and Edelsten, 1977). Thus, during periods of high freshwater 

runoff, mixing occurs between freshwater flowing out of the loch and the more saline 

water below it. Consequently, the density of the saline water is reduced preventing it to 

flow across the sill and displace the deeper waters. This causes stagnation of the water 

^ The word loch will be used to denote a Scottish Qord. 
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in the deep basins, with slowly falling oxygen concentrations and with the development 

of a secondary pycnocline below sill depth (Figure 2). On the contrary, during periods 

of low freshwater runoff, the salinity of the sill water is raised. The waters of the Firth 

of Lome are then sufficiently saline and dense to flow across the sill into the bottom of 

the basins whereby partial or complete renewal of the bottom water takes place 

(Edwards and Grantham, 1986). (For a more detailed discussion on the process of deep 

water renewal see Gade and Edwards, 1980). The periods of stagnation of the deep 

water in Loch Etive may extend up to 30 months with a mean of 16 months between 

overturning events (Edwards and Edelsten, 1977). During these periods the secondary 

pycnocline hinders mixing of surface waters with the deep stagnant water and the 

dissolved oxygen concentration slowly falls (Edwards and Grantham, 1986). Compared 

to other Scottish lochs that display similarly long periods of deep water stagnation 

(notably Loch Obisary, Edwards, 1989), Loch Etive is unusual in that deep-water 

remains hypoxic during these periods of stagnation without becoming fully anoxic. 

This has wide-reaching implications for the solubility and resulting distribution of redox 

sensitive trace metals. 

estuarine outflows 

' / / / / / / / primary pycnocline / / / / / / / / / , 

• estuarine inflows 1 

/secondary 
pycnocline// . 

DIFFUSIVE FLUXES 

stagnant water 

SEDIMENTARY FLUXES 

Figure 2. Schematic representation of deep water stagnation, where the secondary 
pycnocline (oxycline) hinders estuarine water from mixing with the deep stagnant water 
(from Edwards and Grantham, 1986). 
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1.2. Distribution of Mn and Co in marine waters 

The distribution of Mn in the water column has been well documented (see reviews by 

Bruland (1983) and Burton and Statham (1990)). The general vertical distribution in 

open ocean regions is characterised by high surface concentrations (typically in the 

range of 1 - 3 nM), a sub surface maximum within the mixed layer and uniformly low 

concentrations in deep water, as illustrated by Figure 3. (Kiinkhammer and Bender, 

1980; Landing and Bruland, 1980; 1987; Burton and Statham, 1990). In areas close to 

the ocean margins high surface concentrations have been related to river and 

sedimentary sources (Bender e/ a/., 1977), whereas, in more remote sites, atmospheric 

inputs have been shown to be dominant (Klinkhammer and Bender, 1980; Statham and 

Chester, 1988; Guieugf a/., 1998; Statham gf a/., 1998). 
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Figure 3. Typical depth profile of dissolved Mn in the open ocean (from Statham et al., 
] 998, data from the eastern Atlantic Ocean). 
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In the northwestern Atlantic Ocean, Yeats and Bewers (1985) recorded Mn 

concentrations in the range of 0.4 - 0.6 nM. The measured surface concentrations of Mn 

in the northeastern Atlantic Ocean are higher, ( 1 - 3 nM) with a rapid decrease to < 0.5 

nM in deep waters (Statham and Burton, 1986). Landing and Bruland (1980) measured 

dissolved Mn in the North Pacific and found concentrations ranging from 1 nM in 

surface waters decreasing to 0.6 nM in deep water. 

Although deep-ocean concentrations are generally low, deep water Mn 

enrichments have been observed in vicinity to the ocean-ridge spreading centres (see 

Lilley et al. (1995) for a review). This source does not have a direct influence on the 

Mn concentration in the studied area and hence, will not be discussed further in this 

work. 

Cobalt exists in the open ocean at concentrations of generally less than 100 pM 

(Knauer g/ a/., 1982; Martin, 1985). Due to these low concentrations it is only recently, 

with the development of clean extraction techniques, that it has become possible to 

obtain reliable Co data. Previous studies reported Co as undetectable in some cases 

(Bewers e/ a/., 1976; Danielsson, 1980) or highly elevated in others (Robertson, 1970). 

It is now generally recognised that Co displays an open ocean vertical depth profile 

comparable to that of Mn (Knauer et al., 1982; Martin, 1985; Jickells and Burton, 1988; 

Westerlund and Ohman, 1991; Wong et al, 1995). Like Mn, Co may be added to 

surface waters by both riverine and atmospheric inputs (Pacyna, 1984; Arimoto et ai, 

1989; Donat and Bruland, 1995). 

Martin (1985) reported values for Co in northeast Pacific surface waters in the 

range 60 - 100 pM, decreasing in deep water to < 50 pM. Jickells and Burton (1988) 

measured Co in the Sargasso sea and found concentrations of ca. 20 - 40 pM in surface 

waters decreasing rapidly with depth to less than 15-20 pM. Recorded concentrations 

in the Mediterranean are higher, with surface values ranging from 80 - 250 pM 

decreasing to 30 - 50 pM in deep waters (Huynh-Ngoc and Whitehead, 1986). More 

recently, Wong et al. (1995) measured Co concentrations in the western Philippine Sea 

and reported surface concentrations of 95 pM decreasing to less than 25 pM in waters 

below 1000 m. 

1.2.2. Distribution in anoxic environments 

Anoxic waters are found in areas with extremely restricted water circulation like in the 

deep water of the Black Sea (Spencer and Brewer, 1971; Deuser, 1975; Murray et al.. 

12 
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1989), the Cariaco Trench (Richards and Vaccaro, 1956; Fanning and Pilson, 1972; 

Denser, 1973; Bacon et al., 1980; Jacobs et al, 1987) and the Framvaren Fjord (Jacobs 

et al., 1985; Haraldsson and Westerlund, 1988). In addition, anoxic waters are found in 

the DrammensQord (Oztiirk, 1995), in the hyper-saline Tyro and Bannock basins in the 

eastern Mediterranean (Jongsma et al, 1983; Van der Sloot et al, 1990) and in the 

Baltic Sea (Grasshoff, 1975; Dyrssen and Kremling, 1990). 

Haraldsson and Westerlund (1988) measured Mn and Co in the Black Sea and 

Framvaren Qord (Norway). Their findings showed a maximum in the dissolved Mn 

concentration just below the O2/H2S interface of 15 pM in the Black Sea and 8 in 

Framvaren. The dissolved Co concentrations in the same regions indicated a maximum 

of 4.2 and 9 nM respectively, i.e. approximately two orders of magnitude higher than in 

open ocean settings. Dyrssen and Kremling (1990) recorded dissolved Mn and Co 

concentrations in association with the O2/H2S boundary in anoxic Baltic waters. For 

both elements, dissolved concentrations increased markedly below the oxycline to a 

maximum of 12 ^M (Mn) and 2 nM (Co). Particulate Mn and Co were measured in the 

Framvaren Qord (Jacobs ef a/., 1985). The highest concentrations were recorded just 

above the O2/H2S interface and were found to be of the order of 20 pM for Mn and 15 

nM for Co. 

The general depth profiles of Mn and Co in anoxic waters can be explained by 

the influence of two controlling processes (a) redox cycling of dissolved phases and 

oxide particles at the O2/H2S interface and (b) the formation of metal sulfides (Jacobs et 

al., 1985). The solubility of Mn increases as it is reduced from Mn(IV) to Mn(II). 

Likewise, the reduced species of Co (Co(II)) is more soluble than the oxidised form 

(Co(III)). Thus dissolved concentrations of both Mn and Co show a characteristic 

increase just below the O2/H2S interface (Jacobs and Emerson, 1982). The formation of 

metal sulfides is dependant on the total sulfur (SH2S) concentration. In areas with 

highly pronounced anoxia such as the Framvaren, where the total sulfur (ZH2S) 

concentration in bottom waters reaches mM concentrations, the solubility of both Mn 

and Co has been observed to decrease due to the precipitation of particulate metal 

sulfides (Jacobs et al, 1985). In areas where the sulfide concentration is lower, 

however, such as the Black Sea (bottom water sulfide concentration ca. 300 pM), Mn-

sulfide formation does not appear to take place, although evidence of Fe-sulfide 

precipitation has been observed (Lewis and Landing, 1992). The presence of an 
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enriched Mn particulate layer above the O2/H2S boundary has been related to 

biologically enhanced oxidation of dissolved Mn(II) diffusing out from the anoxic zone 

(Emerson et al, 1982; Tebo et al., 1984). 

A 2 J. m 

As an intermediate between anoxic and oxic (oxygen saturated waters), few regions in 

the modem ocean can be classified as truly hypoxic. In open ocean areas, hypoxic 

zones can be found at the eastern boundaries of both the South and North Pacific (Cline 

and Richards, 1972; Martin and Knauer, 1984; Hong and Kester, 1986; Landing and 

Bruland, 1987; Rue et al, 1997) and the northern Indian Ocean (Sen Gupta and Naqvi, 

1984; Saager g/ aA, 1989; Warren, 1994). In areas such as the Arabian Sea (northwest 

Indian Ocean), oxygen depletion is initiated as a result of the high rate of oxygen 

consumption brought about fi-om the microbial oxidation of large quantities of organic 

matter (Sen Gupta and Naqvi, 1984; Slater and Kroopnick, 1984). 

In addition to the open ocean, hypoxic waters can be found as transient features 

during flushing events of many anoxic areas. An example of this is Saanich Inlet, 

British Columbia, Canada, where deep water becomes isolated behind a shallow sill 

causing oxygen depletion and anoxia for long time periods (Richards, 1965; Anderson 

and Devol, 1973). Periodically, the inlet is flushed and anoxic deep water is refreshed 

with highly oxygenated water, resulting in intermittently hypoxic conditions becoming 

established (Emerson et al, 1979; Jacobs and Emerson, 1982). Hypoxic conditions 

have also been observed as a specific event in the Black Sea (Murray and Izdar, 1989; 

Murray et al., 1989; Codispoti et al., 1991). 

Furthermore, hypoxic conditions can be produced as a result of restricted water 

circulation in several Qord systems along the Norwegian and Scottish west coasts e.g. 

the DrammesQord (Ozttirk, 1995), Loch Fyne (Tett et al, 1986), Loch Goil (Mackay 

and Halcow, 1976; Edwards et al, 1986) and Loch Etive (Edwards and Grantham, 

1986). Although these areas represent interesting and particular sites for the study of 

trace metals, few studies have focused on the influence of these hypoxic conditions 

upon the distribution of Mn and Co. 

In 1984, Martin and Knauer investigated changes in dissolved and particulate 

Mn concentrations with depth, through a zone with low oxygen content in the eastern 

tropical Pacific. Their findings indicated that Mn was released from particles as they 

sank through the oxygen minimum, this producing an observable increase in the 

14 
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dissolved Mn concentration. Landing and Bruland (1987) studied the redox behaviour 

of Mn in the same area and found further evidence of in situ reduction of particulate Mn 

within the hypoxic zone. Saager et al. (1989) presented the first vertical depth profiles 

for dissolved Mn in the northwest Indian Ocean. Their results indicated a strong 

similarity to the depth profiles of Mn observed in the eastern Pacific, with a dissolved 

Mn maximum in the hypoxic zone. More recently, a study by Rue et al. (1997) carried 

out in the eastern boundary of the tropical North Pacific indicated that particulate Mn 

was completely reduced to dissolved Mn in the hypoxic zone. Hence, sinking 

particulate Mn can be solubilised within the thenmocline. The resultant water mass 

containing high concentrations of dissolved Mn can then mix along isopycnals into 

oxygenated regions, where eventually the metals will become oxidatively scavenged 

and removed to the underlying sediments. As suck, hypoxic areas can act as a source of 

dissolved metals to oxic oceanic regions. 

In intermittently hypoxic areas such as the Saanich Inlet, the dissolved Mn 

concentration increases in the oxygen minimum zone, followed by a decrease as the 

hydrogen sulfide concentration increases (Jacobs and Emerson, 1982). 

The Black Sea generally shows a distinct O2/H2S interface. During the spring 

and summer of 1988, however, shoaling of this interface was observed with the 

development of a distinct hypoxic, sulfide free zone overlying the anoxic waters 

(Murray and Izdar, 1989; Murray et al, 1989). Lewis and Landing (1991) investigated 

the redox behaviour of Mn in this zone and found further evidence of Mn reduction 

within the hypoxic zone. Tankere et al. (submitted) measured dissolved Co in the 

northwestern Black Sea. The measured Co concentrations were generally in the range of 

200 to 1700 pM with higher concentrations found at depth. Simultaneous oxygen 

measurements indicated low (1.8 ml 1"̂ ), but not zero dissolved oxygen concentrations. 

High particulate and dissolved Co concentrations were recorded in surface waters 

influenced by the freshwater inflow from the Danube river. Moreover, the authors 

found that the dissolved Co concentration was limited by the presence of Mn-oxides. 

1.3. Mechanisms of Mn and Co oxidation 

The redox cycling of Mn in the marine environment is a complex process, influenced by 

a range of chemical, physical and biological factors (Figure 4). In particular, for a 

relatively shallow system such as a loch, the concentration of Mn in the water column is 

15 
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influenced by continuous interactions between the water and bottom sediments. As 

illustrated by Figure 4, this interaction is multidirectional. 

Dissolved Mn is particle reactive and will therefore undergo oxidation to form 

Mn(IV). This oxidation process of Mn(II) was first shown by Morgan (1967) to include 

a homogenous oxidation and a heterogeneous autocatalytic step as illustrated in 

Equation (1). 

-d[Mn(II)] 

S 
= ki[Mn(II)] + k2[Mn(II)][MjiOx] (1) 

TERRESTRIALINPUTS 

water column 

sediments 

!nOOH„. + 4 H " * -

Mn̂  

MnO; + Mn̂"" 

particle primary 
deposition production 
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^ plar\kton 
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detritus 

O, 

i t t 
microorganisms " a 

MnQz + CHjO + 4H+ 
bacterial 
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^ advection/diffusion 

> CO, + + 3H,0 

Figure 4. Reaction and processes contributing to Mn cycling in shallow marine 
ecosystems (from Hunt and Kelly, 1988). 

More recently, the kinetics of the Mn oxidation has been proposed to be dependent on 

the oxygen concentration and the square of the hydroxyl concentration (Murray and 

Brewer, 1975), as illustrated in equation (2). Since in aquatic systems there is a marked 

presence of potential catalytic surfaces, the use of this form of the rate equation has 

been suggested to be more appropriate (Yeats and Strain, 1990). 

-d[Mn(Il)] 

dt 
k[Mn(II)][Mn02][02][0H-]' (2) 

16 



In addition, several studies have concluded that the Mn-oxidation is driven by microbial 

catalysis (Emerson et al, 1979; Wollast et ai, 1979; Emerson et ai, 1982). Thus, even 

though Mn(II) can be autocatalytically oxidised, microbial catalysis may act as the 

driving force (Tebo et aL, 1984). 

Once oxidised, the particulate Mn can be deposited by passive (gravitational 

settling) or active (e.g. via filter feeding microorganisms) transport to the sediments 

(Santschi e( al., 1983; Hunt, 1983a). In the sediments, particulate Mn-oxides can 

undergo reduction during the decomposition of organic matter to form the more soluble 

Mn(II). This reduction can be chemically mediated by organic compounds, for example 

chinones and catecholes (Stone and Morgan, 1984a). Other organic compounds such as 

puruvates and oxalates have also been shown to increase the Mn reduction rate. By 

contrast, the oxidation rate is reduced by adsorption of Mn onto humics (Stone and 

Morgan, 1984b). In its reduced form Mn(n), manganese can cycle internally in the 

sediments as illustrated by route [A] in Figure 5. Alternatively, dissolved Mn(II) can be 

remobilised and returned to the water column (route [B] Figure 5) by advective 

sediment-water exchange, by biotuibation or by diffusive processes (Hunt and Kelly, 

1988). These processes are, in turn, influenced by a range of factors including oxygen, 

pH, temperature, tidal and benthic activity (Aller, 1978, 1980; Morris et al, 1982; Hunt, 

1983b). 

Given that many of the processes shaping the Mn distribution are influenced by 

oxygen concentrations, it is of interest to further investigate how low oxygen 

concentrations might, as a direct consequence, affect the cycling and concentration of 

Mn in a hypoxic loch system. 

By contrast, little is known about the redox processes of Co. The low seawater 

concentration of Co (see Section 1.2.1) has made the collection of information about its 

speciation and cycling in the marine environment difficult and at present the controlling 

processes and redox behaviour of Co are poorly understood. Investigations of Co 

speciation in seawater have shown that up to 60 % of the total dissolved Co in seawater 

exists as the free ion Co(II) (Pan and Susak, 1991; see also Cosovic et al., 1982). In 

oxic waters, however, due to the thermodynamic instability of Co(II), low 

concentrations of dissolved Co would be expected. Furthermore, it has been suggested 

that in surface waters a significant fraction of Co exists as organic complexes, but the 

exact contribution of this fraction has not been established (Lewis and Landing, 1992). 
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[A] water column [B] 

Mn oxide Mn oxide 

Figure 5. Schematic representation of the internal and external sedimentary cycling of Mn 
(redrawn from Slomp et al, 1997). The precipitation of Mn as reduced authigenic minerals 
has for simplicity been denoted as Mn-carbonates although other phases may also occur 
(see Slomp et ai, 1997 and references therein). 

Under reduced oxygen concentrations Co exists mainly as fi-ee cationic species. 

In anoxic waters the fraction of free Co ion decreases suggesting the presence of a 

dissolved Co metal-sulfide complex, possibly as CoS(HS)". On thermodynamical 

grounds, however, it would be suggested that the precipitation of a discrete Co-sulfide 

phase is unlikely (Landing and Lewis, 1991). Instead, it has been suggested that the 

precipitation of sulfidic Co may take place by co-precipitation with Fe-sulfides. 

In marine sediments the cycling of Co has been linked to that of Mn. Indeed, 

under oxic conditions Co has shown a strong adsorption affinity for Mn-oxides 

(Murray, 1975). Under hypoxic conditions Co can be released into pore waters during 

Mn-oxide dissolution, diffuse upwards and, upon reaching oxic sediments, be removed 

from the dissolved phase as particulate Co(III) (Heggie and Lewis, 1984; Lewis and 

Landing, 1992). This leads to the hypothesis that a similar cycling of Co in hypoxic 

waters may occur, whereby dissolved Co(II) may diffuse into the hypoxic zone, be 

scavenged onto Mn(IV)-oxides (and/or Fe(III) oxyhydroxides), and only released when 

the Mn-oxides are subsequently reduced under hypoxic and/or anoxic conditions. 
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1.4. Cobalt and manganese interactions 

Several authors (Murray, 1975; Murray and Dillard, 1979; Kremling et al, 1987; 

Tappin, 1988; Kremling and Hydes, 1988; Lienemann et al, 1997) have suggested a 

correlation between the distribution of Co and Mn, which would indicate similarities in 

the geochemical cycling of these two elements. 

This has been suggested firstly on the basis of analysis of ferromanganese crust 

and Mn nodules showing high Co enrichments (Bums, 1976; Baturin, 1988; Manheim, 

1991). The observed enrichment has been inferred as a result of Co(II) adsorption and 

subsequent oxidation on the surface of Mn oxides, a process that has also been 

suggested to take place in the water column (MoHet and Ho, 1996). 

Thermodynamically, the oxidation of Co(II) by MnOx should be a spontaneous process 

at the pH of sea water (Bums, 1976); this could, therefore, be a significant mechanism 

for removing dissolved Co &om the water column. 

Secondly, the correlation between Co and Mn has been suggested from recent 

studies of Mn oxidising bacteria (Lee and Fisher, 1993; Lee and Tebo, 1994; Moffet 

and Ho, 1996). Spores of marine Bacillus spp., which oxidise Mn(II), have also been 

shown to oxidise Co(II) to Co(III)-oxide, even in the absence of Mn (Lee and Tebo, 

1994). This common microbial pathway for the oxidation of Co and Mn would also be 

supported by thermodynamics, considering the similar reduction potentials of Co(III) 

and Mn(III) (Table 1). The similarities in potential between the reduction half reactions 

for these two elements indicate that both reactions could occur under similar 

environmental conditions. 

The exact mechanism of the oxidation, however, is not yet understood. Lee and 

Tebo (1994) suggest that the oxidation of Co on Mn-oxides might occur via some 

indirect mechanism, in which surface catalysis reduces the activation energy for the 

oxidation of Co(II) (see also Diem and Stumm, 1984). Alternatively, the reaction could 

be directly mediated by microbial activity. 

Table 1. Standard reduction potentials forMn(II) and Co(II) (MofFet and Ho, 1996). 

Half reaction E° (volts) 

MnOOH(s) + + e < > + ZHzO +1.50 

CoOOH(s) + 3H+ + e < > Cô + + 2H2O +1.48 
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Although a detailed investigation of the association between Co and Mn is 

outside the scope of this study, quantification of these trace metals in the particulate and 

dissolved phase will give an indication of any covariance and hence provide a 

background for further investigations. 

1.5. Research objectives 

The principal aim of this study is to improve our understanding of the distribution and 

behaviour of two redox sensitive trace metals, Mn and Co, in a hypoxic environment 

(Loch Etive, Scotland). 

Specifically: 

1. To investigate seasonal variation in the dissolved and particulate 

concentrations of Co and Mn. 

2. To investigate the correlation, if any, between Co and Mn under different 

redox conditions. 

3. To apply a new sampling and measurement technology to the determination 

of Mn. The development work was done in collaboration with Dr. P. 

Statham and Dr. D. Connelly at the School of Ocean and Earth Science, 

University of Southampton, 
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Chapter 2. Sampling and analytical procedures 

2.1. Study area 

Loch Etive is situated on the west coast of Scotland, 5 km north of Oban (Figure 6). It 

extends for about 28 km in an eastward, followed by a north-eastward, direction and is 

connected to the coastal waters of the Firth of Lome via a sill at Connel which measures 

300 m wide, 5 km long and 10 m deep (Ridgway and Price, 1987). Loch Etive is 

divided into two main basins: the inner basin (furthest northeast) is the deeper of the 

two with a maximum depth of about 150 m, the shallower outer basin has a maximum 

depth of 60 m. The two basins are separated by a shallow sill (13 m) at Bonawe 

(Edwards and Edelsten, 1977). The loch has a large catchment area (1400 km )̂, with 

two main freshwater inputs, the River Etive, entering at the northeast end and the River 

Awe entering at Bonawe. Smaller additional freshwater sources are the rivers Noe, 

Lover and Kinglass, flowing into the loch from the south. In addition, the loch receives 

a high annual rainfall (ca. 200 cm a'\ Williams e/ a/., 1988). These high freshwater 

inputs produce an intense halocline leading to the formation of stagnant bottom water. 

(The process of deep-water renewal in Loch Etive was outlined in Section 1.1). During 

these periods of deepwater stagnation the dissolved oxygen concentration falls to about 

3 ml (Edwards and Grantham, 1986). 

Price and Calvert (1973) investigated the characteristics of the sediments in the 

two deep basins in Loch Etive. The sediments are dominated by organic-rich (3 to 8% 

w/w organic carbon), principally non-carbonate, fine grained silts and muds, turning 

more sandy towards the northeast part of the loch. A difference in the characteristics 

was noted between the two basins, with the organic matter from the inner basin 

indicating a higher carbon content, characteristic of a higher contribution of terrigenous 

material (Price and Calvert, 1973). As a consequence, the sediment surface in the inner 

basin has been described as having a thin (1 cm) oxidising surface below which 

grey/black reducing sediments occur. For the outer basin this oxidising layer is deeper, 

extending to approximately 5 cm (Williams et al, 1988). In this oxidising layer of the 

outer basin there is an abundant macrofaunal presence, which is dominated by the two 

worm species, Capitella capitata and Nepthys hombergi. In the inner basin, however. 
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the faunal activity is more restricted with only the tube worm Spirochaetopterus typicus 

being prevalent (Ridgway and Price, 1987). 

58°N-

57°N 

56°N 

56.55°N-

56.50°N-

56.45°N-

Upper 
Basin of 

Loch Etive 

extent of 
deep basin 

>120m 

5 .2°W 5.0°W 

Figure 6. Map of the study area; Loch Etive. 

2.2. Sampling 

Water samples were collected on two cruises in Loch Etive: the first aboard R.V. 

Calanus in November 1999 (21* October to 8* November) and the second aboard the 

Terschelling in April 2000 (4-8^ April). The bottom water in Loch Etive is known to 

turn over without a fixed periodicity but the mean repetition rate is about 16 months 
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(Edwards and Edelsten, 1977). The sampling periods were chosen so as to obtain 

samples from within a long period of stagnation where the bottom waters on both 

occasions would be hypoxic with a decrease in oxygen concentration. 

Samples for dissolved metal analysis were collected using an Aqua Monitor 

mounted on Autosub (see below). A range of missions were run including some in 

bottom hugging mode (constant altitude over bottom) and a greater number in constant 

depth mode, following tracks based on given way-points (WP) along the centre of the 

loch. In addition, the Autosub performed Zaw/z/Mower a square wave pattern 

track along the loch providing a full two dimensional coverage. The performed 

missions and their track routes are listed in Table 2, and illustrated graphically in Figure 

7. 

Cruise date Mission no Depth/altitude Descripdon 

03-11-99 212 Variable starting at 100 m Depth transect, upper basin 

06-04-00 226 Constant altitude 25,10 m WPl-19 at 25m, WP19-36 at 10 m 

06-04-00 227 Constant depth 100, 80 m WP15-7 at 100m, WP7-25 at 80 m 

1 06-04-00 228 Constant depth 70, 50 m WP26-7 at 70m, WP7-26 at 50 m 

07-04-00 229 Constant depth 50 m Lawn mower pattern, WP50-70 

07-04-00 230 Constant depth 80 m Lawn mower pattern, WP50-77 

07-04-00 231 Constant depth 20 m WP26-6 

During the November cruise several vertical CTD profiles were obtained in addition to 

the Autosub missions. The locations of these are listed in Table 3. In relation to the WP 

used by Autosub, station AT05 and AT06 were positioned on a transect-line from the 

river Kinglass, closest waypoint being WP24. AT07 were located further down the 

loch, at WP21, and AT9-12 were on a transect-line 6om the river Glen Liver (with 

WP09 closest to the river mouths on the east shore of the Loch) in close vicinity to 

WP17. During both cruises, continuous CTD measurements were made using the 

Autosub CTD system, that in addition to conductivity, salinity and pressure measured 

the dissolved oxygen concentration. Furthermore, during the April cruise, dissolved Mn 

data were also obtained in-situ using a spectrophotometric chemical analyser mounted 

on Autosub. 
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5&54 

56.52 

5&5 

56.48 

56.46^ 

-5.22 -5.2 -5.18 -5.16 -5.14 -5.12 -5j .&08 

Figure 7. Bathymetric map of Loch Etive, waypoints are indicated by circles for straight 
depth transects (waypoint numbers starting from 1) and by triangles for lawnmower 
transects (waypoint numbers starting from 50), respectively, increasing fijrther northeast 
(from D. Cormelly, unpublished data). 

Table 3. Coordinates of positions for CTD casts, Loch Etive November 1999. 

Station Lat Long. 

AT05 56 29.82'N 5 08.65'W 

AT06 56 29.84' 5 08.69' 

AT07 56 29.24' 5 08.79' 

AT08 56 28.64' 5 08.68' 

AT09 56 28.62' 5 09.18' 

ATIO 56 28.71' 5 09.32' 

ATll 56 28.71' 5 09.33' 

AT12 56 28.84' 5 10.03' 

2.2.1. Autosub 

Autosub (Figure 8) is an AUV (Autonomous Underwater Vehicle) developed by the 

Ocean Technology Division at the Southampton Oceanography Centre. The 6.8 m long 

and 0.9 m diameter vehicle travels with an average speed of 4 knots (2 ms"') through the 

water and is designed to carry a wide variety of scientific instruments depending on its 

mission (Griffiths et al, 1997; 1998). 
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Figure 8. Schematic layout of Auto sub (from Griffiths et al, 1998). 

The autonomous nature of Autosub enables each sampling run to be programmed based 

on given positions (way points, WP) and the desired water depth or altitude over the 

sea-bed using a ship based mission control. As a result, the vehicle is able to travel in 

complex three-dimensional pathways canying its instrument load and continuously 

recording measurements in areas of the water column that would not be accessible using 

traditional CTD-hydrocast techniques. When equipped with the appropriate sensor 

instruments, therefore, Autosub provides a powerful tool with which to obtain a detailed 

spatial distribution of the elements under investigation. 

During the November and April cruises in Loch Etive, in addition to 

navigational sensors for position, depth, speed and altitude above the sea-bed, Autosub 

carried a CTD system together with an oxygen probe, an Aqua Monitor and an in-situ 

chemical analyser for measuring dissolved Mn (April sampling cruise only). 

2.2.2. Aqua monitor 

Water samples for trace metal analysis were collected using an Aqua Monitor (AqM) 

Model WMS-1 (W.S. Ocean Systems Ltd) (Figure 9). The AqM is able to collect water 
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samples in-situ using a pre-programmed and automated time series mode. The AqM 

was mounted on board Autosub and the sampling sequence was controlled using the 

Autosub onboard mission control. 

plunger 

connectors 

valve motor housing (rotary motor, 
gear box, shaft encoder) 

50-port valve (for connection of 
collection bags) 

syringe motor housing (linear stepper 
motor, electronics) 

Figure 9. Schematic layout of Aqua Monitor (from AqM Model WMS-1 Operating 
Manual, W.S. Ocean System Ltd. 1999). 

The monitor consists of two main components (Figure 9): i) the syringe and valve 

motor pressure housings and ii) the valve/syringe assembly. To the valve ports, 50 pre-

cleaned bags (transfusion bags, 500 ml) were attached. The cleaning procedure 

involved an initial soak in detergent (Micro) followed by consecutive cleaning steps in 

strong acids, see Section 2.3.2. The rotary valve and syringe were both controlled by a 

stepper motor powered from a battery pack on the Autosub. Each water sample (400 

ml) was obtained through an inlet at the hull of Autosub, as the syringe plunger was 

driven back at the current sample port. The sample entered the syringe chamber via a 

one-way valve and was then transferred to the sample bag as the syringe plunger was 

driven forward. After each cycle (4 min) the rotary valve was turned clockwise to the 

next sample port. After each sample run, the sample bags from the AqM were 

recovered and immediately filtered on board [April] or in the laboratory [November] 

(see Section 2.3.3). 
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2 2 J . c m 

During the November cruise CTD profiles were taken prior to the Autosub sampling 

run. The CTD (Sea-bird 9/11 + and rossette (12 x 51) Niskin bottles) was operated 

using direct reading mode, allowing the operation of supplementary sensors measuring 

dissolved oxygen (Beckman polarographic oxygen sensor), transmission (Sea-Tech 25 

cm beam transmissiometer) and chlorophyll (Sea-Tech fluorometer). Data received 

during the cast were logged onto a personal computer using the Sea-bird SEA SAVE 

vl . l5 acquisition software program and post processing was made using the Sea-bird 

software v4.244. 

2.3. Dissolved trace metal analysis 

23.7. 

Successful analysis of low (nano- to pico-molar range) dissolved metal concentrations 

in a complex matrix such as seawater requires the use of extraction techniques (Donat 

and Bruland, 1995). These techniques allow the concentration of the analyte and 

removal of the salt matrix before analysis. 

Several pre-concentration techniques have been used in the past including; (i) 

ion-exchange {e.g. Pai et ah, 1988), (ii) co-precipitation, for example using cobalt 

pyrrolidine dithiocarbamate (Boyle and Edmond, 1977) and (iii) liquid-liquid 

extractions employing a variety of different chelation-solvent combinations (Donat and 

Bruland, 1995). Commonly used chelating agents include dithiocarbamates mainly 

because of their non-selective complexing properties over a broad pH range (Bruland et 

al, 1979; Danielsson et a!., 1978; Bruland et al, 1985; Sturgeon et al, 1980) and 

dithizone (Armannsson, 1979; Smith and Windon, 1980). Alternatively, ion-exchange 

resins such as Chelex-100 (Kingston et al, 1978; Bruland et al, 1985) and 8-

hydroxyquinoline (Klinkhammer, 1980; Landing and Bruland, 1980) have been 

employed. For a more in-depth review of analytical considerations concerning trace 

metal analysis see Donat and Bruland (1995). 

In this study, a chelation-solvent extraction procedure was employed to pre-

concentrate the cobalt (Co) and manganese (Mn) prior to analysis by Graphite Furnace 

Atomic Absorption Spectrophotometry (GFAAS). The method is based on the work of 

Danielsson et al. (1978), as modified by Statham (1985) and Tappin (1988). In the 

method by Statham (1985), a metal-carbamate complex is formed using ammonium 
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pyrrolidine dithiocarbamate (APDC) and diethylammonium diethyldithiocarbamate 

(DDDC). The formed metal-carbamate complex is then extracted into Freon TF and 

subsequently back-extracted into nitric acid prior to analysis by GFAAS. However, due 

to the known damaging effects that chlorofluorocarbon and similar compounds have on 

the ozone layer, the use of an alternative solvent phase was preferred. Chloroform has 

shown to be an effective solvent phase for this purpose (Bruland et al, 1979; 

Magnus son and Westerlund, 1981; Jickells and Knap, 1984) and hence in the 

APDC/DDDC-Freon system, the Freon TF was replaced by chloroform. 

2.3.2. Preparation of equipment 

To minimise the risk of sample contamination, all equipment used in the procedure was 

rigorously cleaned prior to use. This involved an inidal soak in detergent (Micro, 2% 

v/v) followed by consecutive cleaning steps in strong acids (HCl and HNO3). 

All bottles and vials used for the analytical procedure were cleaned according to the 

following protocol: 

a) Initial rinse with R.O. (reverse osmosis) water followed by a soak in a non-

phosphate detergent (Micro, 2% v/v) for 1 week. 

b) Rinse with Milli-Q water (Millipore) followed by soak in 50% HCl for 1 

week. 

c) Rinse with Milli-Q water followed by soak in 50% HNO3 for 1 week. 

d) Final rinse with Milli-Q water. 

The bottles and vials were transferred to a clean room Class-100 laminar flow hood and 

rinsed with SBD-H2O (see below) and allowed to dry. Cleaned bottles were stored in 

individual resealable plastic bags. 

2.3.3. manzpw/ofzoM aWaforage 

Samples were filtered immediately upon collection using pre-weighed and pre-cleaned 

0.4pm Nuclepore filters. The filters were handled at all times using plastic tweezers. 

The filters were rinsed with SBD-H2O to remove salt residues before storage in cleaned 

polyethylene dishes at -20 °C. To minimise any contamination, the filtration was 

performed using a closed system, whereby the sample bags from the Aqua Monitor 

were connected to a specially designed vacuum filtration unit. The filtrates were 

collected in ultra clean bottles (cleaned by the procedure outlined in 2.3.2.) and, after 

transport to the laboratory, they were acidified by addition of SBD- HNO3 (1 pi/1ml 
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SW) to a final pH of < 2. Acidified water samples were stored in resealable plastic bags 

in a clean room environment. 

2.3.4. Preparation of chemicals 

The preparation of all chemicals used in the procedure took place in a clean room 

environment within a Class-100 laminar flow hood. 

a) Sub-Boiled Distilled Water (SBD-HzO) 

Sub-boiled Distilled Water (SBDW) was produced by the use of a Quartz system. This 

system is based on heating of water by silica-sheathed elements in a closed system to 

create vapour that is allowed to condense on a quartz cold finger which leads the 

condensate to a collection vessel outside the still (see Howard and Statham, 1993). 

Milli-Q water was sub-boiled distilled and collected in an ultra clean FEP (Fluorinated 

Ethylene Propylene) bottle (1000 ml). 

b) SBD-HNOa 

SBD-HNO3 was prepared through sub-boiling distillation of 16N analytical grade nitric 

acid using a Quartz system as described in (a). 

c) Isothermally Distilled Ammonia (ID-NH4OH) 

Isothermally Distilled Ammonia (ID-NH4OH) was prepared from analytical grade 

ammonia in a clean room. A PTFE (polytetrafluoroethylene) beaker (500 ml) 

containing analytical grade ammonia (NH4OH) was placed together with a beaker with 

SBD-H2O in a sealed, airtight, container and left for one week. During this time the 

ammonia gas (NH3(g)) equilibrated with the SBD-H2O to form ID-NH4OH. The formed 

ID-NH4OH was decanted and stored in a bagged FEP (fluorinated ethylene propylene) 

bottle. 

d) Chloroform (HPLC grade CHCI3) 

Chloroform was cleaned by adding SBD-H2O (10 ml) to chloroform (400 ml) in a 

Teflon separating funnel. The mixture was shaken for 5 minutes. The water layer was 

separated and discarded. This procedure was repeated 10 times. The cleaned 

chloroform was stored with a surface film of SBD-H2O in an ultra clean FEP bottle 

(1000 ml) and used within 36 hours of preparation. 

e) Complexant 

A mixed complexant was prepared by accurately weighing out ammonium pyrrolidine 

dithiocarbamate (APDC) (2.0 g) and diethylammonium diethyldithiocarbamate 

(DDDC) (2.0 g) and dissolving in SBD-H2O (100 ml) to produce a 2% w/v solution. 
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The solution was mixed, and filtered using vacuum, through a glass fibre filter 

(Whatman GF/C, 47 mm). The filtrate was transferred to a Teflon separating funnel and 

pre-cleaned chloroform (10 ml), see step (d), was added. The mixture was shaken and 

the chloroform was discarded. To ensure complete removal of metal traces this 

procedure was repeated 10 times. Due to the short lifetime of the complexant solution 

(3-4 days) (Parker, 1999), the complexant was stored refrigerated and used within 24 

hours of preparation. 

2 j. J. frecoMCg/z/rar/oM a W 

The preconcentration and back-extraction steps were carried out in a clean room under a 

Class-100 laminar wet station. Teflon funnels used for the separation were cleaned 

prior to each extraction run. This involved addition of pre-cleaned chloroform (3ml) 

and complexant (4 ml). Funnels were shaken for 5 min, and the content was discarded. 

To reduce sample carry over, this step was repeated between each extraction. Figure 10 

illustrates a flow diagram of the employed procedure. 

An aliquot (approximately 100.0 g) of each sample was accurately weighed into 

a Teflon separating funnel (500 ml) and neutralised with ID-NH4OH (200-300 pi). The 

neutralisation step was performed to ensure the correct pH for complete extraction of 

the metals under investigation (Statham, 1985). The exact amount of ID-NH4OH 

required for neutralising the sample to a pH between 6.5 to 8 varied depending on the 

sample batch. The amount was determined by stepwise addition of ID-NH4OH to a 

separate aliquot (20 ml) from each sample batch. Teflon fuimels were shaken to ensure 

complete neutralisation. After the extraction step the pH of the samples was re-

confirmed to be between pH 6.5 and 8. 

To each sample, APDC-DDDC complexant (2% w/v) (4 ml) and chloroform (3 

ml) were added. The Teflon funnels were mounted in a plastic frame and rotated 

automatically for 5 minutes (for the mechanisation of the extraction step see Statham, 

1985). The aqueous and chloroform layers were allowed to settle and the chloroform 

extracts were run off and collected into ultra clean Teflon pots (Savillex, 30 ml). Care 

was taken not to transfer any of the aqueous phases with the chloroform extracts. Two 

additional extraction steps, each using 3 ml aliquots of chloroform were done. The 

additional chloroform extracts were added to the first. 
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FORWARD EXTRACTION 
100.0 g of sample 

(500 ml separating funnel) 

neutralising ITD-NH4OH 

pH 6.5-8 

4 ml 2% v/v APDC-DDDC 

^ 3 ml 
chloroform 

5 min rotation 

repeated 3 times 

chloroform extracts into evaporation pots 
1 

BACK EXTRACTION 
combined chloroform sample extracts 

lOOplSBD-HNOs 

evaporated to dryness 
(hot plate < 60 °C) 

lOOpI SBD-HNO3 

redissolved in SBD-H2O (to 1.5 ml) 

I GFAAS analysis 

Figure 10. Flow diagram of the extraction procedure (see text for details). 

To oxidise the matrix component, SBD-HNO3 (100 pi) was added to each 

combined chloroform extracts. Parker (1999) noted that this early addition of acid 

helped reduce fuming, noted upon addition of SBD-HNO3 after the evaporation step. 

The sample pots were transferred to a hot plate and evaporated to dryness (50 °C, 24 

hrs). The temperature of the hot plate was kept constant at 50 °C during the 

evaporation, in order to avoid any loss of metal, as a result of boiling and splashing of 

the chloroform (CHCI3 b p. 61.2 °C). To the evaporated extracts, further SBD-HNO3 

(100 jjl) was added and the acid was allowed to evaporate on the hot plate (50 °C, 24 

hrs). The hot plate was turned off and the samples allowed to cool. 
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The samples were redissolved in concentrated SBD-HNO3 (100 ^1). The extract 

was then made up to a final volume of 1.5 ml by the addition of SBD-H2O (1400 jil) 

using a micropipette. This gave a final acid concentration of ~ 7% v/v, assuming no 

acid remained in the final sample residue. The back extract for each sample was 

transferred using a micropipette to an acid cleaned screw capped polypropylene tube. 

In order to assess the analytical quality of the technique and comparability of 

consecutive sample batches, blanks (SBD-H2O, 100.0 g to which complexant (4 ml) and 

chloroform ( 3 x 3 ml) were added), LMSW (Low Metal Seawater) and certified 

reference seawater (CASS-3) were analysed with each sample batch. 

23.6. q/"fo/a/ fracg ^ G/^4/4,9 

The total dissolved trace metal concentrations in the back extracts were measured by 

Graphite Furnace Atomic Absorption Spectrophotometry (GF-AAS) using a Perkin-

Elmer llOOB AAS equipped with an AS-70 autosampler and an HGA-700 graphite 

furnace. For the analysis of Mn, a deuterium hollow cathode lamp (HCL) background 

correction system was used. All elements were analysed by injection of the sample into 

a pyrocoated tube with fixed L'vov platform. Furnace conditions were adapted from the 

manufacture recommendations (see Table 4). Samples and standards were placed in 2 

ml polyethylene sample cups and introduced to the GFAAS by the use of an 

autosampler. For the analysis of Co multiple plating was employed, whereby three 40 

Hl injections were separated by a drying stage (350 °C) prior to the atomisation stage 

(2500 °C). 

Table 4. GFAAS conditions for analysis of back extracts. 

1 ELEMENT Mn Co 

Wavelength (nm) 279.5 241.2 

Lamp current (mA) 10 8 

Slitwidth (nm) 0.2 0.2 

Injection volume (pi) 20 4 0 x 3 

Injection temp (°C) 100 100 

Drying temp (°C) 120 120 1 

Ramp time (sec) 10 10 

Hold time (sec) 10 10 

1 Char (°C) 1300 1600 
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jRamp time (sec) 15 15 

Hold time (sec) 15 15 

1 Atomisation (°C) 2200 2500 

Ramp time (sec) 0 0 

Hold time (sec) 3 3 

Burnout (°C) 2400 2600 

Ramp time (sec) 2 2 

Hold time (sec) 3 3 

Calibration range (pg 1'̂ ) 0-100 0-10 

2 j. 7. (//f̂ yo/vec/ j:amp/e coMccMfraf/on 

The final metal concentration in the samples was obtained by subtracting the average 

analytical blank from each sample and by correcting for the concentration factor (final 

volume of the back extract over the initial volume). The result was converted from 

|ig into nM, by dividing by the atomic weight (g mol'̂  times a factor of 1000) for the 

element of interest. 

The limit of detection (LOD) (Table 5) was calculated as three times (Sa) the 

standard deviation (STDEV) of replicate blanks in nM (for Co a LOD of two times the 

STDEV was used). The precision of the analysis was calculated from replicate analysis 

of low metal seawater (LMSW) used as an internal reference (see Table 5). 

Table 5. Average blanks, detection limits and recovery data for Mn and Co. 

1 ELEMENT Mn Co 

Average blank (nM) 0.20 (n=28) 0.006 (n=28) 

Detection limit (nM) 0.80 0.022 

% Recovery (recovery of added 
Mn/Co to an internal reference 
material) 

93 110 

Precision (RSDEV, %) 10 6 

CASS-3 certified value (nM) 45.69i6.55 0.696^:0.153 

CASS-3 analysis (n=3) (nM) 46.54±4.44 0.720±0.011 
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2.4. Use and development of an in-situ detection technique 

Our understanding of geochemical processes in the marine environment is strongly 

dependent on the analytical tools we use to monitor the system under investigation. The 

wide availability of continuous profiling instruments for measuring physical parameters 

including conductivity, salinity and pressure has greatly enhanced this understanding. 

There is, however, a need for instrumentation capable of measuring continuously, in-

situ and in real time, the concentrations of dissolved trace metals in seawater. A 

number of automated chemical analysers have been proposed in the past. From the 

initial discrete sampling techniques, early developments involved systems where the 

seawater was pumped on board a ship for subsequent analysis. These systems were 

based on a sample stream segmented by air-bubbles and, due to the pressure differences 

with depth in the water column, they turned out to be difficult techniques to further 

adapt to in-situ analysis. New possibilities came with the development of Flow 

Injection Analysis (FIA) in the 1970s (Ruzicka and Hansen, 1988). Flow Injection 

Analysis is based on the injection of a sample directly into an unsegmented reagent 

stream (alternatively, a reagent can be injected into a sample stream, denoted reversed-

FIA). Recently, a range of chemical and trace metal analysers have been developed 

employing FIA for the mixing of sample and reagent (Johnson et al, 1986; Chapin et 

al, 1991; Chin et ai, 1992; Mallini and Shiller, 1993; Nowicki et al, 1994; Blain and 

Treguer, 1995; Daniel et al, 1995). The chemical FIA-manifold can be used in 

combination with various detectors such as fluorometric (Klinkhammer, 1994), 

chemiluminescent (Okamura et al, 1998; Cannizzaro et al., 1999) and colourimetric 

devices (Chin et al, 1992; Gamo et al., 1994). Although a wide variety of chemical 

manifolds and detector systems now exists, only a limited number of these have been 

adapted to truly in-situ use (see Johnson et al., 1986; Chin et al, 1992; Gamo et al, 

1994). 

In-situ chemical analysers offer numerous advantages for the measurements of 

dissolved trace metals in seawater compared to the more commonly used wireline 

hydrocast techniques. First, by allowing the sampling frequency to be increased it is 

possible to obtain more detailed information concerning the distribution of the element 

under investigation. Second, by reducing sample handling the risk of contamination is 

minimised. 
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The present study was part of one of the Autosub special topics projects aimed 

at creating a 3D map of the distribution of dissolved and particulate Mn in two Scottish 

Lochs (Loch Etive and Loch Fyne) using the Autosubs unique contour hugging dive 

profiling abilities. The project was coordinated by Dr. Statham and Dr. German at the 

SOC together with Dr. Ovemell at the DML. In addition, the principal researchers 

working on the project were Dr. Connelly (SOC) and Tim Brand (DML). Initial 

development work of the in-situ colorimetric technique, was carried out at the SOC by 

Dr. Statham and Dr. Connelly. In addition to the measurements of particulate and 

dissolved Co and Mn, the present study was concerned with the development of the 

chemical aspects of this in-situ chemical analyser for the analysis of dissolved Mn, as 

detailed below. All work presented in the MPhil (unless otherwise stated) was the work 

of the author and represents and integral and important part of the development process. 

The obtained results from the use of the in-situ analyser are reported in Section 3.8. 

In this study, in-situ detection of dissolved Mn in sea water was based on the 

colorimetric method developed by Chin er a/. (1992). The reagent l-(2-pyndy]azo)-2-

naphthol (PAN) forms a coloured complex with Mn(n) that can be detected using a 

spectrophotometer at k 560 nm. Watanabe (1974) showed that the solubility of PAN, 

which generally is low in aquatic solutions could be increased by using a surfactant. 

Chin et al. (1992) solubilised the PAN in Triton X-100, also used in this study. Using 

the Mn-PAN complexation method, iron was shown to be a strong potential 

interference. This is because it can compete with Mn, also to form a coloured complex 

with PAN. The Fe-PAN compound absorption band overlaps with that of the Mn-PAN 

complex (see further Section 2.4.4). In a system such as Loch Etive, where hypoxic 

waters overly anoxic sediments a high concentration of dissolved Fe may diffuse into 

the water column from the sediments (Slomp et al, 1997; Schoemann et al, 1998). The 

iron interference was, therefore, suppressed using desferrioxamine B, an iron-specific 

chelating agent (Chin et al, 1992). 

2 . 4 2 CAg/Mfca/ 

The reagent was added to the sample using a chemical manifold (Figure 11). Reagent 

and sample were passed through the manifold using a peristaltic pump (Ismatec, 8 rolls, 

model MS/CA4-E/08/100) providing an overall flow rate of 1.6 ml min"' (with a ratio of 

sample to reagent of 5.3). The sample and reagent were transported through the 
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manifold using PTFE (Teflon) tubing (i d. 0.5-0.8 mm) connected with flanged tube 

fittings. From the external reagent bag the sample was added to the reagent through a 

T-fitting and mixed using a knitted mixing coil (see Section 2.4.5). The coloured 

complex was detected by allowing the solution to pass through a detector system. 

PUMP 
SAMPLE 

I BLANK! 

MIXING 
COIL I STANDARD! 

PAN 
REAGEN 

LED 
WASTE 

LIGHT 
DETECTOR DETECTOR CELL 

KEY; 

(X) SOLENOID 
VALVE 

Figure 11. Photograph (above) and schematic layout (below) of the chemical manifold. 
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The detector system consisted of a PVC flow-through cell with a high intensity light 

emitting diode (LED) attached on one end of a narrow sample channel (2 mm i.d., 50 

mm in length). On the opposite end was a combined silicon photodiode - CMOS 

amplifier (TAOS, TSL235) where the light intensity was converted to a TTL output 

frequency. 

Tests of the analytical method in the laboratory indicated problems of adsorption of the 

PAN complex in the manifold. Therefore, to obtain a reagent that would be less prone 

to adsorption, the effect of increasing the surfactant used for solubilising the PAN 

compound was investigated. Tests were performed manually using a spectrophotometer 

(Hitachi, U-2000). For these experiments, reagents and samples were mixed in batch in 

the same proportions as obtained in the FIA system of Chin ef a/. (1992). Initial testing 

indicated that the coloured (yellow) Mn-PAN complex was formed immediately upon 

mixing of sample and reagent. The absorbance at X 560 mn increased linearly with 

increased dissolved Mn concentration. To enhance the solubilisation of PAN and hence 

reduce the adsorption in the manifold, investigations were made of the effect of 

increasing the amount of Triton X-100. A more concentrated Triton X-100 reagent 

solution (20ml Triton X-100 to 60 ml of Milli-Q water per 0.05 g of PAN compared to 

5 ml of surfactant to 50 ml of Milli-Q water for an equivalent amount of PAN as used 

by Chin et al. 1992), did not influence the linear calibration. Moreover, it was observed 

that a higher concentration of surfactant could positively reduce any adsorbance on the 

walls of the detection cell and on tubing in the manifold. Hence, the optimised amount 

of Triton X-100 was shown to be approximately three times that of the amount used by 

Chin et al. (1992) (5 ml of Triton-X per 0.05 g of PAN added to 50 ml of Milli-Q water) 

(Table 6). 

Table 6. Optimised %Triton X-100 in the PAN solution. 

% Triton X-100 Author 

33.3 % Present study 

20.0% Chin ef a/., 1992 
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wnoM/Mfgy/gre/BCg 

The iron interference was investigated using a spectrophotometer (U-2000) set to a 

wavelengths scan mode. The absorbance of the Mn-PAN complex reached a broad 

maximum at X 560 nm. The Fe-PAN complex had a negative absorbance at A, 510 nm, 

followed by a significant high absorbance at X 560 nm. The addition of Desferal 

suppressed the iron interference. It was, however, noted that the addition of Desferal to 

the PAN reagent had a strong influence upon the final pH of the reagent. The effect of 

the pH of the absorbance of the PAN complex was investigated by Chin ef a/. (1992) 

and the optimal pH range of the reagent was found to be at a pH of 9.7 - 10.0. Due to 

the high iron concentrations expected in Loch Etive, the amount of Desferal used during 

the April cruise was kept at 400 pi per 250 ml of PAN solution (Chin et al, 1992). For 

work carried out in a less reducing environment, this amount should be a(^usted in order 

to gain an optimal balance between final pH and effective reduction of the Fe-

interference. The concentration of Desferal used in the present study effectively 

eliminated the iron interference in addition to agreeing well with previously published 

data. 

2.4.5. Choice of mixing coil design 

The mixing efficiency of two types of mixing columns, a knitted PTFE column and a 

packed glass bead columns, were investigated using a bench top version of the manifold 

connected in-line with the U-2000 spectrophotometer. The knitted column was 

designed by the method described by Selavka et al. (1987), whereby overhand knots of 

alternate directions are created on the PTFE tube using a backbone to hinder complete 

deformation of the tube. The packed column was made using a PVC tube with a central 

axial hole 40 mm in length passing through it. A frit was placed on one end of the axial 

hole and the column was packed with glass beads (0.45-0.5 mm diameter). A second 

frit was placed on the opposite end to keep the packed column intact (Van Der Berg at 

al, 1980; Reijn et al, 1981). Testing involved comparison with reagent-sample 

solutions mixed manually and comparison between the efficiency of the two types of 

columns. Results from the testing of the two types of columns did not indicate any 

difference in mixing efficiency. In the in-situ manifold a knitted column (80 mm in 

length) was used. 

38 



Results and discussion 

2.4.6. Analytical method 

The analytical method employed in this study was based on that used by Chin et al. 

(1992) but with a different optical cell and with more surfactant (see below). 

A borate (H3BO3) buffer solution (pH 10) was prepared by dissolving H3BO3 

(0.618 g) inNaOH (0.1 M, 100 ml). 

The mixed reagent was prepared by adding PAN (0.05 g) and Triton X-100 (20 

ml) to Milli-Q water (60 ml). The mixture was stirred with a magnetic stirrer on a hot 

plate (80 "C, 5 hrs). The solution was removed from the hotplate and allowed to cool. 

To the cooled mixture, borate buffer (pH 10, 100 ml) was added and the solution made 

up to a final volume (250 ml) using Milli-Q water. The pH of the final solution was 

ac^usted to be between pH 9.7 to 10.0 using a pH meter (Orion Research, EA920) and 

further additions of buffers, if needed. 

Desferrioxamine B, pharmaceutical grade (trade name Desferal) was prepared 

by adding Milli-Q water (3.05 ml) to the Desferal (500 mg). To the cooled PAN 

solution, desferrioxamine solution (400 pi) was added followed by thorough stirring. 

The prepared PAN reagent was placed in a pre-cleaned transfusion bag (500 ml). 

This was the standard bag type used for the reagent, blank and standards throughout the 

sampling procedure. The bags were directly connected to the manifold. 

In order to allow for in-situ calibration of the system, two additional reagent 

bags were attached to the chemical manifold. Firstly, a blank solution, containing 

seawater stripped of Mn using Chelex-100. Secondly, a Mn standard (a blank solution 

spiked with dissolved Mn to obtain a final concentration of 1 pM). Each inlet was 

equipped with an electrically operated PEEK/PTFE valve (12V, Biochem-Valve Inc., 

model 075T2NC12-32-5). Electro-mechanical (Finder) timers were used to control the 

valves and allow the inlet to be switched between sample, blank and standard (40:4:4 

min). 

2.4.7. In-sitii housing 

For the system to work under water it was necessary to isolate all electrical components 

as well as to pressure compensate any pump tubing and other manifold constituents. 

Electrical components were therefore housed in a 4 inch sealed pressure case. To allow 

the pumping to work under ambient pressure the manifold and associated components 

were immersed in silicon oil (Gamo et al, 1994). The manifold and oil were placed in 

an acrylic tube (200 mm i d.) sealed with a PVC bottom plate and with a removable top 
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plate. The reagent, blank and standard bags could be directly attached to the top plate. 

Once sealed, a diaphragm on the top plate allowed for changes in pressure and this 

volume with depth and temperature. 

The components were attached inside the front of the Autosub with the sample 

inlet mounted on top. A coarse filter (glass wool) was attached to the inlet to prevent 

any large material entering the manifold. Power to the electrical pressure housing was 

obtained directly from the Autosub. The 48V DC Autosub supply was reduced to the 

appropriate voltage for the pump and detector system with a solid state regulator. The 

output frequency obtained from the detector was logged from the Autosub to the 

onboard mission control system. 

2.5. Particulate trace metal analysis 

2 J. 7. a/zc/ 

The dissolved samples were filtered upon collection (Section 2.3.3). The leaching of 

the samples and the detection of Mn by Flame AAS were carried out at the 

Dunstaffnage Marine Laboratory (DML) by T. Brand. The filters were dried in an oven 

at 60-70 °C and allowed to cool to room temperature in a desiccator. The weights of the 

cooled samples were accurately recorded. The dried filters were placed in 

polypropylene centrifuge tubes and leached with HCl (IM, 3 ml) on a rotating table for 

16 hours at room temperature. The samples were then centrifuged (1500 rpm, 10 min). 

The supernatant was transferred to a LDPE tube and analysed for Mn, using a Flame 

AAS (Pye Unicam SP9) with deuterium hollow cathode lamp (HCL) background 

correction. The Co analysis was performed at the Southampton Oceanography Center 

and carried out using a GFAAS (see Section 2.3.6). 

2. J. 2. Ca/cu/gffOM coMCg/z/mf/OM 

The particulate Mn concentration (ng g'^) in the samples was calculated by multiplying 

volume corrected Mn (pmol 1"') by the atomic weight (54.938 g mol"') and dividing by 

the suspended solid load (mg 1"̂ ) times a factor of 1000. The particulate Co 

concentration was calculated from the pg f ' (obtained from the GFAAS converted to 

mg r ' ) multiplied by the digest volume (3 ml) and divided by the amount of suspended 

particulate matter (g). 
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Chapter 3. Results and discussion 

3.1. Data processing 

The data processing for the CTD casts was described in Section 2.3.7. The Autosub 

raw data was obtained as ASCII files with values recorded at I-sec intervals. Post 

processing was made using SEABIRD software. Data were averaged over 10-sec 

intervals and stored as ASCII files that could be imported into Microsoft Excel. The 

data were then categorised according to mission number and averaged over the time 

each water bag on the Aqua Monitor (AqM) was sampled. When Autosub was rapidly 

diving or surfacing the AqM was sampling whilst passing through sharp concentration 

gradients. An AqM sample obtained during such an ascent or descent would be an 

integrated value and hence not truly representative of the average depth. To identify 

these ascents and descents, the standard deviation (SD) and coefficient of variation 

(CV) were calculated for each parameter and sample. Data were discarded for samples 

where the depth parameter had a CV larger than 15%, since, generally, CV was below 

10% or above 20%. Hence, 15% was determined to be a suitable cut off value. 

All data for the dissolved and particulate trace metal analysis and relevant 

hydrographic parameters (salinity, temperature and dissolved oxygen) are listed in 

Appendix 1. 

In the following discussion, trace metal data (dissolved and particulate Co and 

Mn concentrations) will be considered in combination with the hydrographic data 

(salinity, oxygen and temperature). As mentioned previously (see Section 1.1) the 

water column at the time of sampling is expected to represent a stratified system. Based 

on the hydrographic data (see below), therefore, the water column is divided into 

surface and deep water, respectively. The term surface water will be used to denote 

water above the oxycline. Similarly, deep water will be used to denote water below the 

oxycline. The main oxycline corresponds to the main thermocline and halocline in each 

season. 
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3.2. Hydrographic data 

3.27. Ge/zeraZ oven/fgw 

The oxygen, salinity and temperature data from the November and April sampling 

cruises are presented in Figure 12 and 13. The November profile was obtained by 

plotting the hydrographic data for all CTD station against depth. For April, however, 

due to the large number of data points, the profile represents data averaged over 100 

seconds. Although these profiles do not give information on the hydrographic 

conditions at a specific location in the Loch, this data processing employed provides an 

overall characterisation of the conditions in the surface and deep water, respectively. In 

November the salinity in surface waters ranged from 6.0 to 14.2 (Figure 12), 

progressively increasing with depth to values up to 27.4 in deep waters. The salinity in 

surface waters showed large variations, as expected considering the riverine freshwater 

inputs and the connection to the coastal waters at the lower part of the loch. Similarly 

to the salinity data, the temperature depth profile for November indicated large 

variations in surface samples ( 9 - 1 1 °C) followed by a decrease in temperature with 

depth. Below 20 - 60 m, the water had a relatively stable intermediate temperature 

(12.8 °C). A marked change occurred at 60 metres, below this value the temperature 

decreasing with increased depth to a stable value of 11.9 °C below 90 metres. At 80 m, 

another "step" in the temperature profile was observed. These marked changes were 

also reflected in the oxygen profile. In general, the dissolved oxygen concentration in 

November decreased with depth from an average concentration of 8.6 ml 1% above 10 

metres, to 1.9 ml f ' (30 % saturation^) below 90 m, with two marked changes in oxygen 

concentration at 60 and 80 m, respectively (Figure 12). 

In April, the salinity in surface waters ranged from 18.2 to 20.1 (Figure 13) with 

an average salinity in the top 10 m of the water column of 18.7. This was followed by 

an increase with depth to a stable value of 27.2 below 100 m (Figure 13). The vertical 

temperature profile from April indicated an initial increase with depth (0 to 47 m). At 

47 m depth, the trend was reversed, the temperature decreasing slowly with increasing 

depth. This change, located at approximately 50 m, was also observed in the oxygen 

profile. The dissolved oxygen data decreased throughout the water column from an 

^ The % saturation was calculated using the Weiss equation (for details see Weiss, 1970). Calculations 
were based on averaged data from the surface and deep water, from both seasons, respectively. 
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initial average value of 9.2 in surface waters, to 1.2 ml 1"̂  (19 % saturation) below 90 m, 

with a lower decreasing rate observed below 50 m (Figure 13). 

Deep-water renewal is driven by gravitational forces and caused by overlying 

waters being denser than that in the deeper basins of the loch. The temperature, salinity 

and oxygen data from November strongly indicate stratification in the water column, 

with a warm, less dense surface layer about 10-15 m in thickness. Within this layer, 

estuarine circulation would develop. 
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Figure 12. Oxygen (solid line), temperature (dashed line) and salinity (dotted line) data. 
Loch Etive November 1999. 

The initial "step" observed in the oxygen profile for November at about 10 m (Figure 

12) is therefore an indication of the existence of a primary pycnocline, separating 

outgoing brackish water from the more saline incoming seawater. The sharp changes 

with depth can also be due to variability in oxygen concentrations across the loch at 

these depths. 
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Figure 13. Oxygen (solid line), temperature (dashed line) and salinity (dotted line) data. 
Loch Etive April 2000. 

Below this top layer, the temperature remains relative constant from 20 to 60 m, 

with the presence of a secondary pycnocline at 60 m (this will be denoted the oxycline). 

Due to data processing, assigning the position of the oxycline must be done with 

caution, as the value obtained would be an average value over a large Loch area. 

Despite this, it gives a good indication of the different characteristics of the deep water 

and surface waters. Deep water had a low oxygen concentration, constant high salinity 

and a low but stable temperature. Below 80 m, the higher temperature and salinity 

compared to those in surface waters indicate that little or no vertical mixing between 

these two water masses has recently occurred. The constant temperature and slowly 

increasing salinity between 20 to 60 metres, however, would suggest that the waters in 

Loch Etive at this time of the year cannot be considered only as a simple two-layered 

system. Vertical mixing may take place at the interface between the surface and deep 

layer through the mechanism of turbulence and molecular diffusion. Vertical mixing 

could also be enhanced by the formation of internal waves (Stigebrandt, 1976; 
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Liungman, 2000). This suggests the occurrence at the time of sampling of an 

intermediate, relatively mixed layer about 40 m in thickness (at 20 to 60 m). In addition 

to the sharp change at 60 m (oxycline), the change in the oxygen and temperature 

profiles at 80 m suggests that the water sampled below this depth represents a separate 

layer of deep water. 

Both salinity and temperature profiles in April followed a similar trend to those 

in November, with similar values recorded in deep water. This indicates the presence of 

a warm, less dense surface layer, similarly to the situation observed in November. In 

contrast, the temperature depth profile in April (Figure 13) did not indicate the presence 

of an intermediate layer, but rather the presence of two stratified bodies of water. The 

upper, warmer layer was characterised by increasing temperature with depth. A sharp 

change was observed at 47 m, in parallel with a sharp decrease in the dissolved oxygen 

concentration. It seems, therefore, that during the April sampling cruise the oxycline 

occurred at 47 m. The deep water concentration of dissolved oxygen was lower than 

that recorded by Edwards and Edelsten (1977), who recorded concentrations of 4 ml 1'̂  

in the deep water of Loch Etive in April 1974. The annual phytoplankton bloom, 

occurring at the end of March-beginning of April (Ovemell et al, 1996), would lead to 

increased productivity in the upper water column and an associated flux of organic 

matter downward. The utilisation of dissolved oxygen in the breakdown of this flux of 

organic matter, resulting from this bloom would be consistent with the more reducing 

conditions observed in April, compared to November. This is reflected in the % 

dissolved oxygen saturation, which decreased from 30 to 19 % in April. Interestingly, 

during both November and April the oxygen concentration in the bottom waters was 

low but the water column did not become anoxic. 

3.22. 

A detailed understanding of the seasonal changes in the hydrographic conditions of the 

basin requires a comparison between data from similar water masses. In this section, 

data from two Autosub depth-transects, made in November and April, respectively 

(Mission 212, 3"̂  November 1999 and Mission 227, 6^ April 2000), are compared. 

These two missions were made at similar geographical positions, with M212 covering 

only the deeper part of the water column and M227 covering both surface and deep 

parts. Transects were made along the deepest part of the Loch (approximately from WP 
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5 -27, refer to Figure 7), routes of the two selected Autosub missions being shown in 

Figure 14. Data were processed as described in Section 3.1. 

Oxygen data for these two Autosub missions are plotted against depth in Figure 

15. The limited number of data points for the November mission is due to missing of 

data during recording, residual data presented here corresponding, for each individual 

sample, to the beginning and the end of the Aqua Monitor sampling period. 

The oxygen concentration in November in the top 50 m of the water column 

shows a large variation, values ranging from 6.8 to 7.5 ml 1'̂  (n = 23). These 

concentrations are higher than those obtained from the CTD transects in November. 

This could be the result of the difference in geographical position and hence water 

column structure between the depth transect and the sampling location of the CTD 

samples (refer to Table 2). Compared to the depth transects, the CTD samples were 

located further northeast and consequently closer to the fresh water source. Similarly, 

large variations were observed at 80 m depth. This was followed by a rapid decrease in 

the oxygen concentration below 80 m from an average concentration of 7.2 at 78-80 m 

(n = 9) to 2.1 ml l ' at 81-93 m depth (n = 7). The oxygen concentration below 90 m is 

similar to that observed in Section 3.2.1. (1.9 ml 1'̂  below 90 m). 

Similarly large variation characterises the April data. This confirms the 

previous suggestion, i.e. that a complex stratified system occurs in the upper part of the 

water column. The average oxygen concentration in surface waters (top 10 m) was 9.3 

ml r ' (n = 82), similar to values shown in the previous section. The average oxygen 

concentration in waters below 90 m was 1.4 ml 1"' (n = 202), slightly higher than the 

oxygen concentration shown in the previous section. This difference could reflect 

spatial variations in oxygen concentrations as a result of changes in the input of organic 

matter and variations in bottom topography. It is interesting to note that the oxygen 

concentration in the deep water during each season remains relatively constant, but with 

a distinct decrease occurring between seasons. This confirms the suggestion that at the 

time of sampling, although the upper part of the water column displays varied oxygen 

concentration, there was a deep stagnant layer of water. The small decrease observed in 

deep water between the sampling occasion would be expected if the sediments act as a 

sink for the oxygen. Since from November to April no renewal took place, the oxygen 

concentration of this water mass decreased further between these periods. 
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Figure 14. The geographical sampling positions of M212 (November 1999), open squares, 
and M227 (April 2000), closed squares. Loch Etive. 
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Figure 15. Oxygen data (ml 1"') vs depth (m) for missions M212 (November 1999), dashed 
line, and M227 (April 2000), solid line. Loch Etive. 
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3.3. Dissolved manganese 

GeMgra/overv/gw 

The dissolved manganese (Mn^) data from November (total CTD casts and Autosub 

mission run M212) and April (Autosub mission runs 226-231) are presented in Figures 

16 and 17. The concentration for dissolved Mn observed in November ranged from 

19.4 to 224 nM (Figure 16). In April the recorded concentrations were higher, from 

62.0 to 828 nM (Figure 17). As expected, when compared to open ocean concentrations 

these values were significantly higher (Landing and Bruland, 1980, 1987; Statham et 

al, 1998), but match well with concentrations recorded in low oxygen/anoxic systems 

such as in the Saanich Inlet (intermittently hypoxic) and in the Northwestern Black Sea. 

In the Saanich Inlet, Jacobs and Emerson (1982) recorded dissolved Mn concentrations 

of 100 - 500 nM (above the O2/H2S intedhce). In the Northwestern Black Sea, Tankere 

ef a/, (submitted) measured dissolved Mn concentrations of 1.2-1350 nM. Compared to 

permanently anoxic basins, for example Framvaren, where the dissolved Mn 

concentration has been shown to be in the order of 15 to 20 ^M (Jacobs e/ a/., 1985), 

the concentrations recorded in Loch Etive are lower by two orders of magnitude. 
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Figure 16. Dissolved Mn (nM) vs depth (m) for total CTD casts (November 1999, closed 
squares) and M212 (S"' November 1999, open squares). Loch Etive. 
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Figure 17. Dissolved Mn (nM) vs depth (m) Loch Etive April 2000 (Autosub M226-231). 

J. 3.2 ^w/^acg wafer 

The processes controlhng the dissolved and particulate Mn concentrations in the upper 

part of the water column will be considered separately 6om those of the deeper waters. 

This is because of the stratiGcation occurring within the water column shown by the 

analysis of the hydrographic parameters (see Section 3 .2). 

The general depth trend of the dissolved Mn concentrations (Figure 16 and 17) 

indicates low dissolved Mn concentration in surface waters, values progressively 

increasing with depth. In November, in the upper layer, the average Mn concentration 

was 44.5 nM (n = 20), with a small dissolved Mn enrichment (89.7 nM) followed by a 

decrease towards the oxycline at 60 m. In April, the shallowest samples were obtained 

from Mission 231 were the Autosub followed a route at a constant depth of about 20 m. 

The average dissolved Mn concentration was 79.8 nM (n = 22), similar to surface 

concentrations observed in November. 

Surface enrichment is a characteristic feature of the oceanic distribution of 

dissolved Mn. This enrichment has been related to several factors such as desorption 

&om aerosols, river runoff and diffusion out 6om nearshore reducing sediments 

(Bender e/ a/., 1977; Jones and Murray, 1985, Statham and Chester, 1988). 

Atmospheric inputs are known to influence the concentration of dissolved trace 

metals in coastal waters (e.g. Slinn, 1983). For any atmospheric input to have a 

substantial influence on the dissolved Mn concentration, dissolution of the Mn 

introduced on the particles must take place. Studies on eolian dust show that dissolution 
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processes take place on a time scale of minutes once the particles are mixed with 

seawater (Szekielda, 1978; see also Hodge et al, 1978). Loch Etive receives high 

annual rainfall (ca 200 cm a ' \ Williams et al, 1988) that may result in wet deposition of 

particles and associated trace metals to surface waters. Hall et al. (1996) estimated the 

wet depositional flux of dissolved Mn to upper Loch Linnhe, a nearby Scottish sea loch 

located north of Loch Etive. The wet deposition (66 g a'*) was insignificant compared 

to that of the riverine input of 30000 g a"'. Due to the proximity of the two lochs it is 

reasonable to extend these estimates also to Loch Etive. Atmospheric inputs, therefore, 

do not have a m^or influence on the Mn concentration in Loch Etive. 

In order to evaluate the importance of riverine inputs, the correlation of Mn with 

salinity and sample location was investigated. In November, in the top 10 m of the 

water column, the salinity ranged from 8.0 to 23.8. Dissolved Mn was significantly 

correlated with salinity (Pearson correlation: r = -0.745, P < 0.005; hnear regression: 

= 0.55, Fij] = 13.71, P< 0.005), with increasing values associated to lower salinity. In 

deeper water (below 20 m) the salinity ranged from 25.3 to 27.5, with Mn showing a 

weaker (R^ = 0.31) and opposite correlation with salinity. The Estimated Zero Salinity 

End Member Concentration (EZSEM) of dissolved Mn, extrapolated from linear 

regression of data related to the top 10 m, was 79.5 nM. Data of the dissolved Mn 

concentration in the rivers Awe, Etive, and Kinglass are not available for comparison. 

However, comparing the results with dissolved Mn data from the adjacent Loch Linnhe, 

values are within a similar range (Hall et al, 1996; Statham, pers. comm.). The highest 

surface concentrations of dissolved Mn were observed at station AT07 (89.7 nmol 1% 

depth 1.0 m) and station ATIO (69.0 nmol depth 1.6 m). Station ATIO was located 

on a transect line starting from the river Glen Liver, while AT07 was located further 

northeast on the centre line of the loch. The location of these two sampling stations 

suggests that the surface concentration of dissolved Mn would be influenced by 

freshwater inflow although sampling in closer proximity to the individual river outflows 

would be necessary in order to establish the strengths of these sources. 

Surface enrichments of dissolved Mn can also be produced as a result of 

diffusion of Mn from reducing nearshore sediments (Bender et al, 1977). Since Loch 

Etive is a predominantly reducing system, release from very shallow reducing 

sediments may influence the surface concentrations, but such impact would be expected 

to be localised. 
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3.3.^. wafer 

In November, the concentration of dissolved Mn in the deep water, below the oxycline 

at 60 m, varied from 25.1 at 62 m to a maximum of 224 nM at 80 m, with an average 

concentration of 120 nM (n = 23). In April, the dissolved Mn concentration from water 

sampled below the oxycline (47 m) varied from 111 nM at 47 m to a maximum of 828 

nM at 126 m, with an average concentration of 358 nM (n = 67). Compared to surface 

concentrations, therefore, deep-water concentrations were higher with an eight-fbid 

increase at certain depths. 

In an oxygenated system Mn reduction is not likely to take place, unless there is 

the presence of micro-reducing zones (see the next section). Therefore, mechanisms 

whereby high dissolved Mn concentration in deep waters is expected are (1) sediment 

inputs, and (2) resuspension of particulate matter with particulate Mn being reduced in-

situ in the water column. Several previous studies (e.g. Hunt and Kelly, 1988; Aller, 

1994; Thamdrup, 1994a,b) have verified that reducing sediments may act as a source of 

dissolved trace metals. Due to the hypoxic conditions of the water column the bottom 

sediments in Loch Etive are likely to be reducing. During the decomposition of organic 

matter, therefore, particulate Mn in the sediments would undergo spontaneous reduction 

to form dissolved Mn(II). Once reduced, Mn can cycle internally in the sediments 

(Section 1.3, Figure 5), or be remobilised and returned to the water column by advective 

sediment-water exchange, bioturbation or diffusive processes (Hunt and Kelly, 1988). 

The concentration of pore water Mn(II) in the bottom sediments of Loch Etive has been 

investigated by Ovemell et al. (1996). The authors recorded Mn(II) pore water 

concentrations of 400 pM. These concentrations are higher than those generally 

reported for marine sediments (e.g. Sugai, 1987). In addition, as the concentrations of 

dissolved Mn recorded in this study were 2 orders of magnitude lower, it is suggested 

that the sediment in Loch Etive can act as a source of dissolved Mn(II) to the overlying 

water column. 

The high dissolved Mn(II), moreover, could reflect resuspended particulate Mn 

that is reduced in-situ in the water column (Balls, 1990). In order to test this hypothesis 

it is necessary to consider the variation of total Mn concentration (leachable and 

dissolved) with depth. The variation of total Mn with depth is presented in Figures 18 

and 19; the trend follows the same pattern as observed for dissolved Mn. This leads to 

the suggestion that the sediments are acting as a source of dissolved Mn to the water 

column. Furthermore, the results imply that although the sediments also are acting as a 

51 



Results and discussion 

source of particulate Mn, a fraction of the particulate Mn is in fact re-precipitated Mn 

from the water column. This suggests that deep-water entrapment from a sedimentary 

source is likely to be the controlling mechanism in producing the observed trend in the 

dissolved Mn concentration (see further Section 3.4.3). 

A further point that should be noticed (see Figure 16,17 and also Figure 18 and 

19) is the greater noise in the Autosub data compared to the CTD data. This is due to 

the broader area sampled by the Autosub, inferring spatial variability in the Mn 

concentrations (see further the following section). 
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Figure 18. Total Mn (nM) vs depth (m). Loch Etive Nov 1999 (CTD casts). 
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Figure 19. Total Mn (nM) vs depth (m), Loch Etive April 2000 (Autosub M226-231, AqM 
samples). 
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Comparison of Mn data from AoM samples from November and April 

In order to compare trace metal data &om the same water mass, in the following section 

the results from two depth transects (M212, 3"̂  November 1999 and M227, 6^ April 

2000, see Section 3.2.2) are compared. The dissolved Mn versus depth for M212 and 

M227 are presented in Figure 20. In November (M212), the average dissolved Mn 

concentration varied from 43.7 nM at 50 m (n = 5) to 127 nM at 100 m (n = 12). In 

general, the concentration of dissolved Mn above the oxycline (60 m) was lower 

(average concentration 53.4 nM (n = 9)) than for the samples taken below 60 m 

(average concentration 143 nM (n = 12)). Hence, the trend shown by data from 

November is similar to that previously observed, /.e. increasing dissolved Mn with 

depth. There is, however, a large scatter in the data, especially in deep water, that 

characterised also the April data (M227) where no clear trend was recognised. This 

could reflect both a combination of lack of analytical precision and real differences 

between samples, arising, for example, from variations in the input of organic carbon, 

bottom topography, bioturbation and the presence of micro-reducing zones. 

A reliable estimation of the analytical precision of data is provided by the % 

standard deviation (for details see Table 5, Chapter 2). This value is 10%, showing 

satisfactory analytical precision and placing more importance on real differences for 

justifying the variation among data. 
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Figure 20. Dissolved Mn (nM) vs depth (m) for M212 (S"* November 1999, open squares) 
and M227 (6* April 2000, closed squares), Loch Etive. 

53 



Results and discussion 

The input of organic carbon has an indirect effect upon the oxygen utilisation 

and consequently on the oxygen content of the water column (Aller, 1994; Stumm and 

Morgan, 1996). Hence, the input of organic carbon plays an important role in the 

recycling efficiency of Mn, implying that low input of organic carbon leads to higher 

dissolved oxygen concentrations. In such areas, therefore, a deeper section of the 

bottom sediment would be oxidising and hence retaining Mn(II) in the form of 

particulate Mn(IV). In contrast, where the input of organic carbon is high Mn(IV) 

would be reduced, releasing Mn(II) from the sediments. 

Alternatively, variations in bottom topography could explain the observed 

variability. This factor is closely linked to the above discussed mechanism since it plays 

an important role in controlling the accumulation of organic matter and fine-grained 

sediment to the deepest part of the Loch (Ovemell g/ a/., 1996). Particulate matter 

controls the behaviour of many trace metals in a variety of marine environments (Balls, 

1990; Santschi gf aA, 1990). As such, under reducing conditions, areas vyith high 

amount of fine-grained sediments and accumulated particulate matter act as a source of 

dissolved Mn to the overlying water column. 

The exchange of solutes between sediment and water column is influenced by 

bioturbation, particularly by the burrowing habit of benthic macrofauna (Aller, 1988). 

Several studies show that this results in enhanced oxygen consumption {e.g. Koike and 

Mukai, 1983; Ziebis et aL, 1996) and therefore increases the fluxes of metals across the 

sediment-water interface (Santschi et al, 1990). Such benthic organisms produce 

characteristic bottom surface features. In Loch Fyne, a survey of the bottom conditions 

was performed using a towed sledge carrying a video recorder (Howson and Davies, 

1991). This showed well-developed burrows and mounds. A similar survey in Loch 

Etive would help in order to determine the importance of bioturbation, as well as 

establishing small variations in bottom topography as controlling factors producing the 

observed scatter in the dissolved Mn concentration. 

The presence of micro-reducing zones, i.e. localised zones with reducing 

conditions, is a factor that has been little investigated. Such zones might exist for 

example within marine aggregates and may produce localised reducing conditions in 

oxidising parts of the water column. In order to establish the impact of micro-reducing 

zones further laboratory investigations would be required. 
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3.4. Particulate Mn 

3.4.1. General overview 

The concentration of Mn in suspended particulate matter (SPM) (Mnp) from November 

(total CTD casts) and April (Autosub mission runs 226-231) are presented in Figures 21 

and 22. The concentrations of particulate Mn show a similar trend to the depth profiles 

of dissolved Mn. In November, the particulate Mn concentration ranged from 23.2 to 

3 3 4 n M (9 .76 x 10^ - 2 . 6 3 x lO'* p g g"^) (Figure 21) . I n Apri l , the observed surface 

concentrations were lower, varying from 15.7 nM in surface waters to 428 nM in deep 

waters (1 .17 x 10^ - 7 . 7 0 x lO'̂  ^ig g'^) (Figure 22) . D u r i n g both seasons , the l o w e s t 

concentrations were recorded in surface waters. In addition, similarly to the trend for 

dissolved Mn, large variability was observed in the top 20 m of the water column. The 

concentrat ions o f particulate M n w e r e equivalent to concentrat ions recorded in the 

DrammensQord (Ozturk, 1995) . Ozturk ( 1 9 9 5 ) recorded highest particulate M n 

concentrat ions ranging from 2 4 0 to 1400 n M depending o n the season. C o m p a r i n g the 

recorded va lues in the present study to the particulate M n concentrat ions recorded in 

shale (for total Mn, 850 jig g'\ IM HCl leach (Statham, pers. comm.)), deep water 

concentrations are concentrated in Mn relative to estimates of the Mn in background 

sediments. Between the two seasons, with isolation of deep water, the concentrations of 

Mn increased. Surface water concentrations are in the range of total Mn shale 

concentrations. 
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Figure 21. Particulate M n (nM) vs depth (m) Loch Etive November 1999 (CTD casts). 
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Figure 22. Particulate Mn (nM) vs depth (m) Loch Etive April 2000 (Autosub M226-231, AqM 
samples). 

j .42. wa/er 

In surface water the depth trend o f the particulate M n concentrat ion (Mnp) (Figure 21 

and 2 2 ) is similar to that observed for the d i s so lved M n , l o w surface concentrations 

increasing with depth. In N o v e m b e r , large variation in Mnp w a s observed in the top 10 

m o f the water c o l u m n wi th an average concentration o f 3 9 . 0 n M (n = 13). This w a s 

f o l l o w e d by an increase in the concentration o f Mnp towards t h e oxyc l ine , located at 6 0 

m. In April , the Mnp concentration o f the surface s a m p l e s taken at 2 0 m were 

comparable to those recorded in N o v e m b e r , w i th an average concentration o f 19.7 n M 

(n = 2 2 ) increasing towards the oxyc l ine . 

Particulate M n concentration is in f luenced by a large number o f processes , 

inc luding the introduction o f terrigenous material, s c a v e n g i n g and/or resuspens ion o f 

M n enriched particles, type o f particles constituting the S P M and changes in d i s so lved 

M n concentrations. A m o n g these factors, the input o f r i v e r - b o m e terrestrial material, 

w i th h igh S P M load, is l ike ly to b e an important source particularly to surface waters. 

S P M concentrations versus depths for N o v e m b e r and April are s h o w n in Figure 23. For 

both seasons , a large variation in S P M is observed throughout the water co lumn. W h e n 

the S P M concentrations are compared to the Mnp concentrat ions for sample s in c lose 

vic ini ty to r iver-mouths n o clear trend is observed. Consequent ly , other factors w o u l d 

be sugges ted to dominate in producing the observed concentrat ion trends. 
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The seasonal changes in the concentration Mnp may have been influenced by 

changes in the particles constituting the SPM. The Mnp concentrations in surface 

waters were higher in November compared to April, this trend being also reflected in 

the concentration of SPM. The high Mn concentration observed in autumn could reflect 

the presence of a larger lithogenous component in the SPM followed by scavenging of 

sediment-derived Mn (Tappin et al, 1995). On the other hand, the spring 

phytoplankton bloom would dilute this component, weakening the lithogenous signal. 

H e n c e , the l o w e r Mnp concentrat ions recorded in surface w a t e r s in spring c o u l d indicate 

increas ing organic material constituting the SPM. D a t a on contributions f r o m 

lithogenous and organic material in the SPM are not available and therefore further 

invest igat ion w o u l d be required to assess the e f f e c t o f s c a v e n g i n g o f sed iment -der ived 

Mn. 

In o x y g e n a t e d surface water, d i s so lved M n i s readi ly o x i d i s e d to f o r m 

particulate Mn. The amount of particulate Mn present in the water column, therefore, is 

indirectly i n f l u e n c e d b y the amount of dissolved Mn present. Dissolved Mn assumes 

bio log ica l importance as it is taken up b y spec i e s such as spp. (Lubbers ef 

al, 1990, Schoemann et al, 1998) and, consequently, the occurrence of a spring bloom 

would reduce the overall dissolved Mn concentration in surface waters. Dissolved Mn 

concentrations in surface waters in April were not different to those recorded in 

November (see Section 3.3.2). This comparison, however, was constrained by the lack 

of samples collected above 20 m in April. 

3.4.3. Deep water 

In November, Mnp concentration in deep-water, i.e. below the oxycline at 60 m, showed 

a clear, increasing trend with depth. The concentration varied from 96.3 nM at 62 m to 

334 nM at 101 m, with an average concentration of 204 nM (n = 11). In April, the Mnp 

concentration from water below the oxycline (47 m) varied from 180 nM at 48 m (n = 

5) to a maximum of 428 nM at 126 m, the average being 115 nM (n = 98). 

Compared to the surface (Section 3.4.2), the deep-water concentrations were generally 

one order of magnitude higher. Three plausible mechanisms could explain this result; 

(1) input from terrestrial material, (2) resuspension of Mn-enriched particles, and (3) 

sedimentary source and scavenging of Mn in the water column. 
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The importance o f terrestrial material w a s d i s c u s s e d in Sect ion 3.4.2: this source 

w o u l d b e expec ted to h a v e a minor inf luence o n the M n concentrations trend in d e e p 

water, although it cannot be exc luded that such input c o u l d a f f e c t the scatter in the data. 

In order to invest igate the importance o f r e suspens ion o f Mn-enriched particles 

it i s necessary to cons ider the S P M distribution in relat ion t o that o f the particulate M n 

concentration. If the S P M is the major controll ing factor in producing the observed 

prof i le the trend wi th depth o f S P M should b e similar t o that o f the particulate M n , 

whereas , as s h o w n in Figure 23 , the t w o sets o f data are c l ear ly not related. 
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Figure 23. SPM (mg 1'̂ ) vs depth (m) for all CTD data 2"̂  November 1999 (open squares) 
and collected Autosub data M226-M231, 6-7*^ April 2000 (closed squares), Loch Edve. 

Data o n the concentration o f so l id phase 6 o m s e d i m e n t s in the d e e p basin o f 

L o c h Et ive has b e e n previous ly recorded b y O v e m e l l ef a/. (1996): the extractable 

fract ion o f M n f r o m these sediments w a s about 1% (wt. %). Resul ts & o m this study 

g ive comparable va lues for N o v e m b e r , 1 .6% from s a m p l e s b e l o w 6 0 m (mean 

concentration 1 .57 x lO'̂  p g g ' \ n = 11), but different results for April , 5 . 2 % 6 o m 

sample s b e l o w 9 5 m ( m e a n concentration 5 .22 x 10'̂  n g g ' \ n = 12). S ince in April the 

wt. % obtained in this study is as m u c h as f i v e t i m e s larger compared to the wt. % 

obtained from the extractable f a c t i o n o f M n in the sed iments , the concentrat ion o f 

particulate M n recorded in the d e e p waters cannot b e e x p l a i n e d on ly b y resuspens ion o f 

Mn-enr iched particles. 

The third m e c h a n i s m whereby h igh particulate M n c a n be observed in d e e p 

water is through a sedimentary source o f d i s so lved M n f o l l o w e d b y s c a v e n g i n g o f M n 

in the water co lumn. This m e c h a n i s m w a s d i scussed in S e c t i o n 3 .3 .3 ( s e e a l so Sec t ion 
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1.3): the reducing conditions in the bottom sediments in Loch Etive at the time of 

sampling may cause particulate Mn-oxides to undergo reduction to form the more 

soluble Mn(II). The reduced Mn(II) can be remobilised and returned to the water 

column by advective sediment-water exchange. As the Mn(II) reaches more 

oxygenated waters, some will be spontaneous oxidised to form Mn-oxides. 

Consequently, the release of Mn from the sediments will enrich the bottom water in 

dissolved and particulate Mn that can be entrapped and transported to surface waters by 

d i f f u s i o n processes . 

3.5. Manganese oxidation rates 

D a t a f rom the present study, i.e. t w o s a m p l i n g o c c a s i o n s i n N o v e m b e r and April, do not 

provide a suitable time base for rate calculations. Hence, in order to give an indication 

of the time scale of the Mn-oxidation processes, this section considers results from a 

study by O v e m e l l ef aZ. ( in press). T h e authors m e a s u r e d the concentrations o f 

d i s s o l v e d and particulate M n and d i s s o l v e d o x y g e n a s a f imct ion o f depth at t w o 

stations in the upper basin of Loch Etive, over a 17 months period (including the time 

frame for the present study). By assuming steady state and the return of solid phase 

manganese to the sediment, the authors applied rate constant as calculated by Yeats and 

Strain (1990) and subsequently estimated the rate of oxidation of dissolved Mn(II) in 

Loch Etive. The rate expressions used by Yeats and Strain (based on work by Stumm 

and Morgan, 1970) were; 

-d[Mn^^/dt = k[Mn^^[Mnp][02] (1) 

-d[Mn^+]/dt = k , [Mn^"][02] + k2[Mn^'][Mnp][02] (2 ) 

Both expressions contain an autocatalytic term for the Mn particulate concentration. 

Several studies investigating manganese oxidation {e.g. Emerson et al, 1979; Tebo et 

ah, 1984; Moffett, 1997) have found that the rate of manganese oxidation is too fast to 

be purely accounted for inorganic mechanisms hence inferring that biological catalysis 

must be occurring. The autocatalytic term, therefore, may represent a bacterial 

mediated oxidation process on particle surfaces. The results from the study by Ovemell 

et al. (in press) indicate that these rate expressions also can be applied to Loch Etive 

with a calculated manganese oxidation rate of the order of 2.2 - 5.4 ramoles.m"^.d"\ 
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Using the calculated oxidation rates the authors calculated the removal time (dissolved 

manganese concentration divided by the oxidation rate). This typically decreased from 

approximately 25 days near sill depth to 7 days near the bottom sediments. As seen 

from the hydrographic data both in the present study and by Ovemell et al. (in press), 

the deep water of Loch Etive did not overturn between the sampling occasions, thus 

verifying that the time scale of the overturning process (month-year) is much slower 

than the m a n g a n e s e remova l t i m e (days) . Th i s s u g g e s t s that the overall removal a n d 

product ion o f d i s so lved M n in the water c o l u m n is in a n a lmost steady state. T h i s 

s teady state w o u l d be mainta ined by an increase f l u x o f d i s s o l v e d M n from the s e d i m e n t 

as the o x y g e n concentrat ion decreases produc ing m o r e reduc ing conditions. T h e 

increase o f M n w o u l d in turn result in increas ing M n c o n c e n t r a t i o n in the water c o l u m n , 

thus producing an increase in the overall Mn inventory. 

A l t h o u g h the t i m e series m e a s u r e m e n t s at a s i n g l e s tat ion g ives suitable data for 

rate calculat ions, no in format ion o n the spatial variat ion o f the manganese and o x y g e n 

concentration within the l o c h can be obtained. T h e presen t study presented h i g h 

resolut ion spatial m e a s u r e m e n t s o f the M n concentrat ion a n d it w o u l d consequent ly b e 

expected that similar calculations using this data would show lateral variability, not 

observed using regular sampling techniques. 

3.6 . Dissolved a n d p a r t i c u l a t e C o 

3.6.1. General overview 

The dissolved cobalt (Coa) data from November (total CTD casts) and April (Autosub 

mission runs 226-231) are presented in Figures 24 and 25. In November, the 

concentrations of dissolved Co observed in Loch Etive ranged from 35 to 288 pM 

(Figure 24). In April, concentrations fell within a similar range, varying from 

concentrations below detection limit (22 pM) to a maximum of 246 pM (Figure 25). 

These concentrations are generally higher than those previously recorded in the open 

ocean. In the Northeast Pacific, Martin (1985) recorded Coa concentrations in the range 

of 6 0 - 100 pM, decreasing with depth to less than 50 pM. In the Sargasso sea, Jickells 

and Burton, (1988) reported Coa concentrations 20 - 40 pM in surface waters decreasing 

rapidly with depth to less than 1 5 - 2 0 pM. More recently, Wong et al. (1995) recorded 

similarly low concentration in the western Philippine Sea, with surface values of 95 pM 

decreasing to less than 25 pM below 1000 m. Values recorded in this study are higher 
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than those ment ioned so far but similar to concentrations r e c o r d e d in the Mediterranean 

and the Straight o f Dover . H u y n h - N g o c and Whi tehead ( 1 9 8 6 ) recorded Coa surface 

concentration in the Mediterranean ranging f rom 8 0 to 2 5 0 p M , decreasing to 3 0 - 5 0 

p M in d e e p water; James gf a/. ( 1 9 9 3 ) reported m e a n Cod concentrat ions in the order o f 

2 3 0 pM. 
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Figure 24. Dissolved Co (pM) vs depth (m) Loch Etive, November 1999 (CTD casts). 
Error bars representing ± 6% as based on the precision analysis. 
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Figure 25. Dissolved Co (pM) vs depth (m) Loch Etive, April 2000 (Autosub M226-231, 
AqM samples). Error bars representing ± 6% as based on the precision analysis. 
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J. 6.2 wa/er 

The Cod concentration in surface water displayed large variations during both sampling 

periods. In November, Cod concentrations in the top 5 m varied from 81 to 288 pM, the 

concentration in the top ten metres being 131 pM (n = 12) and decreasing at the 

oxycline to 43 pM (n = 3). Similarly, large variations were observed from the surface 

samples collected in April, the Cod concentration varying from 71 (samples from 19 -20 

m, n = 22) to 246 pM. The Coa concentration decreased towards the oxycline to an 

average o f 7 5 p M (at 4 7 - 4 9 m, n = 11). In Apri l , m o r e o v e r , large variations w e r e 

observed in the Cod concentrations at intermediate depths. Considering the range of 

spatial env ironments sampled , a n d the sat is factory a n a l y t i c a l prec i s ion (% standard 

deviat ion , 6 % for the C o analys is) , these variat ions m a y r e f l e c t spatial variability in the 

concentrat ions o f C o in this L o c h system. T h i s w a s a l s o r e f l e c t e d in the M n data ( s e e 

Sec t ion 3 .3 .3) . P r o c e s s e s that can determine the trend o b s e r v e d in surface water inc lude 

external sources, such as freshwater and atmospheric inputs, biological processes and 

m i x i n g processes . 

L o c h Et ive rece ive s freshwater inputs from t w o m a i n rivers, the River Et ive and 

the River Awe, in addition to large annual rainfall. Although no data of dissolved Co 

for these rivers are available, the variation of dissolved Co concentration with salinity 

shows pronounced, negative correlation (R^ = 0.42 in November and 0.44 in April, 

respectively), with higher dissolved Co concentrations observed for samples with lower 

salinity. This Co-salinity "mirror-image" relationship has previously been described by 

Knauer et al. (1982), which explained higher Cod concentrations in surface waters as a 

result of inputs from continental weathering (see also Kremling and Hydes, 1988). In 

this study, a more detailed investigation into the origin of samples with highest Cod did 

not show any clear trend with vicinity to freshwater inputs. Hence, in order to establish 

the strengths of this source, further studies of the Cod concentrations of the fresh-water 

sources to Loch Etive would be required. 

Surface enrichment in the concentration of Cod has also been linked to 

atmospheric inputs, for example in the Western Philippine Sea (Wong et al, 1995) and 

in the Sargasso Sea (Jickells and Burton, 1988). Loch Etive receives high annual 

rainfall that in turn may lead to the deposition of associated trace metals of natural 

and/or anthropogenic origin. Although the data obtained in this study do not allow 

estimation of the relative importance of these sources, their influencing role in Loch 

Etive cannot be excluded. 
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A s the centra] meta l cofactor in v i tamin B n C o i s a n essent ial micronutrient f o r 

organisms (Carlucci and Cuhel, 1977; Swift, 1981) and thus Cod should be taken up by 

phytoplankton. This nutrient-like behaviour of Co has previously been observed in the 

northeast Pacific (Martin, 1985). Such a removal process in Loch Etive should be 

largest during the spring, i.e. during the annual phytoplankton bloom, resulting in a 

lower Cod concentration in surface waters observed during th i s time. Following uptake, 

regeneration in deep water should occur as a result of the breakdown of organic matter. 

S h a l l o w regeneration o f C o has b e e n sugges ted to take p l a c e in the Phi l ippine S e a 

( W o n g e/ a/ . , 1995) . In this study, Coa concentrat ions w e r e not l o w e r in April than i n 

N o v e m b e r , s u g g e s t i n g that i f the phytoplankton uptake p r o c e s s d o e s occur, the rate o f 

surface inputs may exceed removal. Below the oxycline, the average concentration 

increased slightly between the two seasons, mean values b e i n g 56 pM (n = 8) in 

N o v e m b e r ( b e l o w 6 0 m ) , and 7 8 p M (n = 6 3 ) in April ( b e l o w 4 7 m). S ince these 

concentrations are similar, it is difficult without nutrient data to assess whether or not a 

regeneration process is taking place in deep water. 

A third mechanism whereby decreasing Co concentrations with depth would be 

expected is through the process of mixing. Thus, the observed decreasing concentration 

in dissolved Co may be the result of mixing processes between high Co concentrations 

surface waters and deep water with low Co concentrations. As such, the decreasing 

depth trend is not necessarily explained only by invoking strong biochemical control. 

3.6.3. Deep water 

In November, the concentration of dissolved Co in the deep water below the oxycline 

showed an average concentration of 56 ± 14 pM (n = 8). Despite some variations the 

concentration remained low but stable with depth. In April, the concentration of 

dissolved Co fi'om water samples below the oxycline showed an average concentration 

of 78 ± 20 pM (n = 63). Compared to surface water, the deep water concentration were 

lower, but no important changes in the Co concentration at depth are observed from 

November to April. Concentrations in deep water were similar to those recorded 

previously in open ocean areas (see Section 3.6.1). 

Main interpretations of the trend observed in deep water could be (1) that 

addition rates and removal rates are of equal magnitudes and/or (2) that not truly 

dissolved Co is being measured. 
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Concerning the former interpretation, inputs of dissolved Co in deep water can 

originate from desorption of Co from Mn-oxides, regeneration of Co associated with 

organic matter, plus a possible influence of microreduzing zones. 

Scavenging of Co onto Mn-oxides has been suggested to control the behaviour 

of Cod in the water column of the Baltic Sea (Kremling, 1983). Under oxic conditions 

Co shows a strong adsorption affinity for Mn-oxides (Murray and Brewer, 1975; 

Murray and Dillard, 1979), Cobalt adsorption and oxidation occurring on the surfaces 

o f M n - o x i d e s in the water c o l u m n c o u l d therefore b e a s igni f icant process for Cod 

removal . Cobalt a s s o c i a t e d w i t h M n - o x i d e s w o u l d b e r e l e a s e d under the preva i l ing 

reducing conditions in the sediments, acting as a source of dissolved Co. The 

underlying mechanism of this oxidation process, however, is not clearly understood. 

Earlier studies sugges t that the ox idat ion o f Cod c o u l d o c c u r spontaneous ly through 

surface catalysis (Murray and Di l lard, 1979) . T h e r m o d y n a m i c a l l y , ox idat ion o f Co( [ I ) 

b y M n - o x i d e s is a s p o n t a n e o u s process ( B u m s , 1976) . M o r e recent studies , h o w e v e r , 

have l inked the p r o c e s s to microbia l ox idat ion o f M n ( I I ) , s u g g e s t i n g that M n ( n ) -

ox id i s ing m i c r o o r g a n i s m s c o u l d directly cata lyse the o x i d a t i o n o f Co(II): 2Co^^ + I /2O2 

+ 3H2O ^ 2C0OOH + 4H^. Alternatively, Co(II) oxidation could occur indirectly 

through a coupled redox reaction, whereby attached Co(II) to the surface of Mn-oxides 

would lower the activation energy required for the oxidation process (Lee and Tebo, 

1994). Both mechanisms require a close relationship between Co and Mn. In this 

study, the relationship between these two variables was investigated for both seasons, 

assuming that if Cod is associated with Mn-oxides an inverse relationship between Cod 

and Mnp should occur. In November, a weak correlation (R^ = 0.30) was found for 

samples above the oxycline with higher Mup concentrations associated with lower Cod, 

whereas in April no significant correlation was found. Similarly, in April, no 

correlation was observed when plotting Coa concentration versus Mnp. In November, a 

weak, positive correlation (R^ = 0.36) was observed for samples above the oxycline. A 

more direct test for solid phase removal mechanisms is to consider the correlation, if 

any, between particulate Co and Mn. In November, the particulate Co concentration 

ranged from below detection limit (22 pM) to 274 pM. Data were very scattered and no 

clear trend was observed. In April, the concentrations ranged from below detection limit 

to 80 pM. Similarly to the November data, no trend with depth could be seen. 

Therefore, for both seasons the correlation with particulate Mn was investigated but no 

correlation was observed. The weak correlation between these two variables suggests 
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that the addition processes in the deep water cannot be due only to desorption processes. 

An additional process that is expected to occur in surface water is the uptake of Co as a 

micronutrient. In deep water, Co associated with organic matter is released as the 

organic matter is broken down, resulting in a source of dissolved Co in deep water. 

Another important source of Co in deep water could be through a benthic 

source. However, a comparison of the dissolved Co concentration in deep water 

between the two seasons indicates no significant increase. Thus, if Co is being released 

as a reult of Mn-oxide reduction, either it does not leave the sediments or it is rapidly 

removed onto the Mn-oxides in the water column near to the seafloor. Regarding the 

first suggestion, few studies have in detail investigated the Co fluxes from sediments. 

As such it is diffucult to hypothesise the exact mechanism by which Co may be trapped. 

H e g g i e and L e w i s ( 1 9 8 4 ) studied C o in pore waters o f m a r i n e sediments and found that 

C o m a y precipitate as insoluble Co-su lphides . From resu l t s &om thermodynamic 

equilibrium modelling, however, this appears to be unlikely (Landing and Lewis, 1991). 

An alternative suggestion is through co-precipitation with Fe-sulfides (Lewis and 

Landing, 1992) or, poss ib ly , through any F e - o x i d e p h a s e f o r m i n g in the surface 

sediments. The Co removal onto Mn-oxides near the seafloor implies a correlation 

between the particulate Mn and Co, but, as discussed previously, in the present study no 

correlation was observed. Consequently, in order to further understand these 

mechanisms, a more detailed investigation of the behaviour of Co near the sediment-

water interface in the Loch is required. 

The main removal process of dissolved Co would be expected to be microbial 

oxidation. This process has been suggested to be of importance above the oxic-anoxic 

interface in areas such as the Saanich inlet (intermittently anoxic) and Framvaren (Tebo 

et al, 1984). Recent studies have shown that Co can be oxidised by microbes, 

independently of the presence of Mn-oxide surfaces (Lee and Fisher, 1993; Lee and 

Tebo, 1994). The distinction between microbial oxidation rather than adsorption 

process is of geochemical significance since if the oxidation of Co occurs by a microbial 

pathway it will depend mainly on the abundance and activity of such organisms rather 

than the abundance of Mn-oxides. In the present study no correlation between Co and 

Mn was observed, suggesting that in hypoxic areas the dissolved Co concentration is 

controlled by a mechanism independent from the presence of Mn-oxides. This supports 

the results from the study by Lee and Fisher (1993), who found no increase in the 

formation of particulate Co as a result of increased concentration of particulate Mn. 
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Considering the uncertainties in estimating the above outlined addition and removal 

processes, it is not possible to establish if these are of equal magnitude. 

Concerning the second explanation of the Co trend observed in deep water, in 

the present study it was assumed that the recorded Co was in a truly dissolved form. If 

the dissolved Co was present in a colloidal form or organically complexed, Co would 

neither be biological available, nor available for adsorption onto Mn-oxides. Few 

s tudies have e x a m i n e d the spec ia t ion o f C o in seawater. Z h a n g g/ a/. ( 1 9 9 0 ) determined 

the C o - c o m p l e x i n g capacity for s a m p l e s f r o m the Sche ld t Estuary and the M e n a i Strait 

and found that a h igh ly var iable fract ion ( b e t w e e n 4 6 and 1 0 0 %) o f the total d i s so lved 

C o concentrat ion occurred as organic c o m p l e x e s . C o m p l e x e s o f smal l s ize cou ld pass 

through a 0 . 4 5 ^ m filter and c o n s e q u e n t l y w o u l d b e r e c o r d e d as d i s so lved but w i t h the 

implication that this fraction w o u l d b e present in a biological unavailable form. 

3.7. Manganese and cobalt correlations 

T h e correlation b e t w e e n C o a n d M n w a s d i s c u s s e d in S e c t i o n 3.6. In the present study, 

a comparison between these two elements in deep water did not show any correlation 

and only a slight correlation was observed in the oxic part of the water column for 

dissolved samples from November. Assuming a solid phase removal mechanisms, a 

correlation would be expected between particulate Co and Mn. This was investigated 

(see Section 3.6.3), but no correlation was observed. Since several previous studies 

have concluded that the geochemistry of Co and Mn are closely related (e.g. Lee and 

Tebo, 1994; Moffett and Ho, 1996), it is necessary to consider the reasons for the 

observed decoupling observed in Loch Etive. 

To the author's knowledge this is the first time that detailed data investigating 

this correlation in a hypoxic environment have been reported. Hence, due to the 

relatively few previous studies concerning this topic (none specifically looking at Co 

and Mn in a hypoxic area), the direct comparison is difficult. 

One reason for the similarities observed in the geochemical behaviour of Co and 

Mn could be the result of microbially mediated Co oxidation (Lee and Fisher, 1993). 

Similarly to the present study, these authors observed no increase in the formation of 

particulate Co with increasing particulate Mn concentration, suggesting that the 

formation of particulate Co was directly mediated by microorganisms. Further evidence 

for a direct cobalt oxidation mechanisms was presented by Lee and Tebo (1994). Their 
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study gives evidence of the formation of particulate Co by the marine manganese(II)-

oxidising Bacillus sp. Strain SG-1 in the absence of added dissolved Mn, suggesting a 

decoupling between the two elements. Moreover, Moffett and Ho (1996) observed a 

decoupling between Co and Mn in their study carried out in the Sargasso Sea, due to a 

combination of lower activity of Mn oxidising bacteria and higher biological demand 

for Co. Considering that Loch Etive is a nutrient rich system, and bearing in mind that 

the concentrations recorded in this study are higher than those in oceanic areas, the 

above explanation is unlikely to apply to the present study. Results, however, confirm 

that a correlation between these two elements would be sensitive to environmental 

factors. A biological removal mechanism is strongly dependent on factors such as 

oxygen, temperature and pH. It is therefore assumed that as a result of the hypoxic 

conditions in Loch Etive the relative importance of such direct removal mechanism 

would be altered. Furthermore, since in natural environments the concentration of 

dissolved Mn is orders of magnitude higher than that of dissolved Co, it is likely that if 

microorganims as for example the SG-1 were active in the marine environment, Co(Il) 

oxidation could occur simultaneously via both a direct mechanism and an indirect 

mechanism involving oxidation by Mn-oxides. Further research is required to establish 

whether in hypoxic systems the environmental conditions would enhance the 

importance of a direct oxidation mechanism or diminish its importance in favour of 

indirect oxidation and/or alternative removal mechanisms (See Section 4.1). 

3.8. In-situ measurements 

In the present study an in-situ technique for the measurement of dissolved Mn in 

seawater was developed and tested in collaboration with Dr. D. Connelly and Dr. P. 

Statham. Initial testing was performed using a bench top version of the manifold 

connected to a spectrophotometer (U-2000) (see Section 2.4). Iron interference and 

mixing efficiency were investigated, leading to some modifications from the method 

initially used by Chin et al. (1992) (Section 2.4). A modified in-situ chemical analyser 

was carried on-board the Autosub during the April sampling period. The result from 

mission 225 is presented in Figure 26. Unfortunately, no bagged samples were obtained 

using the Aqua Monitor during this mission. The concentration of dissolved Mn, 

however, ranged from approximately 50 to 700 nM, corresponding well to 

concentrations recorded during subsequent missions from the Aqua Monitor samples. 
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The use of the technique with Autosub thus proved highly successful. In the field, the 

limitation for obtaining trace metal data, remains the difficulties in assuring clean 

sampling and treatment procedures. As such, the further development of the method 

used by Chin et al. (1992) will greatly enhance the number of reliable trace metal data 

that can be obtained and hence will enable a more detailed investigation of the 

behaviour of these elements in the marine environment. 
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F i g u r e 26 . Results from the in-situ chemical Mn-analyser for M 2 2 5 Loch Etive, April 

2000. Data shown are frequency response from the instrument which is inversely 

proportional to the concentration (right hand Y axis). Missing data points are periods when 

internal calibration was carried out. 
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Chapter 4. Conclusions 

4.1 . Dissolved a n d p a r t i c u l a t e M n a n d C o 

Trace metal sampling was performed in Loch Etive by using an Aqua Monitor carried 

on the Autosub, an autonomous underwater vehicle able to carry out unique contour 

hugging and seesaw dive-profiling. Thus, an extensive picture of the dissolved and 

particulate concentrations of Mn and Co in the loch has been obtained. Because of the 

hypoxic conditions in Loch Etive at the time of sampling, data assumes particular 

importance as a s tep for further understanding the b i o g e o c h e m i c a l behav iour o f t h e s e 

elements. 

T h e analys i s o f the hydrographic data at the t i m e o f s a m p l i n g ( N o v e m b e r 1 9 9 9 

and April 2 0 0 0 ) indicates that L o c h Et ive c o u l d not b e c o n s i d e r e d o n l y as a s i m p l e t w o -

layered sys tem. Further ana lys i s sugges t s that the upper part o f the water c o l u m n 

during both s a m p l i n g o c c a s i o n s is a c o m p l e x stratified s y s t e m , w i t h i n w h i c h estuarine 

circulation would develop. Contrary, in deep water, the data gave evidence for the 

presence of a deep stagnant layer of water with decreasing oxygen concentration from 

November 1999 to April 2000. 

Dissolved manganese (Mn^) concentrations were significantly higher than those 

recorded for the open ocean but matched well with concentrations recorded in hypoxic-

anoxic regions such as the Saanich Inlet and the northwestern Black Sea. Although a 

small surface enrichment of dissolved Mn was observed, the general distribution with 

depth indicated low surface concentration values progressively increasing with depth. 

Surface enrichment is a characteristic feature of the oceanic distribution of dissolved 

Mn. In the case of Loch Etive, although atmospheric input could occur, such 

enrichment is probably mainly from riverine inputs. 

Since Mn reduction is not likely to take place in oxygenated seawater, high 

dissolved Mn in deep waters would be expected as a result of in-situ reduction of 

particulate Mn or through a sedimentary source. Comparative analysis between the 

recorded trace metal concentration and the concentration of SPM suggests that a 

sedimentary source is the controlling mechanism. Data on pore water for the bottom 

sediments of Loch Etive (Ovemell et al, 1996) indicate that the concentrations of 

dissolved Mn are about two orders of magnitude higher than the highest water column 
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concentration recorded in the present study. This confirms that the sediments are acting 

as a source of dissolved Mn to the overlying water column. 

The dissolved Mn concentration showed pronounced seasonal variability with 

increasing concentrations from November to April. This would be expected on the 

basis of the hydrographic data, indicating decreasing oxygen conditions between the 

two seasons. The comparatively low Mn concentrations recorded in November were 

characteristic of pre-bloom conditions. In early spring, however, increased biological 

act iv i ty and as soc ia ted o x y g e n uti l isat ion in the b r e a k d o w n o f this organic matter 

p r o d u c e d increasing reduc ing condi t ions that in turn f a v o u r s M n reduction. 

Several prev ious studies reporting the variations o f M n concentrat ions are b a s e d 

o n w i d e l y spaced measurements , h i the present study t h e u n i q u e s a m p l i n g technique 

has a l l o w e d for the co l l ec t ion o f h igh-resolut ion data not p r e v i o u s l y obtained. A s w e l l 

as v e r i f y i n g the genera l ly o b s e r v e d depth trend for d i s s o l v e d M n , the results g i v e 

e v i d e n c e for the presence o f l oca l i s ed variations. M o r e r e s e a r c h is required to better 

understanding the p r o c e s s e s produc ing these var iat ions ( s e e S e c t i o n 4 . 2 ) , poss ib le 

fac tors inc luding inputs o f organic carbon, var ia t ions in b o t t o m topography, 

bioturbation and the presence of micro-reducing zones. 

The concentrations of particulate Mn (Mnp) show a similar trend to the depth 

profiles of dissolved Mn. In surface water the input of river-bome terrestrial material, 

having a high SPM load is likely to be an important source. In oxygenated surface 

water, the oxidation of Mn(II) is a spontaneous process and hence the amount of 

particulate Mn is indirectly influenced by the amount of dissolved Mn. Increased 

biological activity in surface water decreases the concentration of dissolved Mn, this 

having an indirect effect on the concentration of particulate Mn. Compared to the 

surface, the deep-water concentrations of particulate Mn were generally one order of 

magnitude higher. The trend in SPM observed in the present study, in addition to 

previously recorded Mn sediment concentrations (Ovemell et al, 1996) suggest that the 

observed Mn water column concentrations cannot be explained solely by resuspension 

of Mn-enriched particles. Rather, scavenging of dissolved Mn from a sedimentary 

source is suggested to be the major factor for producing the observed trend. 

The seasonal variations of the particulate Mn concentrations were small, 

concentrations slightly decreasing in surface waters from November to April, while an 

opposite trend was observed in deep water. The seasonal variations could be the result 

of a combination of the changes in dissolved Mn concentrations and the type of 
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particles constituting the SPM. The lower Miip concentrations recorded in spring, 

therefore, may be the result of increased organic component of the SPM during this 

time, while in deep water the scavenging of dissolved Mn derived from the sediments is 

the main controlling process. 

Relatively few studies have investigated the biogeochemical behaviour of Co in 

the marine environment, making it difficult to directly compare the results from the 

present study. The dissolved Co (Coa) concentrations in this study were higher than 

t h o s e recorded in the open o c e a n but comparable to t h o s e r e c o r d e d for example in the 

Strait o f D o v e r and in the Mediterranean. T h e h ighes t C o concentra t ions were recorded 

in surface waters, decreasing with depth. Co showed a weak, negative correlation with 

salinity, suggesting that the higher surface concentrations might be due to riverine input. 

D e s p i t e s o m e variations, the concentrat ion o f d i s s o l v e d C o in d e e p water 

r e m a i n e d l o w but stable wi th depth. This scenario is s u g g e s t e d to occur as a result o f 

addition and removal processes being of equal magnitudes. The addition of Co could 

take p lace through a combinat ion o f t w o m a i n p r o c e s s e s : ( 1 ) desorpt ion from M n -

o x i d e s and ( 2 ) regeneration o f C o assoc ia ted wi th o r g a n i c matter. T h e m a i n removal 

mechanism is microbial oxidation. Recent studies (e.g. Lee and Fisher, 1993; Lee and 

Tebo, 1994) have shown evidence for Co oxidation by microbes in the absence of Mn-

oxide surfaces. In the present study, no correlation was observed between Co and Mn, 

hence supporting the view that microbial oxidation may be an important removal 

mechanism for dissolved Co in Loch Etive. 

Further interpretation of these results leads to the conclusion that in low oxygen 

environments, such as the bottom waters of Loch Etive, the biochemical processes 

affect Mn and Co differently, resulting in a geochemical separation of these two 

elements. 

An in-situ chemical analyser (based on the method used by Chin el al, 1992) 

was developed and tested for the determination of dissolved Mn. The initial testing 

shows that this technique successfully can record the dissolved Mn concentration. In 

the field the limitation for obtaining trace metal data remains the difficulties in assuring 

contamination-free sampling procedures. By using an in-situ technique, the 

contamination risk is brought to a minimum. The further development of high 

resolution sampling techniques will, therefore, enable a more detailed understanding of 

the behaviour of redox sensitive trace metals and in the case of Mn and Co an insight 

into the processes controlling their distribution. 
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4.2. Recommendations for further work 

Loch system can be conceptually considered as intermediate between a mesocosm and 

the open coastal environment (Hall et ah, 1999). Consequently, their semi-enclosed 

basins facilitate quantification of input of freshwater and associated trace metals to the 

system. The present study would have benefited from a more detailed investigation of 

the magnitude of these inputs, in particular the trace metal load of the riverine sources to 

the loch. 

Results indicate that the presence of localised features such as benthic activities, 

changes in bottom topography and the presence of microreducing zones are responsible 

for producing the observed scatter in the data. Benthic organisms produce characteristic 

features , v i s ib l e at the surface o f the b o t t o m sediments . V i d e o recording techniques 

have previously proven successful for the identification and estimation of this type of 

b o t t o m act ivi t ies ( H o w s o n and D a v i e s , 1991) . A s imi lar s u r v e y in L o c h Et ive w o u l d 

help in order to determine the importance of bioturbation as well as establishing small 

variat ions in b o t t o m topography as contro l l ing f a c t o r s for variations in the 

concentrations of the trace metal data. 

The presence of microreducing zones is a factor that has been little investigated. 

Such zones could be responsible for producing reducing conditions in otherwise 

oxidising parts of the water column, for example within marine aggregates. Initial 

laboratory studies of environmental samples would be required in order to understand 

their occurrence and impact. 

The results from the present study suggest that the controlling mechanisms of 

the biogeochemical behaviour of Mn and Co are different. Although the behaviour of 

Mn in the marine environment is now well understood, more research into the 

behaviour of Co is required. Factors of particular interest are: (1) speciation and 

complexation of Co in marine waters and (2) microbial Co oxidation. The biological 

availability of Co is determined by its speciation. If Co is organically complexed or in a 

collodial form, it might be measured as dissolved Co, but these fractions may not be 

present in a biological available form, or may not interact with particles and manganese 

oxides in the same way as ionic cobalt. 

Microbially-mediated Co oxidation is still a process that is poorly understood. 

Scope for further work involves establishing its mechanisms as well as the sensitivity to 

environmental factors such as temperature, salinity and oxygen. 
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In the present study, the use of an in-situ technique has proven to offer numerous 

advantages including minimisation of contamination risks and the possibility of 

increased sampling frequency. Further development of in-situ techniques will, 

therefore, facilitate a more detailed investigation of the processes controlling the 

behaviour of trace metals in the marine environment. 
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Appendix 

Table 7 (ref. Figures 12,13 and 15). Hydrographic 
parameters. Data presented in Figure 13 are here 
shown every 5* value. 

November 1999 CTD data (Figure 12) 
Depth (m) Temp (°C) Salinity Oxygen (ml 1") 

107 9.5 800 9.9 
128 104 12 76 9.4 
128 9.6 8.44 9.5 
128 9.2 601 102 
144 9,7 808 9.9 
1.51 9.8 8 71 9.7 
1.64 10 1 846 9.7 
2 10 107 1424 9.0 
8 24 12 1 22 14 7.3 
9 01 12.2 22 36 7.3 
901 120 2179 7.4 
9 11 12.2 22 38 7.3 
922 12.2 22T4 7.4 
9 28 12.5 2175 6.9 
9 36 12.0 2175 7.4 
12 18 12 6 24 15 6.7 
18 17 12.6 25 08 6.4 
18.76 12 7 25 12 6.2 
18L91 12 6 25 14 6.5 
18.94 12 7 25^3 6.4 
19.07 12 6 25 16 6.6 
19.29 12 6 25 10 6.5 
2194 127 25 27 6.0 
22 09 12.6 25 30 6.5 
24^9 12 6 2519 6.6 
33 89 12 7 2 5 M 6.3 
37 89 12 8 25 5.9 
38 11 12 8 25 86 5.6 
38 66 12 7 25 84 6.1 
4L73 12 8 26 01 5.5 
5791 12.8 26 69 4.7 
5799 12.6 2&84 4.3 
58 75 12 5 2691 3.8 
6162 124 26 96 3.6 
7149 12 2 27T1 3.3 
77 39 122 27T7 3.0 
77 81 12 0 27.29 2.5 
8149 119 2737 2.2 
82.53 119 27 39 2.2 
86 71 12 0 2738 2.2 
9137 119 27.43 2.0 
94 11 119 2744 1.9 
10141 119 27.45 1.9 
104.17 119 2746 1.9 
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Appendix 

April 2000 Hydrographic data (cont.) 

Depth (m) Temp CC) Salinity Oxygen (ml l ') Depth (m) Temp (°C) Salinity Oxygen (ml 1" 

0 30 7.8 18 21 9.4 48 36 12 5 25 96 4.1 

0 36 7.6 19.65 9.2 4842 1 2 5 25 95 4.2 

0.44 7,7 19 13 9.3 48 97 12 5 2608 4.0 

0 58 7.9 18 18 9.4 53 85 12.5 2642 3.6 

0 65 8.0 18 59 9.1 56 74 125 26 51 3,4 

0 73 7.7 18 52 9.3 59.29 1 2 4 2669 3.0 

0 83 7.9 19 16 8.9 6100 1 2 4 26 65 3.0 

108 7.7 17.82 9.4 6278 1 2 4 2&67 3.1 

2 66 7.7 18 28 9.2 64.44 1 2 4 26 78 2 8 

8.44 7.6 18 77 8.7 66 05 1 2 3 26 89 2.4 

12.01 7.8 20 39 8.7 6704 123 2688 2.5 

16 57 8.1 20.77 8.3 67 30 12 3 26 86 2 6 

18 45 8.4 2183 8.0 6739 123 26 87 2.5 

18.54 8.2 2175 8.4 6748 123 26 86 2 6 

18.59 8.3 2180 8.2 67 56 12 3 26 85 2 6 

18.62 8.4 2188 8.0 67 63 1 2 3 26 88 2.6 

18.64 8.3 2189 8.2 67 68 123 26 90 2 5 

18 67 8.2 21.82 8.4 67 71 123 26 90 2 5 

18 69 8.1 2179 8.5 67 76 123 26 89 2.6 

18.70 8.0 2181 8.6 67 92 123 26 88 2.6 

18.72 8.0 2197 8.7 69 04 123 2&90 2 5 

18 75 8.1 2175 8.5 70 63 1 2 3 26 95 2.4 

18 80 8.3 2L75 8.2 7232 123 26 98 2 3 

18 88 8.5 2183 8.1 73T0 1 2 2 2708 1.9 

19 54 8.5 2144 7.9 74 11 12.2 2706 1.9 

20 76 8.6 21.24 7.8 75 06 12 2 27 05 1.9 

22 41 8.5 2139 7.9 76 51 1 2 2 27 10 1.9 

23 95 8.6 2149 7.7 7&85 1 2 2 27 10 1.9 

2665 8.9 2210 7.4 7&97 12.2 2708 1.9 

2&00 10 0 2281 5.9 7708 1 2 2 27 08 1.9 

3138 9.3 23 06 7.1 77.17 12.2 2706 2.0 

3641 10 8 2427 5.6 7722 12.2 27.07 2 0 

40.57 12 1 25 10 4.3 7730 1 2 2 27.07 2.0 

45 19 125 25 79 4.1 7736 1 2 2 27.05 2.1 

47 55 12 5 25 93 4.2 77 40 12.2 27 07 1.9 

47 67 12 5 25 89 4.3 7744 12.2 27 05 2 0 

47 76 125 25 93 4.1 7748 12.2 27.08 1.9 

47 81 12 5 25 96 4.1 77 55 1 2 2 27 09 1.9 

47 85 125 25.97 4.0 77 67 12.2 2703 2.0 

47 88 125 25 91 4.1 78 28 123 26 93 2.4 

47 91 125 25 93 4.1 85 53 121 2718 1.5 

47 94 125 25^1 4.1 8949 12 1 2716 1.6 

47 97 125 25 92 4.1 90 60 12 1 2717 1.6 

48 00 125 25 93 4.0 9257 121 2719 1.4 

48 04 125 25 88 4.1 9404 12 1 2719 1.4 

48 04 125 25 88 4.1 96 47 12 1 2721 1.3 

48 11 125 25 92 4.0 96 80 121 2721 1.3 

48 13 125 25 90 4.0 97 01 12J 2721 1.4 

48 14 12 5 25 98 3.9 97 17 12 1 2720 1.4 

48 16 125 25 93 3.9 105 17 12 1 2722 1.2 

48 18 125 25 96 3.9 110 95 121 2723 1.2 

4820 12 5 25 93 4.1 11284 12.1 2723 1.2 

48 24 12.5 25 91 4,1 12162 12 1 2723 1.2 

4827 125 25 94 4.1 133 56 12 1 2724 1.1 

48 31 125 25 92 4.1 
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Nov. M212 (Figure 15) April M227 (Figure 15) April M227 (cont.) 

Depth Oxygen Depth Oxygen Depth Oxygen 

(m) (m) (mil ' ) (m) (ml r') 
38 10 7.3 093 9.6 7740 1.9 

38 52 7.5 102 9.6 7742 1.9 

38 88 7.4 1.04 9.4 77.43 1.9 

44 31 7.5 1.06 9.4 77 44 2.0 

48.47 7.4 1.09 9.3 77.45 2.1 

48 62 6.8 1.11 9.0 7746 1.9 

49 0W 6.8 115 9.1 77 47 1.9 

49 17 7.5 4 10 8.9 7748 1.9 

49 20 7.5 12 64 8.8 77.50 1.8 

49 29 7.4 23J7 7.6 77 52 2.0 

4&69 7.5 3700 5.0 77.54 1.9 

49 70 7.4 4745 3.8 77 55 1.9 

49 73 7.5 54.67 3.2 77.57 1.9 

4975 6.8 56 90 3.1 77 59 1.9 

49 75 6.8 59 11 2.8 7%63 1.8 

49J7 6.8 59 59 2.7 7769 1.9 

49 78 7.5 6111 2.9 77 83 2.3 

49 78 7.3 63 84 2.7 78 93 2.4 

4^78 7.3 66 41 2.4 8&72 1.5 

49.80 7.5 6&61 2.3 9154 1.4 

49 83 6.8 69 76 2.2 93 96 1.4 

49 84 7.4 7172 2.1 95 62 1.4 

49 84 6.8 72 74 1.7 96.23 1.4 

52.58 7.4 73.03 1.7 96 59 1.3 

58 09 7.3 73.43 1.7 96 66 1.4 

74 71 7.4 73 93 1.8 9671 1.3 

76 57 7.4 7421 1.7 9676 1.4 

77.87 7.4 74 51 1.6 9680 1.3 

77 91 7.4 74.75 1.6 9684 1.3 

78 56 7.3 75 13 1.6 9688 1.3 

7&75 7.3 76.03 1.8 9692 1.4 

79^21 7.1 7683 2.0 9698 1.4 

79 64 7.2 77.01 2.2 97 02 1.4 

79 66 7.1 7 7 M 2.1 9704 1.4 

79.69 6.9 7709 2.0 97 07 1.4 

79J2 7.2 77 12 1.9 9709 1.4 

87 09 2.5 77 15 2.1 97 12 1.4 

90 91 2.1 77 19 2.0 9720 1.4 

90 91 2.1 77.20 2.0 97 33 1,4 

9106 2.1 7721 2.0 
9139 2.1 77 23 2.0 
93 31 2,1 7725 2.1 
94 02 2.1 7727 1.9 
94 33 2.1 77 29 1.9 

94.52 2.5 7T32 2.0 
99 70 2.2 77J5 2.0 
99 77 2.2 7736 2.0 
9977 2.2 7739 2.0 
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Table 8 (ref. Figures 16 and 17). Dissolved Mn data. 

Nov. 1999 (Fifflire 16) April 2000 (Figure 17) April 2000 (cont.) April 2000 (cont.) 

Depth (m) Mn (nM) 
11 897 
1 3 4&4 
L3 415 
1 4 6 8 9 
1 5 43 2 
1.6 69.0 
2 1 544 
&2 2 9 7 
&0 38 3 
9 0 29 1 
6 2 393 
6 3 39 5 
6 4 23 2 

122 40 7 
182 4%2 
18 8 4 2 4 
18 9 27 0 
18 9 47 5 
19 1 27 7 
19 3 43 6 
22 1 42 6 
24 1 3&2 
33 9 35 9 
3%9 2L8 
38 1 52 4 
38 7 3&9 
4L7 2 0 9 
5 7 9 4&9 
58.0 23.4 
58 7 194 
616 Z&l 
73 5 4L0 
7 7 4 8^8 
7 7 8 5&8 
815 6L5 
82 5 6^8 
8 6 7 ISWO 
9 1 4 6&3 
941 liM^ 
10L4 1060 
1&L2 18^6 

Depth (m) Mn (nM) 
19 4 62 0 
194 667 
19 5 68 9 
19.5 64.9 
19 5 68J 
19 5 89 4 
19 5 70 3 
19^ 70 7 
19 5 65 5 
19 5 78 6 
19 5 80 6 
19 5 83 3 
19 5 71 6 
19^ 79 7 
19 6 125 9 
19 6 115 7 
19 7 66 1 
19 9 69 8 
2^2 90 9 
20J 86 7 
20 3 68 4 
20 4 112 7 
2L0 114 8 
22 0 83 2 
2 2 4 85 9 
25 6 62 8 
25 7 116 1 
27 7 9 7 2 
29 6 417 6 
4 7 4 Ml 3 
4 7 8 142 7 
47 9 148 7 
48 4 98 8 
48 5 %W8 
48 7 149 7 
4 8 7 1<M7 
48 9 159 5 
4 8 9 1(%0 
49 0 118 2 
49 1 17&5 
4&2 17L3 

Depth (m) Mn (nM) 
5 2 7 18^2 
58 0 385 7 
6 2 ^ 205 1 
66 1 122 2 
68 0 37^7 
68.6 222.2 
69 0 2 8 ^ 6 
6 ^ 4 15&9 
70 9 4 1 5 ^ 
73 3 528 5 
73 7 37&9 
74 8 433 1 
76 3 19&0 
76 4 220 5 
7 7 2 26L7 
77 2 390 9 
77 3 32L2 
7 7 3 4 8 1 5 
77J 273 7 
77J 373 1 
7 7 3 38&1 
7 7 4 386 6 
77 4 410 6 
7 7 4 5 4 3 J 
77 4 492 
77 5 45L7 
77 5 38&2 
77 5 437 
77 9 418 
7 7 9 5 8 0 4 
78 7 2 5 ^ 7 
78 8 4 5 7 8 
78 9 485 7 
80^ 496 5 
8L5 4 0 5 ^ 
83 4 41&2 
8 7 9 519 5 
90 1 422 3 
92.6 544 
92 6 449 
93 8 318 6 

Depth (m) Mn (nM) 
93 9 4&L4 
M.7 529 8 
9&5 380 3 
96.7 408.4 
96 8 445 
9 6 9 346 9 
97 1 369 3 
1073 3589 
110 5 546 
110 9 4413 
11L3 51^8 
116 6 479 8 
121 8 56L1 
126 3 8278 
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Table 9 (ref. Figures 18 and 19). Total Mn. 

Nov. 1999 (Figure 18) April 2000 (Figure 19) April 2000 (cont.) April 2000 (cont.) 

Depth (tn) Mn (nM) Depth (m) Mn (nM) Depth (m) Mn (nM) Depth (m) Mn (nM) 

1.1 112 9 194 83 3 48 9 27&3 763 283 0 

1.3 757 194 849 49 0 176 5 764 328 7 

1.3 83 8 195 909 49 0 2 3 1 4 772 338 4 

1.4 1014 195 868 49 1 199 5 772 5353 

1.5 775 195 913 49 1 2 3 1 0 773 423 1 

1.6 123 3 195 110 5 49 1 205 1 773 568 5 

2.1 917 195 87 5 4 9 2 205 8 773 384 0 

8.2 810 195 95 4 4 9 2 243 5 773 508 0 

9.0 76 1 19 5 873 4^2 329 0 773 5614 

9.0 7Z8 19 5 1115 49J 2 5 5 ^ 774 47L4 

9.2 7 4 4 1&5 1093 493 34L3 774 555 7 

9.3 83 4 195 105 1 4 9 4 4 1 7 3 774 70L0 

9.4 65 9 1&5 98 1 4&4 309 4 774 67&7 

1Z2 912 196 107 2 4&4 388 3 775 65&5 

182 107 0 196 1619 49.8 147.2 775 455 7 

18 8 7&7 196 146 5 508 17Z5 775 608 1 

189 76 5 197 972 517 232 3 779 509 8 

189 99.7 199 103 6 6 2 0 2 4 9 ^ 779 7944 

19 1 68 7 202 122 0 66.1 1&4 0 78 7 3411 

19 3 95 6 2&3 119 4 663 518 7 788 5466 

22 1 1049 203 1044 670 579^ 789 6571 

24 1 896 2 0 4 128 3 675 517.0 808 590 6 

33 9 82 8 2L0 1511 677 562.9 815 5825 

379 760 220 1244 680 569 3 814 493 8 

3&1 1016 224 115 4 68 3 26L9 879 78&0 

38 7 79 1 2^6 986 685 2 9 9 ^ 90.1 585 8 

4L7 705 25 7 160 2 686 260 3 926 7911 

579 131.0 277 143 3 686 4 0 5 3 926 800 8 

580 116 8 29.6 693 7 6 8 9 250.0 93 8 415 3 

58 7 98 5 4 7 4 156 5 6&9 260.5 93 9 608 3 

616 1214 478 2119 6 9 0 338 7 947 8372 

715 158 9 479 195 4 6 9 0 330 1 96.5 703 9 

774 217 1 484 206 6 69 1 312 5 967 8317 

778 176 0 4&4 148 7 6 9 2 298 4 968 749.2 

815 245 9 4&4 140.0 6 9 2 329 6 969 581.6 

825 3518 4&5 273 1 6&2 332.6 971 5743 

867 459 5 48 5 1915 6&2 440 1 1073 5472 

914 3113 487 140 5 693 405.4 110 5 728 1 

94.1 408 0 4&7 ] 9 1 ] 694 1974 1109 623 2 

1014 440 3 4&9 2310 709 480 7 1113 8875 

104 2 387 4 4 8 9 134 3 73 3 604 7 116 6 6810 

48 9 205 2 748 562 9 73 7 5 5 1 9 1218 8214 48 9 
126 3 1255 7 
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Table 10 (ref. Figure 20). Dissolved Mn (nM) 
for M212 (November) and M227 (April). 

November M212 April M227 
Depth (m) Mn (nM) Depth (m) Mn (nM) 

43 7 882 296 417 6 
43 9 509 580 385 7 
4^6 65 7 680 379 7 
47 1 576 7&9 415 8 
495 53 4 73J 528 5 
49 5 32 5 731 370 9 
4&5 45 4 748 433 1 
4&7 383 TT2 2617 
498 490 7%2 390 9 
6&4 98 9 7T3 3212 
777 99.6 773 482.5 
7&2 165 2 773 2731 
788 170/4 773 389 1 
7&5 223 8 774 4106 
797 220 7 774 543 7 
890 172 7 7T4 492 0 
924 80 8 775 4517 
925 155 5 775 380 2 
928 83 0 775 437 0 
97 1 118 3 815 405.2 
99J 12%2 926 544 0 

965 3803 
967 408 4 
96.8 485 0 
969 346 9 
97 1 369 3 
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Table 11 (ref. Figures 21 and 22). Particulate Mn 
(nM). 

Nov. 1999 (Figure 21) April 2000 (Figure 22) April 2000 (cont.) April 2000 (cont.) 

Depth (m) Mn (nM) Depth (m) Mn(nM) Depth (m) Mn (nM) Depth (m) Mn (nM) 

1.1 23 2 194 213 4&9 45.7 6&2 528 

1.3 293 194 182 4 8 9 110 3 6&2 403 

1.3 413 195 2 1 9 4&0 46.8 6&3 36 7 

1.4 325 1&5 2 1 9 4 9 0 113 3 694 40.5 

1.5 343 195 23 2 4&1 5 2 0 7&9 64.8 

1.6 54 3 195 211 491 5 1 5 713 7&2 

2.1 373 195 172 4&1 3 0 9 717 1810 

8.2 5L3 19 5 247 49^ 3 4 4 748 129 8 

9.0 378 195 2L7 4^2 44.0 7&3 910 

9.0 43 7 195 32.9 4 9 2 6 1 5 764 108 2 

9.2 35 1 195 2&7 49J 48 5 772 767 

9.3 43 9 195 2 1 8 493 50 8 772 1444 

9.4 42 7 195 26 5 4 9 4 4 6 9 773 1019 

122 5&5 196 275 494 59 7 773 860 

182 598 196 3 6 0 4^4 5 1 5 773 1103 

18 8 373 196 3 0 9 489 45 7 773 1348 

189 49 5 197 311 48 9 110 3 773 1723 

189 52 2 199 33 8 4 9 0 46 8 774 848 

19 1 4 1 0 202 311 4 9 0 113 3 774 1451 

193 52 0 203 327 491 5 2 0 774 1572 

221 623 203 36.0 491 515 774 17&7 

24 1 514 2&4 15.7 491 3 0 9 775 20&8 

33 9 46.9 2L0 36 3 4 9 2 3 4 4 775 75 5 

3%9 542 220 4 1 2 4 9 2 4 4 0 775 1711 

381 5L2 224 2&5 4 9 2 6 1 5 779 918 

3&7 48 2 256 35 8 493 48 5 779 214.0 

4L7 496 25J 44.1 49 3 5 0 8 787 85 4 

579 84 1 277 461 4&4 4 6 9 788 88 9 

580 93 4 296 2761 49.4 5&7 789 1714 

5&7 791 4 7 4 45^ 4 9 4 5 1 5 808 941 

6L6 96 3 478 6 9 2 4&8 4 0 0 815 1773 

715 1179 4 7 9 4 6 6 508 30 3 814 77.5 

774 1313 4 8 4 396 527 4 7 1 879 26&5 

778 1172 484 4 9 9 6 2 0 4 4 7 901 1615 

815 184.4 4 8 4 4 1 7 66.1 6 1 8 926 2471 

825 286 0 4&5 43 3 663 116 3 926 3519 

867 27&5 485 423 6 7 0 391 918 967 

914 243 0 4&7 291 675 83 5 919 1519 

94 1 240 7 48 7 4 1 4 677 6 9 2 947 3073 

1014 334 3 489 59 5 6 8 0 7 0 6 965 3216 

104^ 206 8 489 39 0 683 5 2 9 967 4213 
68 5 75 0 96.8 2642 
6&6 3 8 0 969 2347 
686 1373 971 20^0 
6 8 9 801 107.3 188 3 
6 8 9 8 7 9 110 5 1821 
6 9 0 9 9 6 110.9 180 9 
6 9 0 4 6 4 1113 3718 

691 6 9 9 116.6 2031 
6 9 2 5 0 4 1218 2623 

6 9 2 4 7 2 12&3 4279 
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Table 12 (ref. Figure 23). SPM data (mg F ). 

November 1999 April 2000 April 2000 (cont.) April 2000 (cont.) 

Depth (m) SPM Depth (m) SPM Depth (m) SPM Depth (m) SPM Depth (m) 
(mg l ' ) (mg r ' ) (mg r ' ) (mg r ' ) 

1.1 1.25 19.4 0.35 49.0 0.33 76.3 0.24 

1.3 1.02 19.4 0.32 49.1 0.38 76.4 0.29 

1.3 0.82 19.5 0.34 49.1 0.12 77.2 0.14 

1.3 1.11 19.5 0.31 49.1 0.12 77.2 0.33 

1.4 0.52 19.5 0.29 49.2 0.38 77.3 0.15 

1.5 1.11 19.5 0.38 49.2 0.50 77.3 0.02 

1.6 1.61 19.5 0.29 49.2 0.31 77.3 0.20 

2.1 0.84 19.5 0.35 49.3 0.25 77.3 0.31 

g.2 0.92 19.5 0.29 49.3 0.30 77.3 0.26 

9.0 1.51 19.5 0.27 49.4 0.28 77.4 0.27 

9.0 0.77 19.5 0.27 49.4 0.29 77.4 0.32 

9.1 0.71 19.5 0.29 49.4 0.25 77.4 0.19 

9.2 0.63 19.5 0.28 49.8 0.37 77.4 0.30 

9.3 0.57 19.6 0.17 50.8 0.35 77.5 0.19 

9.4 0.80 19.6 0.27 52.7 0.26 77.5 0.27 

12.2 0.68 19.6 0.29 58.0 0.34 77.5 0.24 

18.2 0.72 19.7 0.30 62.0 0.40 77.9 0.34 

18.8 1.88 19.9 0.35 66.1 0.21 77.9 0.29 

18.9 0.61 20.2 0.18 66.3 0.60 78.7 0.35 

18.9 1.00 20.3 0.25 67.0 0.19 78.8 0.31 

19.1 0.45 20.3 0.22 67.5 0.28 78.9 0.25 

19.3 0.74 20.4 0.74 67.7 0.17 80.8 0.33 

21.9 0.63 21.0 0.20 68.0 0.18 81.5 0.30 

22.1 0.91 22.0 0.29 68.0 0.38 83.4 0.18 

24.1 0.82 22.4 0.21 68.3 0.17 87.9 0.25 

33.9 0.93 25.6 0.26 68.5 0.30 90.1 0.21 

37.9 0.81 25.7 0.34 68.6 0.21 92.6 0.29 

38.1 0.58 27.7 0.28 68.6 0.74 92.6 0.31 

38.7 0.53 29.6 0.36 68.9 0.25 93.8 0.20 

41.7 0.50 47.4 0.26 68.9 0.48 93.9 0.30 

57.9 0.84 47.8 0.29 69.0 0.23 94.7 0.30 

58.0 1.48 47.9 0.18 69.0 0.23 96.5 0.27 

58.7 0.75 48.4 0.24 69.1 0.21 96.7 0.41 

61.6 0.61 48.4 0.21 69.2 0.23 96.8 0.26 

73.5 0.82 48.4 0.31 69.2 0.30 96.9 0.18 

77.4 0.77 48.5 0.32 69.2 0.23 97.1 0.25 

77.8 0.94 48.5 0.37 69.2 0.36 107.3 0.21 

81.5 0.60 48.7 0.17 69.3 0.29 110.5 0.80 

82.5 0.63 48.7 0.32 69.4 0.24 110.9 0.32 

86.7 0.66 48.9 0.49 70.9 0.27 111.3 0.27 

91.4 0.77 48.9 0.22 73.3 0.23 116.6 0.23 

94.1 1.18 48.9 0.46 73.7 0.41 121.8 0.30 

101.4 0.92 48.9 0.47 74.8 0.39 126.3 0.35 

104.2 0.43 49.0 0.21 
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Table 13 (ref. Figures 24 and 25). Dissolved Co (pM), 

Nov. 1999 (Figure 24) April 2000 (Figure 25) April 2000 (cont,) April 2000 (cont.) 

Depth (m) Co (pM) Depth (m) Co (pM) Depth (m) Co (pM) Depth (m) Co (pM) 

1.1 288 3 194 116 1 48 5 99 1 779 529 

1.3 100 5 194 122 6 48 7 23 6 7&7 13.2 

1.3 2326 19 5 1142 4&7 23 6 788 40.6 

1.4 196 0 195 122 7 4 8 9 142 8 7&9 63 4 

1.5 807 195 1249 48.9 63 6 808 822 

2.1 926 195 105 8 4 9 0 2 1 4 815 69 

8.2 1215 195 7&9 492 136 9 83 4 36 8 

9.0 63 6 195 105 6 527 102.7 879 2&7 

9.0 12&7 195 7^8 580 12^ 90 1 509 

9.2 104 6 1&5 184 3 620 2 7 0 92.6 543 

9.3 3&5 195 179 5 6&0 1044 926 602 

9.4 124.7 195 246 1 6&6 174 93 8 64.5 

12^ 6 1 9 195 114 0 690 905 93 9 44.9 

182 75^ 196 1245 6&4 44 4 94 7 34 7 

18 8 86 6 196 196 3 7^9 4 9 6 965 417 

18 9 133.4 196 179 0 73 3 55 8 967 516 

19 1 142 2 197 109 8 717 32.3 96.8 607 

2 1 9 202 9 199 22L5 748 23 3 969 414 

22 1 59 0 2&2 20&7 764 3.7 971 38 2 

33 9 1275 2&3 133^ 772 6 6 0 107.3 579 

3 7 9 110 6 203 714 773 6 7 6 11(X5 1172 

38 7 84 7 2 0 4 129 2 773 79 1 110.9 317 

417 7L2 2L0 197 1 773 106 111.3 571 

5&0 37^ 22.0 82 7 773 63 7 116.6 229 

58 7 4L7 224 185 2 773 64.5 121.8 525 

61.6 50 8 25^ 78 0 774 9 7 3 126 3 875 

73 5 34 8 2 5 J 93 4 774 70 5 

7%8 88 8 2 7 7 86 8 774 29 5 
815 49 3 2&6 4 7 4 774 44.4 

825 7 1 2 4 7 4 7L2 775 4 0 5 
914 48 7 4 7 8 94.7 775 5 0 9 

1014 38 9 4 7 9 99.1 775 29 5 
104^ 63 8 4 8 4 44.3 779 88 9 
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Table 14 (ref. Section 3.6). Particulate Co 

Nov. 1999 April 2000 April 2000 (cont.) April 2000 (cont.) 

Depth (m) Co (pM) 
1.1 274.1 
1 3 87 0 
14 117 5 
15 213 
2 1 105 5 
8 2 34 8 
9 0 57J 
9 2 798 
93 56 6 
9 4 33 6 
1Z2 87 7 
18 2 78 9 
18 8 45 4 
18 9 75 1 
191 7 7 
221 49 2 
33 9 62 1 
37 9 374 
3&7 86 2 
41 7 27^ 
5&0 17&2 
58 7 43 6 
6L6 52 0 
TT5 46 1 
7T8 l&l 
81 5 55 8 
82 5 7 5 j 
91 4 53 8 

1014 18 5 
104.2 5.4 

Depth (m) Co (pM) 
194 273 
194 22 8 
19 5 802 
19 5 30 0 
19 5 38 2 
19 5 71 5 
19 5 35^ 
19 5 23 9 
19^ 2 h l 
19 5 14 5 
19 5 14 8 
19 5 142 
19 5 14 7 
19 6 26 3 
19 6 17 9 
19 6 13 2 
19 7 38 8 
19 9 17 7 
2&2 26 1 
20 3 19 6 
20 3 37 6 
20.4 44.8 
2 1 0 15 8 
22 0 37^ 
22 4 404 
25.6 42.0 
25 7 3&6 
27 7 4 0 2 
29 6 49 1 
4 7 4 373 
47 8 26 0 
4 7 9 19 9 
48 4 14 6 
48 4 24 6 
48 4 21 6 
48 5 12 8 
48 5 13 4 
48J 7 9 
48 7 5 5 
48 9 27 3 
48 9 14 1 

Depth (m) Co (pM) 
48 9 45 3 
48.9 19.6 
490 20 1 
49.0 18.9 
49 1 5 1 9 
461 2 1 9 
462 49 3 
492 27 1 
462 2 9 2 
463 2L4 
49.3 19.9 
49.4 16.3 
464 2&2 
4 9 4 17 6 
4^8 27 9 
50.8 13.0 
52.7 51.6 
5&0 2 5 4 
62.0 15.5 
66.3 22.0 
670 8.0 
67.5 16.4 
67.7 12.2 
68.0 19.4 
68.0 13.8 
68 3 18 6 
68 5 17 1 
68.6 14.2 
68.6 12.2 
68.9 19.4 
68.9 18.4 
69.0 22.8 
69.0 14.7 
69 1 18 3 
69.2 13.8 
69 2 21 5 
69 2 17 1 
69.2 16.6 
693 16 4 
69.4 14.8 
70.9 40.2 

Depth (m) Co (pM) 
73 3 142 
73 7 21 3 
74 8 23 5 
764 13 9 
77 2 2L6 
772 31 2 
77 3 1L4 
773 2^8 
773 304 
774 23^ 
774 32 9 
774 20 8 
77 4 28 8 
775 38 6 
7 7 5 23 7 
775 274 
779 52 6 
78 7 21 3 
78 8 373 
78 9 18 1 
80 8 39 8 
81 5 34 6 
83 4 32 6 
879 3Z1 
9&1 3 0 
92 6 31 7 
92 6 38 5 
93.9 32.6 
94.7 33.2 
96.5 39.6 
96.7 49.2 
968 38 0 
9 6 9 29 7 
97.1 26.7 
107.3 1.6 
11&5 205 
n i 3 2#6 
116.6 1.5 
12L8 1 6 
126 3 15 5 

97 


