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ABSTRACT 

Srfjorden is an elongate (37 km long), deep (400 m) 

and well ventilated tributary fjord of Hardangerfjorden on the 

mouth-west coast of Norway. Metallurgical and chemical industries 

at its head discharge various effluents which cause pollution of the 

waters and the sediments of the fjord. 

Information on salinity, temperature, dissolved oxygen, 

phosphate and silicate have been used to establish a four-layer water 

flow. The upper, water circulation is promoted by river runoff; 

water movements at greater depths are controlled by deep water 

inflows. The pattern of water exchange has been investigated at 

different seasons when runoff and hence circulation varied considerably. 

Surface flow is greatest during summer and least in early spring. 

In autumn an invasion of ahs&Upw coastal water pervades the fjord 

causing an outflow at intermediate depths carrying pollutants with it. 

The midwater outflow of contaminated water observed in summer is 

a result of bottom water flushing and vertical displacement. 

While the geochemistry of Si, Al, Ti, K and Mg In the 

sediment conforms to small changes in lithology, Fe, Ca and P as well 

as Cu, Pb and Zn show considerable surface enrichments, especially 

towards the head of the fjord which are the result of sedimentation of 

Industrial waste. 

The composition of suspended particulate matter ('0.4) 

contained in various waterrnasaes has been Investigated in order to 



understand the pattern of Inflow and outflow of waters and the extent 

of natural (terrigenous, biogenoua and authigenic) and contaminated 

loadings In them. Furthermore, it was hoped that these investi-

gations would illustrate the mode of sedimentation and the interaction 

of the particulate matter with the bottom sediment. Strong inter- 

element relationships between K, Mg, Ti and Al occur in the alumino-

silicates. Particulate biogenous constituents (Si, Ca, P and S) show 

seasonal change and vary with the amount and type of standing crop. 

Their vertical distribution demonstrates a different behaviour with 

respect to dissolution and decomposition. Skeletal constituents (Si 

and Ca) provide evidence of a slow rate of dissolution in contrast to 

organic matter (P and S) which is mostly consumed in the surface 

loom of water. Substantial amounts of Ca and P from industrial 

effluent affect the southern parts of the fjord. It is believed that Ca 

here is an inorganic precipitate of calcite derived from solution of 

gypsum in the industrial effluent. 

The distribution of particulate authigenic phases (Fe and 

Mn) suggests flocculation or precipitation of these at the halocline in 

some southern waters. In the bottom waters of the fjord they occur 

by resuspension of the sediment, followed by preferential settling 

of alumino-silicates. As a consequence, the bottom nepheloid layer 

is enriched in finely dispersed authigenic phases (e.g. Fe-Mn oxides). 

In contrast, the abundance of non-silicate Fe at intermediate depths 

is due to dispersal of Fe-suspensions discharged from a zinc plant. 

Particulate and dissolved Pb and Zn indicate outflow of contaminated 

water at two levels in the fjord; at the surface and at Intermediate 



depths. 

The mineralogy and chemistry of the particulate matter 

of the bottom nepheloid layer and the bottom sediment are poorly 

related and support the argument that the bulk of the sediments 

accumulated during periods of exceptional runoff conditions (e.g. 

storms, heavy enowmeltlng), when rivers transport very coarse 

material (sand and silt). The composition of this detritus is 

expected to be different from that of particulate matter settling 

during 'normal conditions', as occurred during the sampling of the 

fjord. 

An attempt has been made to calculate mass-balance 

for particulate Al (sediment) and dissolved Zn (pollutant) by assuming 

that river now and suspended load are linearly related. The results 

emphasize the importance of studies of river flow and their carrying 

capacity during various runoff conditions. 
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PART 

INTRODUCTION 
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Geochemical studies of fjords in the past have been 

largely confined to problems of anoxicity in poorly ventilated fjord 

basins. Oxic fjords, which outnumber those showing anoxic 

features, have been less studied with respect to geochemistry. 

Studies of such fjords have generally been restricted to hydro-

graphic or biological surveys. However, considerable seasonal 

and areal variations In hydrography and water circulation as well 

as productivity make the interpretation of such occasional surveys 

difficult. It was therefore thought that an integrated study of the 

hydrography, hydrochemistry, the chemistry of suspended particulate 

matter and the geochemistry of the sediments in a deep, well-

ventilated fjord would elucidate the following problems: 

transport of sediments at various runoff conditions. 

identification of watermasses and flow by means of hydrographic 

parameters and suspended particulate matter load and 

composition. 

seasonal and depth variations of dissolved particulate biogenous 

components and their relevance to the breakdown of 

organic and skeletal matter. 

bottom water flushing, displacement of watermasses and the 

composition of bottom nepheloid layers with respect to 

that of the bottom sediments. 

Because of the broadness of the study it is inevitable that 

parts of it have been treated relatively superficially (e.g. sediment 



geochemistry) while other parts have been given a higher priority 

(e.g. the chemistry of the suspended particulate matter). The 

choice of priority was made on the basis of the application of 

particulate matter chemistry and its relevance to an understanding 

of the problems outlined above. 

Fjord environments are in danger of becoming polluted 

as a consequence of their use as recipients for industrial and 

domestic waste. For instance, fjords in Norway situated in areas 

where hydroelectric power is easily accessible attract metal 

processing industries to their shores. A typical example is 

S8rfjorden, West Norway, which receives various metallic and non-

metallic wastes in large quantities. 

As radioactive substances have been used to trace 

circulation in coastal and oceanic waters, so may industrial pollutants 

in fjords serve as tracers of fjord circulation. One of the aims tn 

this study has been to demonstrate this. The usefulness of such 

tracer techniques is particularly appreciated when considering 

movements of watermasses at intermediate depths, where the 

circulation is badly defined due to the limitation of conventional 

methods (e.g. current measurements). 

Physio-chemical reactions which may take place in the 

water are also little known. Such phenomena are seawater-fresh 

water interactions (precipitation, adsorption and desorption), 

aggregation and flocculation of particles and interactions between 

inorganic and organic phases (e.g. uptake of various elements by 

plankton). Most of the reactions mentioned above have been 
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simulated by several workers under laboratory conditions, but it 

is difficult to transpose such results to the natural environment. 

A better approach is to study these mechanisms in situ as far as 

it is possible. The chemical composition of particulate matter 

assists to some extent an understanding of these problems. 

Another aspect of fjord research which is often overlooked 

is the mode of sedimentation, both of natural and pollutant substances. 

The deposition of sediment from various sources and by several 

mechanisms results in accumulation of sediments of wide ranges in 

physical properties and chemical composition. One of the Intentions 

in this study was to compare the chemistry of sediments suspended 

in the river water and the waters of the fjord with that of sediments 

deposited on the seabed, in an attempt to elucidate the mode of 

sedimentation. It becomes clear that to understand fully the problems 

of sedimentation In fjords and the mass-balance of sediments, a much 

closer inspection of sediment input during a wide range of runoff 

conditions is necessary. 

It follows that the complex nature of oxtc fjords deserves 

a much more thoroughly integrated and inter. disciplinary study. 

Meanwhile, it may be concluded that fjords generally are unsuitable 

as recipients of wastes as their fate in fjords is unpredictable. 
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CHAPTER 1 

INTRODUCTION TO THE AREA OF STUDY 

1. 1. S8rfjorden - general situation 

S8rfjorden is situated 70 km to the south-east of Bergen, 

West Norway (Fig. 1. 1). The fjord Is a tributary to the large 

Hardangerfjorden complex. General information about S8rfjorden 

is given in Table 1. 1. 

Table 1. 1. General information 

Physical measurements 

Length 37 km 

Width (average) 1.7 km 

Surface area 63 km2  

Maximum depth 400 in 

Total volume 1 1 x 10 
10 

 in  3 

Volume: 	0-5m 	depth 3.15 x 10 	In  
5-20m 9.3 x 

10   m3 

20-150 in 5.6 x 1O 9  m3  

150-250m 	it  2.9x109m3 

250-400 in 7.6 x 
10   m3 

Annual precipitation 2  2500 mm m  
Annual runoff3  2.0 X 10 

Tidal amplitude 4  c-1 in 

1 The evaluation of the volume of S8rfjorden between various depth 
intervals is based on finding an average cross-sectional area and 
then multiplying by the length of the water body. The cross-
sectional area is computed from the average of 9 cross-sections 
from various parts of the fjord. 

2 Kolderup (1960). 

3 Environmental Committee Report (1973). Histogram of river 
runoff in the river Opo (1972) is shown in Fig. 1. 2. 

4 Svines (1970). 
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Fig. 1. 1. Location of the area of study. 
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Fig. 1. 2. Histogram showing the weekly variation in river runoff from the river Opo 
into S8rfjorden during 1972 (after Svendsen, 1973). 
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1. 2. Local geology and surface runoff 

S8rfjorden follows a zone of structural weakness (N-S) 

and is founded in Pre-Cambrian granites and gnelsses as well as 

altered volcanic and sedimentary rocks consisting of quartzite, 

quartz diorite, quartz porphyr, amphibolite and hornblende schista 

(Kvale, 1946). 

The direction of Hardangerfjorden coincides to a great 

extent with the main Caledonian Structure, being surrounded by 

Pre-Cambrian rocks to the east similar to those found along 

Slirfjorden, and Cambro..Sllurian mica-schists, phyllites and green 

schists to the west (Kolderup, 1960). 

The Pleistocene deposits along the shores of S8rfjorden 

have been described by Kviatad (1965). These deposits are basically 

moraines, locally derived material with low clay content. 

1. 3. Geomorphology and bathymetry of S8rfjorden 

According to Ahlmann (1919) S8rfjorden is the classical 

example of a fjord: long and narrow, steepsided, and possessing 

a sill at the entrance. 

The longitudinal profile shown in Fig. 1.3 displays 

several flat basins interrupted by sills which rise some 50 m to 

100 m above the basins. It is not known whether these sills are 

ridges of rock or remnants of terminal moraines. However, the 

most plausible explanation is that they consist of a rock core which 

during the Ice Age was covered by moraine material (Holtedahi, 1965). 

Typical cross-sections of S8rfjorden are shown in 



m 

'Is 

Fig. 1. 3. Longitudinal profile of SBrfjorden. 
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Fig. 1. 4, demonstrating the characteristic U-shape across the 

wide flat basins and the V-shape across narrow stretches in the 

fjord. Both the longitudinal profile and the cross-sections were 

constructed from recordings made with a "Sirnrad" echo-sounder. 

The freshwater enters the fjord via three rivers (Opo, 

Tysso and TJllensvang. Fig. 1. 1) and an abundance of email streams. 

River Opo is the main freshwater contributor, its runoff being partly 

controlled by the Lake Sandvevann (Fig. 1. 5). The second largest 

river. Tysso, is regulated and discharges a constant volume of 

26 m3 /sec (Environmental Committee Report, 1973). On entering 

the fjord the river water tends to incorporate seawater (i.e. 

entrainment) which is transported out of the fjord. To maintain 

the volume continuity the seawater mixed into the surface flow is 

replaced by thflowlng seawater immediately below (i.e. compensating 

current). 

1. 4. Industrial activities in the area 

Three major industrial companies (see Fig. 1. 5 for 

location) were established around the town of Odda in the beginning 

of this century. To cope with the enormous demand on electrical 

power, the river Tyaso (Fig. 1. 1) was regulated and a power station 

was built in 1916. 

A specification of the chemical commodities produced 

by the respective companies (Fig. 1. 5)is given in Table 1. 2. 



Fig. 1. 4. Typical transverse sections, showing changes in 
shape and cross-sectional area of S8rfjorden. 
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Table 1. 2. Types of commodities being produced 

Name of company 	
Production

started 	Types of products 

Odds. SmelteverkA/S (0. S.) 	1908 	aluminium 

D. N. N. Aluminium A/S 	 1916 calcium carbide, ca1ciumJ 
(D. N. N.) 	 lcyanamide, dicyananiide 

Det Noreke Z(nkkoinpani 	1929 	zinc, cadmium, phos- 
(D. N. Z.) 	 phoric acid, aluminium 

fluoride 
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Fig. 1. 5. The situations of the three industrial companies 
(0. S., D. N. Z. and D. N. N.) (see Table 1.2) 
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CHAPTER 2 

THE DISCHARGE OF INDUSTRIAL WASTE 
INTO SbRFJoRDEN 

The Industrial activities about the town of Odda commenced 

at the beginning of this century (Bee Table 1. 2). Increased pro-

duction of chemical commodities with time has caused increased 

pollution of the waters of the fjord and the atmosphere about Odda. 

Only within the last decade have new production methods created an 

improved product/waste ratio. For instance, the residual waste 

product from the Zn-production showed a significantly lower metal 

content when the 'Jarosite-proces'came into operation in 1968. 

Between the years 1954 and 1968 the waste discharged into the fjord 

contained -'10% Zn and Pb. In 1973 the metal content was reduced 

to "3.2% Zn and "2% Pb (Environmental Committee Report, 1973). 

With encouragement by the Environmental Committee of Odda (from 

1970 to 1973), large investments have been made by the various 

Industrial companies In their attempts to purify and recycle their 

waste. 

2. 1. Discharge of heavy metal waste 

Heavy metals are almost exclusively discharged into the 

fjord from a zinc smelting plant (D. N. Z., Fig. 1. 5), the metals 

being largely associated with jarosite residue. A schematic and 

simplified model of the Zn-processing method (since 1968) is shown 

below. 
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1  zn 2+1 
I 	I 

1 electrolysis 

 ZnSO4  + jarosite residue 	
discharge 

 

' H2SO4) 	 S8rfjorden 

ZnS 2 ZnO + SO2  

The annual amount of jarosite 	Fe6  (SO 4)4  (OH) 12 ) discharged 

I,  

into the fjord by this process M -" 27000tons; the metal content in 

this residue is given in Table 2. 1. As stated above, prior to 1973 

Table2.1. Hea 
Committee 

Metal 	
Average 

concentrations 

19-7 3) 

% of total metal 
discharged 

Zn 3.2 60 
Cu 0.22 90 
Cd 0.03 50 
Pb 2 100 
As 0.2 100 
Sb 0.15 100 
Ag 0.01 100 

the Pb concentrations were some five times higher than shown in 

Table 2. 1. Current processing techniques separate most of the 

Pb..Ag residue from the jarosite for storage on shore. Before dis-

charge, the jarosite is mixed with seawater and pumped as a sus-

pension containing 100 g/l ("10% by weight) of solids into the fjord. 

Approximately 600-800 m3  per day of this suspension (i.e. 60-80 in 3  

per day solid matter) of 1-20 grain size is discharged at "15 in 

depth. Measurements of the suspension have shown that its density 

is close to 1.09 g/ml (Environmental Committee Report, 1973). 
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While a large proportion of the Pb and Zn associated with the 

jarosite occur as water soluble suiphates, other heavy metals 

present tend to occur as water insoluble compounds (e.g. Cu). 

Besides jarosite, two other important sources of heavy 

metals exist; 1) leakage of dissolved metals from the Zn-processing 

plant., and 2) metals dissolved in the discarded acid. These 

discharges contain many dissolved metals, particularly Zn, Cd and 

Cu (see Table 2. 2). Waste from leakage is introduced to the surface 

Table 2. 2. Heavy metals In waste water from leakages and In 
discarded acid (after Environmental Committee 

Metal 	 Average 
concentrations 

% of total metal 
discharged 

wastewater from le 

Zn 	 -1 	 25 
Cu 	 --0.1 	 10 
Cd 	 -0.1 	 50 

I 	 discarded acid 

Zn 	 -1 	 15 
Cu 	 - 
Cd 	 - 

waters (0 m) of a small bay adjacent to the harbour basin (Fig. 1. 5). 

The discharge point of the discarded acid is at -1O rn depth on the 

east side of the zinc plant. 

Table 2.3 shows the daily amounts of metals and their 

respective chemical compounds being currently discharged into 

SSrfjorden. 
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Table 2.3. Metals in industrial waste discharged into S&fjorden 
(1972) (alter Environmental Committee Report. 1973) 

Discharged 
Metal I Compound in waste 	 weight per 

day (in tons) 

Zn ZnO, Fe 203, ZnSO4  6 

Cu CuS04, Cu02, Cu-jarosite 0.3 

Cd CdSO4, CdS, CdO. Fe 203  0.03 

Pb PbSO4  4.5 

As FeAsO4  0.09 

Sb 	FeSbO4 	 0.06 

Hg 	HgS, HgSe, Hg2C12, Hg, Hg 2+ 	 0,003 

Fe 	(NH 4)2Fe6  (SO 4)4  (OH) 12'  ZnO. Fe 203, Fe203 	23 

Mn 	MnSO4, Mn02 	 0.15 

2. 2. Discharge of light elements and non-metallic waste 

While most attention will be paid to the distribution of 

heavy metals in S8rfjorden, the discharge of several light elements 

and indeed some non-metals is bound to have a significant impact on 

the fjord environment. Also their presence adds to the input of many 

substances entering the fjord by natural means. Table 2.4 shows 

the daily Input of some of these substances, the most prominent 

being Ca, P, S and to a lesser extent Al. 

Of the total amount of Ca, about 50% resides in gypsum, 

which is discharged at 8 to 10m and 20m depth. Approximately 

147,000 tons of gypsum are discharged annually, of which "35% 
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Table 2.4. Light and non-metallic elements in industrial waste 
discharged into S8rfjorden (1972) (after Environmental 
Committee Report. 1973) 

Discharged 
Element Compound in waste 	 weight per 

clay (in tong: 

Ca 	CaCO3, CaO, CaSO4. fH2o, CaSO4. 2H20 	215 

3Ca3  (PO 4 ) 2 . CaF2, CaF2  

H3 PO4, Ca3 (PO4) 2 . CaF2 	 3 

SO 	H2SO4, (NIH4 ) 2  Fe 6 (SO4 )4  (OH) 12 , CaSO4. 4H20 	55 

CaSO4. 2H20, metal-SO4  

Al 	A1203 , Al2 (SO4) 3 , Na3 A1F6 	 3,5 

is derived from an A1F 3-plant and --65% from a H 3 PO4-plant 

(D. N. Z. 1  Fig. 1. 5). The basic chemical processes involved during 

the production of AlP3  and H 3PO4  are illustrated below: 

3Ca3  (PO 4) 2 . CaP2 	> HF 

I 

+ 	gypsum (hernihydrate) 

Al(OH) 3 	ll 	>S1rfjorden 
discharge 

CaHPO4  + H2SO4 	> [H 3 PO4  + 	gypsum (dihydrate) 

11 	>S8rfjorden 
discharge 

Gypsum (of 30 to lOOj& grain size) from the H 3PO4-plant is pumped 

as a suspension (250 g/l seawater) into the fjord at 8 to 10 in depth. 

Its discharge from the A]F 3 -plant consists of particles of somewhat 

larger grain size (100-200, .-). Both the suspensions of gypsum have 
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densities higher than that of seawater (Environmental Committee 

Report, 1973). 

Approximately 400 tons of P is discharged Into S8rfjorden 

every year, of which only 3 1% resides In untreated sewage. The 

main P contributions come from the H 3PO4-plant, P being associated 

with gypsum effluent. 

Of the total discharge of sulphates, -'60% Is readily water 

soluble. The non-soluble fraction comprises various heavy metal 

sulphates. 
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PART IT 

HYDROGRAPHY AND HYDROCREMISTRY 
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CHAPTER 8 

HYDROGRAPHY AND NUTRIENTS  

Estuaries can be classified from their hydrography 

(stratification or salinity distributions) into four main types: 

highly stratified (salt wedge), fjords, partially mixed and homo- 

geneous (Pritchard, 1955; Cameron and Pritchard, 1963). Fjords 

situated in Canada (Pickard, 1961), New Zealand (Garner, 1964), 

Chile (Pickard, 1971) and Norway (Saelen, 1967) are all charac-

terized, at least at certain times of the year, by a high density 

stratification and an estuarine circulation in the upper waters 

(Pickard, 1961, p.  923), regardless of the differences of such 

factors as river runoff, tides, sill depths, wind, etc. 

The distribution of dissolved oxygen and nutrients in 

various fjords also shows many similarities. Some fjords display 

a midwater oxygen minimum (Thompson and Barkey, 1938, Pickard, 

1961; Gade, 1973). Others are characterized by oxygen deficiency 

in the bottom water (Str8m, 1936; Anderson and Devol, 1973). 

The distribution of nutrients in several fjords may be inversely 

related to the oxygen distribution and Is likely to be the result of 

organic matter breakdown (Reid, 1965). Alternatively, their dis-

tribution in other fjords may be controlled by a water advection 

through estuarine circulation (Ketchum, 1967; Stutum and Morgan, 

1970). 

A study of the hydrography of S8rfjorden was undertaken 
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to obtain some general information on the circulation, particularly 

of Its upper waters (. 100 in), so that the dispersal of pollutants in 

different water bodies could be better understood. Three cruises 

were arranged at different seasons, but during separate years 

(August 1972, September/ October 17 and April 1974), to evaluate 

the influence of varying riverwater discharge on the hydrographical 

structure of the fjord. It was also intended that such data would 

demonstrate both seasonal and areal variations in the extent of 

mixing, as a two-layer flow was indicated in the upper 20-30 rn; 

a phenomenon seen in other fjords (Rattray, 1967). 

Some attempts will be made to assess the limits of 

water volumes participating in the flow pattern In spite of the fact 

that simultaneous current measurements were not made. As the 

tidal amplitude in S8rfjorden is small (' 1 in, Table 1. 1), the effect 

of tides on circulation has not been assessed. 

3.1. Results 

Salinity  (%°) and temperature (°C) records for the upper-

most 95 in of water profiles at stations shown in Fig. 3. 1 (and Table 

A 2, Appendix A), were made using a N. I. 0. temperature. salinity 

bridge limited to a 95m depth (Appendix A). Dissolved oxygen (ml/1) 

and dissolved phosphate and silicate (guat/1) measurements 

(Appendix B) have also been made for the same stations, but include 

in addition to shallow water data information on the mid- and deep 

waters of the fjord. The data are presented in Table D 1, Appendix D 

and station logs In Table A 2, Appendix A. 
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By regarding both S and T as a conservative property 

of waters, especially below the halocllne, T.S diagrams have been 

drawn to identify water bodies of different origin. The vertical 

extent of the surface flow and the depths of no-net-motion at different 

times of sampling have been determined following the method of 

Tully (1949) (see below). 

3. 2. Seasonal and areal variations of salinity 

As the density (6) of seawater in fjords is mainly 

governed by salinity (S), small changes in S will influence the 

dynamic balance of various watermasses. With evaporation at 

a minimum, such changes are brought about almost exclusively by 

the mixing of freshwater and seawater Initially at shallow depths. 

Hence, S (and 6 ) of the upper waters is directly dependent on the 

level of freshwater Input and its ability to mix with water of greater 

S. Table 3. 1 shows that the seasonal change in S, due to variable 

Table 3. 1. Maximum annual changes of salinity and temperature 
in S8rfjorden at various depths (after Svendsen. 1973 

Depth (m) Srnax% Smin%o AS Tinax'C TniinC AT 

0 32.929 5.799 27.130 14.55 2.57 11.98 

20 33.697 30.224 3.473 9.77 3.83 5.94 

50 34.500 33.281 1.219 7.57 5.41 2.16 

75 34.755 33.854 0.901 7.46 6.51 0.95 

300 35.005 34.944 0.061 6.60 6.58 0.02 

dilution by introduced riverwater is confined to the uppermost 50-100 m 

of water in S3rfjorden. Observations of S in waters in fjords of 

British Columbia are similar. For instance, Pickard (1961) showed 
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that the seasonal variation in S is confined within the uppermost 

50 m of fjord waters. 

V 
	 With runoff high, as was found during August 1972, 

a well defined, homogenous upper zone of S is developed, deepening 

to 10 ni towards the head of the fjord (Fig. 3. 2). When runoff is 

less, as occurred during September 1973 and April 1974, this upper 

zone is restricted to the uppermost 2 ni or less of water and the halo-

dine essentially occurs at the surface of the fjord (Fig. 3. 2). At 

these times the position of the halodline deepens slightly seawards, 

particularly in April 1974, but is never deeper than 5 m. Above 

the balocline, the S of the surface waters generally increases north-

wards towards the mouth of the fjord, implying that some entrain-

ment of salt occurs. However, in September 1973 the S at depths 

between 1 and 4 rn Increased southwards (Table D 1, Appendix D). 

This unusual feature is related to a progressive shallow inflow of 

warm, less saline water and will be discussed in 3.7. 

Waters underlaying the halocline (the lower zone; Tully, 

1949) display much less seasonal and areal variations. However, 

d uring periods of high runoff (e.g. August, 1972) the S profiles below 

the halocline show a persistent, positive gradient with depth, implying 

some freshwater transport from the upper zone. This is beat 

illustrated at southern stations, for instance S 46, where a deepening 

of the halocline is observed (Fig. 3. 2). 

Hydrographical measurements in April 1974 purposely 

undertaken before the melting of winter snow, suggest considerable 

upward mixing of salt into the surface layer (S • 9.6-31.2%). 
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It would appear that low runoff creates weak stratification which 

consequently facilitates mixing between riverwater and seawater. 

3. 3. Seasonal and areal variations of temperature 

In contrast to salinity, variations in water temperature 

(T) are relatively unimportant as a control of density stratification 

in fjord waters. Hence, the halocline corresponds to the pycnocline; 

the former term will be used in this text in reference to the density 

boundary. Only when waters are essentially isohailne will changes 

in T have any significant influence on the stability of various 

watermasses. 

The T profiles of Fig. 3. 2 show most clearly a pattern 

that relates to season. In August and September the surface T values 

are higher than at depth, while the opposite is observed in April. 

The T of waters below 70 m appears not to vary significantly with 

season and ranges between 6.6 and 7.6 in S8rfjorden (Table D 1, 

Appendix D). The variations of T especially in these upper waters 

are indicators of variable heat transfer. However, within S8rfjorden 

it is difficult to differentiate between T changes due truly to solar 

heating at the surface (see Pickard, 1963) and those caused by inflows 

of water originating outside the fjord. Svendsen (1973) has shown 

that whereas In extremely cold winters cooling of the upper waters 

may extend to 100 m, normally it only affects the uppermost 50 m of 

88rfjorden. 

The position of the thermocline approximates that of the 

ha].ocline at all seasons; T maxima occur close to the boundary 



21. 

between the ha]odline and the lower zone (Fig. 3.2). Below the 

halocline, the T of water increases southwards in April, probably 

due to the presence of a cold compensating current, which will be 

discussed below (3. 6). In September the opposite situation occurs, 

that is the T of water between 2 m and 20 rn relates to a warm water 

inflow (p. 33 ). 

3.4. Seasonal and areal variations of dissolved oxygen 

Unlike S and T measurements the determination of 

oxygen (02)  was not confined to the uppermost 100 m of water profiles. 

Nevertheless, variations in 02 which directly relate to season are 

likely to be confined to the upper waters. In contrast the temporal 

change in 02 saturation at depth (e.g. 100 m) represents only an 

indirect expression of seasonal control on deep water movements. 

Profiles of dissolved 02  at stations situated in the middle of the fjord 

in 1972, 1973 and 1974 are given in Fig. 3.3. Data in Table D 1, 

Appendix D show that the waters of S8rfjorden are oxygenated at all 

depths. The lowest concentration (2.27 ml/1 0 2  ) occurs in the near 

bottom waters in the south (S 72). Within the upper waters (. 50 m) 

02 concentrations always exceed 5 mi/i (Fig. 3. 3) and show a general 

upward increase towards the surface where waters are close to being 

fully saturated. Such a trend is largely due to the combined effect 

of turbulent mixing with atmospheric 02  in the upper water layer and 

a euphotic zone which is generally confined to the upper 25 or 30 m 

(raarud et al., 1974). The upper part of the 02  profiles of Fig. 3.3 

reflect the situation in oceans, where the observed vertical and 

horizontal distribution is the result of an interplay between 
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biochemical processes e.g. photosynthesis and those by which 

atmospheric 02  enters and is transported with the water (Riley 

and Chester, 1971). 

A body of lower oxygenated water exists between 100 and 

200 m. It was particularly prominent in September 1973 (Fig. 3. 3), 

and was observed throughout 1972 by Svendsen (1973) (Fig. 3.4). 

The occurrence of low oxygenated water at midwater depths in fjords, 

as well as In the open ocean, is well-known (Thompson and Barkey, 

1938; Plckard, 1961; Reid, 1965; Gade, 1973), It appears that 

this minimum is related to biochemical processes and/or to vertical 

displacement of 0 2-poor deep water. Measurements of titration 

alkalinity were made at a few stations (Appendix B) and they were 

consistently showing higher values (2.2-2.4) at depths between 100 

and 200 in; coinciding with the 02 minimum. This suggests that 

the increase in alkalinity In these waters is due to an increase in 

carbonate alkalinity as a result of oxidation of organic matter. 

In the basin waters ( 250 in) considerable seasonal 

variations are evident (Fig. 3. 3); these are related to periods of 

flushing (dtscussed in 3.8). 

The areal distribution of dissolved 02 In the fjord shows 

a general northerly Increase at all depths and at all seasons (e.g. 

Fig. 3. 5). This trend is likely to be associated with lateral 

differences in the stability of the water and the rate of water exchange. 

A seaward decrease of the stability facilitates greater vertical mixing 

and, as a consequence, a downward transport of dissolved oxygen. 

Near the mouth of the fjord a free exchange of water from S8rfjorden 
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and higher oxygenated water from Hardangerfjorden (Fig. 3.3) can 

take place above the Hausaneset Sill, raising the 02  content in the 

bottom waters of the fjord. 

3. 5. Seasonal and areal variations of nutrients 

The presence of available phosphate (PO 4-P) and silicate 

(SiO4-Si) within the euphotic zone of oceans is essential in sustaining 

biological activity (Redfield, 1955). Their concentrations in deep 

waters are regulated by regeneration processes (Chop' and Mantyla, 

1965), their presence there being largely conservative. For this 

reason both PO4-P and S104-Si have been useful in Interpreting the 

nature and the movement of deep water masses (Cooper, 1952; 

Richards, 1958; Chow and Mantyla, 1965; Metcalf, 1969). In the 

first instance we may assume the nature of PO 4-P and SiO4-Si con-

centrations in the deeper waters of S8rfjorden and the adjacent 

Hardangerfjorden are essentially conservative and hence will be use-

ful in identifying deep water exchange between the two fjords (see 

3.8). Unfortunately, the same argument cannot be applied to the 

surface waters, as it will be shown that there is considerable bio-

logical Influence on these nutrients. Fig. 3. 6 effectively illustrates 

the low concentrations of both elements in the upper 25 m of fjord 

waters (see also Table D 1, Appendix D). There is little seasonal 

variation of PO 
4-P within this minimum nutrient zone. In contrast, 

concentrations of SiO4-Si are considerably higher In September than 

at other times (Fig. 3. 6). Autumnal increases in SiO4-Si concen-

trations in the upper water of the Strait of Georgia have also been 

observed (Tully and Dodimead, 1957). The reason for this change 
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is not necessarily related to variations in productivity, but appears 

to be largely controlled by the plankton composition. For instance, 

Graham (1941) noticed that the dinoflagellate genus Ceratium, which 

is abundant in Sirfjorden in autumn, has little demand on the con-

centration of SiO4 Si in the water. 

The low nutrient zone in S8rfjorden extends vertically to 

depths close to 25 m (Fig. 3. 6); Its depletion is confined to the 

euphottc layer. At greater depths, the P0 47P distribution does not 

conform to the SiO 4-Si distribution either in SJrfjorden or in Hardanger. 

fjorden (Fig. 3. 6). In S8rfjorden at 50-75 in depth a pronounced max-

imum of PO4-P occurs at all seasons, showing extremely high con-

centrations towards the head of the fjord (Fig. 3. 7) (e.g. S 46 - 50 m, 

9.02 j-g-at PO4-P/1). Such a trend has been noted by Redfield (1955), 

Ketchum (1967) and Stumm and Morgan (1970) In fjord-like bodies of 

water with an upper water estuarine circulation and has been interpreted 

as being due to trapping of nutrients, consequent to release of nutrients 

Into the compensating current and inward transport. However, in 

these instances PO 4-P concentrations were much lower ( 41,ag.at/i) 

than those noted in S8rfjorden. Yentch (in Ketchum, 1989) postulated 

that PO4-P values in excess of 2.8 pg-at/i represent polluted water. 

It would follow that the sub-surface water of the inner part of 

S8rfjorden Is polluted. Such an argument can be extended to those 

waters immediately beneath the compensating current (25 in) (3. 7) 

for the greater length of the fjord. Further, it would seem from the 

trend of Increasing PO4-P values to the south, that such contamination 

is due to industrial discharge about Odda (see Table 2.4). 
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Below 100 in the concentration of PO 4. P is uniform both 

areaily and seasonally and commensurate with values in Hardanger... 

fjorden (1-1.5 pg-at PO4-P/1) (Fig. 3.6; Table D 1, Appendix D). 

In contrast, the SiOSi tends to display a more seasonal variation 

(Fig. 3.6). This discrepancy in the behaviour of POP and SiOSi 

in the deeper waters may be due to the difference in behaviour of 

fallout of organic matter and skeletal remains (Grill and Richards, 

1964). That is dissolution of P in organic substances is faster than 

that of skeletal Si. For Instance, Riley (1951) has argued that only 

some 1016 of the original particulate organic matter remains below 

200 in in the oceans. Hence its dissolution tends to occur mostly 

in the uppermost waters and may explain the uniformity in dissolved 

PO4w P concentrations in the mid- and deep waters. The steadily 

increasing concentration of SiO 4-Si towards the bottom (Fig. 3. 8) 

may indicate a persistent release from silica-bearing suspended 

particulate matter. Alternatively, such a trend may imply release 

of SiO4-Si from sediments and its migration into the overlaying 

waters (cf. Fanning and Schink, 1969). The different behaviour of 

PO4- P and S104-Si during decomposition of organic remains in either 

the water and/or the sediment, may also be reflected in the vertical 

change of SiO4.Si/PO4-P ratios. In 'kble 3.2 the S104.Si/PO4-P 

ratios at station H 70 in Hardangerfjorden, not affected by PO 4-

pollution, show an increase from 5.5 at 50 in depth to 15.3 at 825 in. 

Increases In SiO4-Si/PO4-P ratios with depth have also been observed 

in open ocean water (Chow and Mantyla, 1965) and may be attributed 

to regeneration processes as cited above. 



Silicate—Si (pg a t . /l) 
0 	 10 

I 	 . 	 20 
0 

ow 
7L 

300 

400 

010 

V) 
uJ 

LU 

200 

I 
I- 

LU 

0 

Fig. 3. 8. Depth profiles of dissolved silicate for various stations in 
SBrfjorden during April 1974. 



26. 

Table 3. 2. Dissolved silicate/ phosphate ratios in the water of 

Depth (rn) 
	

siO4-Si/ PC4.. P 

0 8.5 
5 1.9 

10 0.6 
25 2.4 
50 5.5 

100 8.4 
200 10.7 
300 12.7 
350 12.4 
400 12.2 
500 12.7 
550 12.9 
600 13.6 
650 14.5 
700 12.2 
750 13.7 
775 13.7 
825 15.3 

3.6. Identification and classification of water 	8 in the 
100 in of Siirflorden 

Studies on the conservative properties of seawater have 

enabled water types of different sources to be easily recognized. 

By definition a conservative property can only be changed by the 

physical mixing of waters of different origins. Within oceans, the 

relationships most frequently used to Interpret the sources of waters 

and their transport are T.-S (Worthington and Metcalf, 1961), T.Si 

(Metcalf, 1969) and 0 2-S (Rochford, 1958). Their application has 

mainly been restricted to studies of deep ocean watermassee as the 

behaviour of some properties (e.g. 02  and nutrients) becomes non-

conservative in shallow water. Here they are influenced not only by 

the physical processes of advection and diffusion, but also by biological 
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activity. For this reason, 02  and nutrients have not been used in 

classifying watertypes* in the upper waters of S8rfjorden. It has 

also been pointed out that T Is not truly a property of the surface 

water, due to the heat exchanged between the surface layers and 

the atmosphere (Tully and Dodimead, 1957). Nevertheless, the 

physical interrelationship between T and S has been considered as 

a useful tool in studying seasonal changes in watermass character-

istics and circulation in estuaries (Waldlchuk, 1957); regarding 

T below the halocline as a property determined by the T of ad. 

vected water. 

Before considering the watermasses in the upper 100 rn 

in S8rfjorden, it is necessary to identify the different watertypes and 

the seasonal changes of their characteristics. The water occupying 

the upper zone will always be referred to as water type A, even if 

this is not a watertype in accordance with the definition of Pickard 

(1963) (see footnote). Watertypes at depths greater than the halocline 

have been identified and classified from T-S diagrams. 

a) Cruise 1, August 1972. 

The surface water (A) is characterized by T higher than 

12.5°C and S less than 1496 (Fig. 3. 9). The same T-S diagram 

indicates the existence of another watertype (B) of higher S and 

* The terms watertype and waterrnass are defined in accordance 
with Pickard (1963, p.  100). 
A watertype is a water body which is represented by a point or 
usually a small scatter of points in a T.S diagram. 
A water body which is represented by points scattered about an 
ideal line is called a watermass. 
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slightly lower T, situated between 15-20 in depth. At 30 and 40  

depth a third watertype (C) is observed, displaying a T-S relation-

ship of T a 6.2 - 6.4°C and S = 29.6 - 30.2%. 

Cruise II, September 1973. 

The shape and slope of the T-S diagram In September 

1973 is quite similar to that seen in August 1972 (Fig. 3. 9), although 

a displacement of T and S is apparent. At 5 to 20 in depth the water-

type B' shows a T-S relationship of T = 9.9 - 10.4 °C and 

S a 30.0 - 31.50/oc. very different from B of Cruise I. Watertype 

C 1  is recognized by the cluster of points seen at the bottom right of 

the diagram (Fig. 3. 9), representing waters situated close to 100 in 

depth. It should be noted that watertype C 
1 occurs some 50 in deeper 

than that of C during Cruise I. 

Cruise III, April 1974.   

Data from this cruise again demonstrate three watertypes; 

A 2  representing surface water (originally riverwater), B 2  sub-surface 

water (10-15m depth) and C 2  situated at 50 to 60 m depth and displaying 

ranges of T a  7,7 - 7.9°C and S a  34.52 - 34.56%. 

During August 1972 and September 1973 watertype B and B' 

display a considerably higher T than B 2  in April 1974. This conforms 

to seasonal changes In hydrographic conditions in coastal waters. 

For instance, Svinea (1970) has shown that surface waters outside 

Hardangerfjorden in March (1956) had a T of 2 to 3 °C. 

3. 7. Mixing and movement of waterniasses in the upper 100 in In 
or 

Watermasses result from mixing of two or more water- 
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types (Pickard, 1963). For instance, in Fig. 3. 9 watertype A, 

which originally consists of riverwater, mixes with watertype B to 

form the watermass AB. 

Characteristically, fjords display an outward flow of 

surface water, compensated by an inward flowing countercurrent. 

Current measurements carried out in S8rfjorden (Svendsen, 1973) 

have revealed this two-layer upper water circulation at all seasons. 

Hence, we can assume that the watermass AB, the resultant of 

a mixing of river water and saline water, always has a net outflow. 

This net outflow will induce a deeper Inflow of saline water into the 

fjord, here recognized as watermass ABC; that Is the compensating 

current constitutes watertype B which mixes with water above (A) 

and below (C). 

The mixing of fresh and saline water can result from 

diffusion and/or entrainment (Carstens, 1970). The relative 

importance of these two mechanisms depends largely on the turbulence 

within the two water layers. For example, if turbulence Is equal in 

the surface fresh layer and underlaying saline layer, no net entrain-

ment will occur and vertical mixing occurs through eddy diffusion. 

Carstens (1970), who studied the upward saitfiux into the surface 

layer of Frierfjord, South Norway, made estimates of the entrainment/ 

diffusion ratios and found that they varied between 0.1 and 5.4. He 

also observed that the entrainment could vary between 40 to 150% 

of the river runoff. Saelen (1967) claims that for the larger 

Norwegian fjords the surface outflow of low-salinity water will be 

between 2 and 6 times as large as the freshwater supply. 
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Unfortunately, the limited hydrographical data for S8rfjorden are 

insufficient to allow a detailed investigation Into the mixing pro-

cesses, which will be of considerable importance when the 

chemistry of dissolved and particulate elements is considered. 

However, it is evident from Fig. 3. 2 that the surface S at high run-

off does not vary much from the head to the mouth of the fjord. In 

contrast, when runoff is at a minimum (April 1974) there Is a con-

spicuous increase In seaward S. This may imply that entrainment 

is small relative to river discharge during high runoff and high 

during low runoff, although the net entrainment is greater during 

periods of high river discharge than at low. This is in good agree-

ment with Waldichuk's (1957) observations in the Strait of Georgia, 

British Columbia. It appears that as runoff increases the system 

becomes more stratified and the entrainment of seawater in the 

upper layer is obstructed. Accordingly, as one might expect, the 

ability of the system to rid itself of freshwater is better during high 

runoff. 

Without simultaneous current- measurements, an indirect 

technique of evaluating the vertical extent of the surface flow (AB) 

and the depth of no-net-motion must be sought. The closest approx-

iniation to that from direct hydrographical measurements appears in 

the technique used by Tully (1949). Following Tuily's method and 

plotting S against log depth in S&fjorden, three well-defined zones 

appear as straight lines of constant slope. That is, an upper zone, 

the halodline and a lower zone (Fig. 3. 10). The break in the S-depth 

profile between the halocline and the lower zone is taken, following 
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Tully (op. cit.), as the depth of no-net-motion and consequently the 

maximum vertical extent of the surface flow (.AB). This technique 

has been used successfully in several studies of deep estuaries, 

where freshwater input exceeds evaporation (Tully, 1949; Pickard 

and Trites, 1957; Tabata and Pickard, 1957). Unfortunately, 

Tuily's method seems lees applicable in situations where runoff is 

low and where the halocline almost extends to the surface. Hence, 

the assessment of the S-log depth plot for data for April 1974 is 

expected to be less accurate than the plots shown in Fig. 3. 10. 

In August 1972 the surface of no-cot-motion is situated 

some 18 m below the sea surface in the south (S 46) becoming 

shallower northwards (S 43, Fig. 3. 10). It conforms closely to 

a line of 	- 20 or S a 26.50/6 (Table D 1, Appendix D). The 

constancy of S at this boundary has also been observed by Tully (19 58) 

who used it to confirm that the surface of no-net-motion is a surface 

of unidirectional upward transfer. Presumably, during other 

cruises, while there exists a strong velocity shear at 1 to 2 in, the 

outflow may extend some 5 to 10 m below the surface (Rattray, 1967), 

deepening somewhat seawards. 

With entrainment, net seaward transport must increase 

towards the mouth of Sfjorden, although the thickness of the out. 

flowing waterrnaes (AB) does not necessarily have to increase. 

Normally the surface layer becomes more saline seawards and its 

velocity as a consequence increases (Pickard and Trites, 1957). 

The two-layer estuarine circulation induced by river 

runoff is comprised of a seaward surface flow of watermass AB and 
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watermass ABC; it acts an an opposite directed compensating 

current, and has been up to date, for the sake of simplicity, con-

sidered isolated with respect to deep water movements. However, 

the origin of water type C and the movement of watermass BCX, 

where X is an assumed watertype situated beyond depth of sampling, 

is less clear. Pickard and Rodgers (1959) observed in inlets of 

British Columbia a two-layer circulation confined to the uppermost 

50 m, and a well developed seaward flow at 100 in; the origin of the 

latter current was unexplained. However, McAlister et al. (1959), 

in their study of Alaskan fjords, have suggested that during periods 

of high runoff more water entered the fjord in the compensating inflow 

than was transported out at the surface. Hence, they invoked a small 

outflow at greater depths, implying that surface currents cannot 

always be considered in isolation with respect to deep water move-

ments. Carstens (1970) has also indicated that circulation in most 

deep fjords is In reality a system, of superposed layers with alternating 

flow directions from surface to bottom. 

The lack of hydrographic measurements below 100 m in 

S8rfjorden makes any assessment of the deep water flow very difficult. 

However, the interpretation of data collected on water chemistry 

suggests that waters underlaying the compensating current have a net 

outflow. This feature will be discussed in detail in the following 

chapters. 

Hydrographic data from September 1973 (Cruise U) 

indicate unusual conditions in the upper waters. Unlike conditions 

observed in other seasons, S In the near surface waters increases 
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southwards (p. 19). For instance, at 2 m depth S is raised from 

23.30/so near the entrance of S8rfjorden (S 58) to 29.1% close to the 

head (S64). Moreover, the T of the sub-surface water increased 

significantly during the duration of the cruise. For example, at 

40 in depth T was 2.50C higher at station S 60 than at the same 

depth of station S 58 (see Fig. 3. 1), measured two days earlier 

(Table D 1, Appendix D). The only plausible explanation accounting 

for these changes can be a southerly advective flow of warm and less 

saline water along SSrfjorden. During its southward flow it appears 

to incorporate or mix with more saline waters; shown by the Increase 

of S towards the head of the fjord. Shallow autumnal inflows of warm, 

low S water have been previously described in S8rfjorden (Svinee, 1970, 

Fig. 3. 11) and other norwegian fjords (Gade, 19734, and are con-

sidered to be an annual event. Such inflows are a consequence of 

a decreasing stability of the watermasses outside the fjord, due to 

a lessened influence of land runoff. As a result, vertical mixing is 

promoted and heat is transferred to greater depths than in the more 

stratified waters within S3rfjorden. This results in the formation 

of a watermasa outside, less dense than the sub-surface water inside 

the fjord. As a result an exchange of waters is promoted, the 

resident near-surface fjord water sinks beneath the inflowing water 

(see p. 38 ). 

3.8. Deep water movements 

With the lack of hydrography data below 100 ni we have to 

resort to an interpretation of previously published data of S and T in 

S8rfjorden and Hardangerfjorden (Saelen, 1962, 1967; Svendsen, 1973) 
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and 02.  PO4-P and SiO4-Si data collected on the various cruises 

(Table D 1, Appendix D), to gain an understanding of the deep water 

movements of the fjord. Variations in hydrography and hydro-

chemistry of fjord water below sill depth can be regarded as the 

result of an in situ process, comprising interaction between the 

deeper waters, overlaying waters and/or bottom sediments. S and 

T may undergo a change through eddy diffusion, reducing the 

density of the bottom water (Gade, 1973b). Dissolved 02  may be 

consumed by oxygen-demanding constituents, principally in the 

sediment, leading to 02  deficiency near the seabed (Str8xn, 1936). 

The increase of nutrients in the many bottom waters may be Inter-

preted as resolution of biogenic matter at the sediment surface 

(Tully and Dodimead, 1957; Richards, 1958). Unlike the upper 

waters there is no obvious seasonal variation in S and T in waters 

below 100 in (Svendaen, 1973, Table 3. 1). It would appear that 

under normal circumstances h;ydrographic changes in the lower 

waters are slow, as has been noted in similar fjord basins (Gade, 

1973b). Only when there Is physical replacement of the bottom 

waters, for instance by advective flushing, will any significant change 

occur. In any case, only by this mechanism can S of the bottom 

water increase (Pickard, 1961). Deep water exchanges in fjords 

may be seasonal (Anderson and Devol, 1973) or at least may show 

some regularity (Cede, 1973b). For instance, bottom water renewal 

occurred in Hardangerfjorden during spring 1956 (Saelen, 1967) and 

in 1972 three periods of flushing of varying intensity were observed, 

of which two affected the basin water in S3rfjorden (Svendsen, 1973, 



35. 

Fig. 3. 12). Flushing does not necessarily Imply complete renewal 

of water below sill depth; for instance, Svines (1970) estimated that 

the flushing which occurred in Hardangerfjorden in 1956 had an 

influence on 55% of the deep water masses. Price and Skel (1975) 

regard flushing in Hardangerfjorden to be incomplete, rarely renewing 

the deepest water. Complete flushing of water below .111 depth 

(250 rn) in S8rfjorden, comprising '7.6 x 10  m  
or -7% of the 

total volume of the fjord, may also be a rare phenomenon. That 

partial flushing In S8rfjorden occurs may be seen in the sequential 

changes in the dissolved 02 contents of deeper waters (Fig. 3.3). 

Dissolved 02  was not measured during August 1972, but data 

obtained by Svendsen (pers. Comm.) a week after the completion of 

Cruise I, showed concentrations of 02  exceeding 5 mi/i in the 

basin water (i.e. >250 in). These concentrations are similar to 

those measured in Hardangerfjorden at comparable depths (Fig. 3. 3). 

Such levels are considerably higher than those observed in the basin 

water during September 1973 and April 1974, that is 3.7 to 4.5rnl/1 

and 3.0 to 4.3 mi/i respectively. Furthermore, the levels of 02 

between 150 and 300 in in Hardangerfjorden were conspicuously higher 

in April (5.3 - 5.7 ml/1) compared with September (4.0 - 4.9 ml/1). 

The discrepancy in the 02 content between the two bodies of water 

in September and April is also recognized in the nutrient data; that 

is S8rfjorden bottom water Is richer in nutrients when 02  is low. 

Both the 0 and nutrient data (Table D 1, Appendix D) imply a major 

renewing of the bottom water in S8rfjorden prior to or during August 

1972 and this exchange icreased S to 35% (Svendsen, 1973, Fig. 3. 12). 



36. 

At other times the properties of the basin water are quite different 

from those of the waters of Hardangerfjorden of comparable depths 

and imply no contemporary major water exchange. However, the 

relatively high concentrations of dissolved 02  present in the bottom 

water in September 1973 (Fig. 3. 3), suggest that bottom flushing IM 

is relatively frequent. The profile of 02  in April 1974 (Fig. 3.3) 

indicates that while 0 2-rich water may have been introduced over 

the sill, it affected only the upper part of the basin waters. With 

regard to flushing of bottom water in S8rfjorden it should be 

emphasized that such events are coupled with periods of flushing 

in Hardangerfjorden (Svendsen, 1973). Hence, the water renewing 

the bottom water in S3rfjorden is displaced deep water from 

Hardangerfjorden of relatively low °2  content. 

Any displaced volume of water, the result of a complete 

or a partial flushing, must leave the fjord at shallower depths to 

maintain volume continuity. This has been directly observed in 

Fenafjorden, West Norway, where Gade (19734) recognized the dis-

placed resident water, characterized by a distinct 02 minimum, 

leaving the fjord at 100 to 150 m depth. 

3. 9. A summary of the assumed water circulation in S8rfjorden 

As the circulation patterns of surface and deep water 

in the fjord play a most important part in the transporting of 

pollutants, redistributed sediments and plankton, it is perhaps 

appropriate to enumerate and comment on their salient features. 

An outline of the assumed water circulation in Strfjorden during 

August 1972, September 1973 and April 1974 respectively is provided 
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below. At all seasons a four-layer mechanism is assumed with 

alternating flow directions. 

August 1972 (high runoff) 

Surface outflow is confined to the upper 10 to 18 m, Its 

salinity is laterally uniform. Although entrainment Is great, 

relative to runoff it appears small. A compensating current is 

Induced at depths between 15 and 25m. The watermass extending 

from 20 to 150 m depth has been assumed to have a net outflow, based 

on chemical evidence (p. 96). This watermass constitutes 5.6 x 

1O 9  in3  of water which is ' 57% of the total water volume of 

SBrfjorden. If the flow in the upper two layers balances (p. 32 ), 

the energy necessary to sustain an outflow at midwater depth must 

be created in the underlaying waters. This could apparently be set 

up by a major renewing of the bottom water, seen by the distribution 

of dissolved 02.  SiO4-Si and the S and T (Svendsen, 1973). The 'old' 

water by necessity will be vertically displaced. The volume of water 

occupying the fjord between 150 rn and the bottom is lees than half of 

that flowing out immediately above. Inevitably the bottom inflow is 

more than twice as rapid as the inidwater outflow. 

September 1973 (medium runoff) 

Surface flow is restricted to the uppermost 2 to 5 m. 

Immediately below, an inflow occurs, probably extending vertically 

to depths of 60 to 70 in near the entrance of the fjord. This inflow 

does not appear to compensate for entrained salt, but is thought 

from T-S data to constitute a gravity flow and is formed to eliminate 

the density difference between sub-surface waters in S8rfjorden and 
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Hs- dangsrfj.rdsa (3.7). A. Oo (allowing water is liiIsr than the 

raldeat watar the latter water most bay the fjord as an uadsr. 

flow. 

Water outers the fjord at sill dsptb (350 rn) but judging 

from the O diatrlbution this water only mIa with the upper part 

of the bs.ta water. The displaced water originating frern the Inflow 

at this depth may contribute to the adsrcurrsnt formed by the 

shallow inflow and togstbsr farm $ mldwatsr outflow outouding from 

v50jfl 	'ZoOrndepth. 

3) April 1974 (rnIitlmsm rtf) 

During this period the seaward flowing surface layer 

change. its S by a factor of three from south (V. 5%) to north (31.3%). 

Doe to the low stability of the water eidralirnsnt is eaten. lee relative 

to rsff and the outflow presumably extends to I to 10  depth. 

A .ompen..tlng current .ztoudlng to "30 rn depth or mows wadrltes 

the surface flow. Hydrography alone doss not describe the condition 

of water between " 30 in and "-' 135 in. Hevevvr s  the chemistry of 

the water provides evidence of a net outflow. An Inarseac at 0 3  at 

OW upper part of the basin water (---- 250 in)s suggest. as Inflow at alU 

depth and as a csqsenoe creates some outflow at Intermediate 

depths. Deeper water doss out appear to participate In any water 

szchsngs. As a result at the homogeneity in the watermasacs 

vertical alztng between the tow alternating layers is likely to be 

pester in April than at other times. 
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PART III 

SEDIMENTS 
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CHAPTER 4 

TtL MINERALOGY AND GEOCHEMISTRY OF THE SEDIMENTS 

The examination of sediments was largely confined to 

a longitudinal coring profile in the central parts of S8rfjordsn. 

Thirty-two gravity cores were collected In *11. Sixteen of these 

were collected from the southern area (Fig. 1 In Skel et al., 1972) 

during April 1971 (Cruise A). The position of cores collected at 

other cruises is shown in Fig. 4.1 and a complete station log is 

given In Tables A 1 and A 2, Appendix A. The locations of all cores 

collected in S8rfjord.n are shown in relation to the bottom topography 

in Fig. 4.2. 

The coring technique to described in Appendix A and 

preparation of sediments in Appendix C. 

The sediments collected during cruise A and cruise B 

were analysed using X-ray fluorescence analysis for the major 

elements Si, Al, Ti, Fe, Mg, Ca, K, P and Mn (Appendix C). The 

results of these analyses, uncorrected for seasalt, are given in 

Table D 2, Appendix D. As expressed they are likely to contain some 

contribution of Mg, Ca and K from the residual seasalt. 

The dried sediments collected during cruise A were also 

analysed by X-ray fluorescence methods for Ag, Ba, Bt, Cd, Cu, In. 

Pb, Sb, Sn and Zn (see Skei St aL, 1072, Appendix E). The minor 

element analyses of sediments collected at other times were confined 

to Cu, Pb and Zn. 
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Total-C and carbonate..0 (core S 25 only) were determined 

for those sediments coilected during cruises A and B. The difference 

between total-C and carbonate-C measurements provide, a measure-

znent of the organic-C of the sediments. The methods are described 

in Appendix C and the results given In Table D 2, Appendix D. 

A mineralogical investigation of some sediment samples was made 

by using X-ray diffractometry (Appendix C). 

4. 1. Colour, texture and grain size 

The surface sediment, can be sub-divided into two types 

on the basis of their colour. Surface (- 10 cm) sediment. accumnu-

lating south of Digranes Sill (see Fig. 4.2) exhibit a varying degree 

of red colouration which is associated with Industrial waste. The 

Intensity and thickness of this red colour increase towards core S 57 

(not analysed), close to the main discharge point from D.N.Z. 

(Fig. 1. 5). This core displays throughout its entire length (120 cm) 

evidence of bright red Industrial waste. Generally, in the upper 

10 cm of the sediments of the southern area of the fjord, the colours 

range from red, yellow, brown to black. These sediments, termed 

'anomalous' are very different from the sediments north of the 

Digranes Sill (Fig. 4. 2), characterized by a brown coloured surface, 

varying In thickness between S and 5 cm. 

There does not appear to be any seaward trend of 

decreasing grain size in S8rfjorden as has been noted in other fjords 

in Norway (Holt.dkhl, 1965). Most surface sediments are composed 

of clayey silts and fine sands, although occasionally coarser sediments 

occur. Within the sub-surface sediment, marked changes in colour 
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and texture are observed. At 15-20 cm depth a dark-coloured layer 

containing leaves, twigs and coarse sand pains occurs In cores S 42, 

52, 43, 36 and 40, all situated in the deepest basins of the fjord. 

Occasional layers of even coarser sand occur at greater depths. 

For Instance, core S 52 taken in the deepest basin (400 in) shows an 

increasing grain size below 40 em, with a gravel horizon occurring 

at 35 cm depth. Holtedahi (196 5) observed In basin sediments of 

Hardkngerfjorden gravelly and sandy beds at a similar depth (4060 cm). 

These were interpreted as turbidite deposit.. In Bolstadfjordsn, 

West Norway, Taylor (1974) found coarse sands at the same depth. 

Similar features observed in the basin sediments of Milford Sound, 

New Zealand (Pantin. 1964) have been attributed to sediment slumping. 

4.2. MineraloZy 

Qualitative X-ray diffraction analyses (so. Appendix C) 

on bulk sediment from surface and sub-surface horizons in Sörfjorden 

and in cores collected outside (1147.49), show broadly similar 

diffractograms. Quartz (3.34A), alkali feldspar (3.34A), plagioclase 

feldspar (338A and 4.03A), huts (bA), chlorite (7A and 14A) and 

amphibole (8.) appear as the principal minerals. All are common 

components in the rocks of the drainage area, implying that the 

bottom deposits are of local origin. Diffractograina of the 'anomalous' 

sediments (p. 41 ), besides displaying those minerals listed above, 

show much calcite (3.03A) and crystalline compounds not usually 

found in marine sediments. The intensity of the 3.03A calcite peak 

increases southwards and reaches its maximum in core 82, implying 

an Increasing dilution of detrital alumInosilicates and quartz in this 
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direction. 

In the surface sediments of the harbour area of Odds,  

zinc-ferrats (ZnO. Pe 203) displaying reflection, at 2.54, i.sA and 

sA, -- 	 -F.2o3  displaying peaks at 2.7A, 1.7A and 

2.54 have been recognized. Many other reflections occur, but 

unfortunately cannot be attributed with any certainty to other phases 

likely to be present in these sediments. The rnlnral jaro.ite was 

particularly looked for but not found (see 2.1). This is probably 

due to the fact that jaros it. only has been Introduced Into the fjord 

since iNS (Environmental Committee Report, 1973). 

The occurrence of calcite, sine-ferrate and hematite 

In the surface sediments almost certainly is due to industrial 

discharge from Odda (Table 2.3-4). 

4.3. Geochemistry of the major element. 

Analyses of major elements In the bulk sediments were 

primarily conducted for a comparison to be made with the analyses 

of suspended particulate matter in the overlaying waters (see Chapter 

5). It was also hoped that their results would give some Insight Into 

the influence that industrial discharge (PS- Ca. anâ P.compounds) 

Into the fjord has on the overall chemistry of various sediments. 

In order to establish the 'normal' or natural composition 

of the sdiments from S8rfjord.n. core S 25 from the northern 

extremity of the fjord was analysed in vertical profile for Si, Al Ti 

Fe, Mg, Ca K. P. Mn total-C and Inorganic-C. Table D 3 

(Appendix D) shows that these sediments do not show any obvious 

surface element enrichment, unlike sediments from the southern 
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part of the fjord. 

The chemical characteristics of the S8rfjorden sub-

surface sediments compare favourably with other Norwegian fjord 

sediments which have not been subjected to industrial contamination 

(Table 4. 1). In contrast, the surface 'anomalous' sediments 

display appreciably more Ca, Fe and P. Further, Tables 4.1-2 

show that Ca, Fe and P are the only elements that can be regarded 

as 'anomalous'. Hence, the Si, Al, Ti, Mg and K contents in these 

sediments are considered normal, i.e. largely derived from natural 

runoff, and can be compared with sediment analyses from other 

parts of the fjord. 

a) The geochemistry of Si, Al, Ti, Mg and K. 

The values shown in Tables 4.1-2 Indicate that con-

centrations of Si, Al, Ti, Mg and K In S8rfjorden can be explained 

as a consequence of normal input. All are likely to be associated 

within detrital aluniino-silicates, being components of feldapara and 

clays. The strong inter-element relationship between them, 

especially in the surface sediments, is demonstrated by the plots 

of Si, Ti and K against Al (Fig. 4. 3). However, the composition 

of sub-surface sediments ( 10 cm) often shows higher Si, Ti and 

K with respect to Al and may imply changes in mineralogy and hence 

grain size (p.  42 ), between surface and sub-surface samples. It is 

unlikely that an early diagenetic modification of the clays, such as 

Al-substitution (cf. Hirst, 1962) would produce such marked 

variations. In addition, the input of Al as industrial waste (2.3) 

is unlikely to appreciably alter the relationship of elements to Al to 
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Table 4. 1. Major element concentrations in sediments from 
S3rfjorden and comparable sediments (wt.%) 

1 2. 3 4 5 

Ca 
6.97 2.80 2.15 3.24 1.69 

0.79-22.18 0.57-13.63 1.84-2.40 2.72-4.32 - 

K 1.53 2.24 2.72 2.91 4.15 
0.45-2.66 0.66-3.13 2.31-3.33 2.77-3.08 - 

Fe 12.86 10.91 5.65 4.63 7.90 
5.34-34.51 4.13-32.07 4.88-6.90 3.84-5.17 - 

Ti 
0.33 0.48 0.56 0.48 0.53 

0.09-0.58 0.13-0.69 0.49-0.61 0.44-0.52 - 

Si 
15.14 21.68 27.79 25.48 24.21 

3.72-26.21 6.23-32.04 23.39-31.30 23.57-27.19 - 

Al 4.31 5.88 7.32 6.59 8.73 
1.26-7.16 1.97-7.42 6.67-7.99 7.04-7.88 - 

M Mg 
1.05 1.45 1.69 1.42 2.40 

0.27-2.30 0.43-2.09 0.80-2.47 1.18-1.79 - 

P 
0.215 0.129 0.064 0.118 - 

0.021-0.711 0.055-0.332 0.54-0.100 0.100-0.144 - 

Mn 
0.102 0.104  0.095 0.116 0.124 

0.040-0.275 0.074-0.222 0.076-0.112 0.039-0.333 - 

total-C 
5.06 2.13 0.89 2.63 - 

1.28-11.18 0.46-10.26 0.55-1.24 1.81-3.92 - 

Average and range of 15 'anoma1ou surface sediments (S8rfjorden) 

Average and range of 15 'anomalous' sub-surface sediments 
(S8rfjorden) 

Average and range of 13 'normal' sediments (core S25) 

Average and range of 21 oxic fjord sediments (Taylor, 1974) 

Average of 85 Norwegian Quaternary clay samples 
(Roaldset, 1972) 



Table 4. 2. Major element/Al ratios in sediments from S8rfjorden 
and other areas 

1 2 3 4 5 

2.04 0.57 0.30 0.42 0.19 
Ca/Al 

0.28-7.89 0.24-3.39 0.24-0.32 0.38-0.57 - 

0.36 0.38 0.38 0.39 0.47 
K/Al 

0.28-0.39 0.32-0.44 0.30-0.47 0.36-0.42 - 

5.27 2.71 0.77 0.62 0.90 
Fe/Al 

0.87-23.38 0.78-16.24 0.68-0.91 0.53-0.69 - 

0.075 0.070 0.076 0.063 0.061 
Ti/Al 

0.061-0.100 0.062-0.108 0.067-0.089 0.060-0.071 - 

3.44 4.09 3.84 3.42 2.77 
Si/Al 

2.94-4.44 3.07-5.03 3.25-4.54 3.27-3.59 - 

0.24 0.24 0.23 0.19 0.27 
Mg/Al 

0.09-0.32 0.16-0.28 0.13-0.34 0.16-0.24 - 

0.032 0.023 0.013 0.016 0.015 
Mn/Al 

0.013-0.114 0.012-0.092 0.010-0.016 0.006-0.044 - 

Average and range of 15 'anomalous' surface sediments (S8rfjorden) 

Average and range of 15 'anomalous' sub-surface sediments 
(S8rfjorden) 

Average and range of 13 'normal' sediments (core S25) 

Average and range of 21 oxic fjord sediments. 

Average of 85 Norwegian Quaternary clay samples 
(Roaldset, 1972) 
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the dsp.. that Is seen In Fig. 4.3. 

The SI/Al ratios of the sediment. In S8rfjorden are 

higher than normally observed In alnntnosllicate minerals, 

suggesting that much of the St occurs as quartz; this is confirmed 

by X-ray diffraction analyses (4.3). The abundance of biogsnous 

Si In the sediment in unknown.  

Ti/Al ratios are slightly higher than  those observed In 

sediments from other fjords (see Table 4.2). and may be related to 

differences In the composition of the source rocks. Apparently, 

most of the Ti content of fine pained sediments I. associated with 

the clay minerals, possibly occurring as Tb 3, rather than being 

striacturallyheld within the clay minerals (Chester, 1965). 

Goldachmldt (1954) observed higher TI/Al ratios in sand and silts 

than In clay rich sediment, and attributed this to the presence of more 

Ti-bearing detrital minerals such as aphene and ilmenite in the  

former sediments. Such a relationship Is consistent with the 

distribution of Ti/Al ratios between surface and sub-surface sedi-

ment, in S8rfjordsn (p. 42 ). 

The change In SI/Al and K/Al ratios as seen in Fig. 4.3 

to also consistent with the suggestion of a change in pain size 

(p. 42). More quartz and feldspar appear to occur In the sub-

surface sediment than at the surface. The K/Al ratio in K-fsldspsrs 

is appreciably higher than that found in muscovite (or Ulit). 

Because of the large percentage of Mg In the seasalt 

admixed with the dried sediments, It 1* difficult to Infer any goo. 

chemical trend. in Mg. The Mg content as seen in the sediments 



46. 

of core S 25 almost certainly reflects the abundance of contained 

seasalt, as does most of the variability of Mg In other sediment cores. 

The element/Al ratios for both surface and sub-surface 

data in Table 4. 2 do not show any obvious areal variations. 

b) The geochemistry of Fe, Ca and P 

The ratios of Fe and Ca to Al in the 'normal' sediments 

(i.e. core S 25) are similar to those quoted for other sediments 

in Table 4.2. Although Fe preponderates In detrital alumino-

silicates here, the average Fe/Al ratio of 0.77 indicates the presence 

of some non-silicate Fe (e.g. Fe-oxides). Ca is most likely contained 

in plagioclase (and amphiboles) rather than calcite. The extremely 

low carbonate-C content in the sediments of core S 25 (Table 4. 1) 

confirms this opinion. In contrast, the input of Fe, Ca and P by 

man-made sources appears to represent a significant proportion of 

the southern sediments, and their distribution at the surface reflects 

the relative amount of accumulated effluent and natural sediment. 

This is demonstrated in Figs. 4.4-6 which show the distributions of 

Fe, Ca and P respectively. The natural Input of the same elements 

may be inferred from the analyses of Fe. Ca and P in the sediments 

of core S 2 5 (5.6%F, 21% Ca and0.06% P). The contents of Fe, Ca 

and P in the sediments (Figs. 4.4-6) In excess of the values quoted 

above are likely to be due to industrial contamination. It is evident 

from Figs. 4.4 and 4.6 that Fe and P are most abundant inthe 

sediments close to the Industrial source (D.N.Z., Fig. 1. 5). 

The distribution of Ca suggests that the accumulation in the sediments 

occurs some distance from the present source (see 6.2 for discussion). 
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A concentration of Fe in excess of 6% occurs in 

sediments extending northward to the Digranes Sill (Fig. 4.2). 

Samples showing anomalous P values are more aerially confined, 

being restricted to the vicinity of the harbour basin. This may be 

due to an Immediate sedimentation of discharged apatite (Table 2.4) 

and to a lesser extent accumulation of sewage sludge (p. 14). 

The dissemination of Ca from D.N.Z. (Fig. 1. 5) appears to extend 

only "3 km northwards. 

c) The geochemistry of Mn 

The Importance of the geochemistry of Mn in marine 

sediments justifies a separate discussion of its distribution in 

S&fjorden. 

In addition to the analyses of Mn in cores collected during 

cruises A and B, all surface samples (0-2 cm) of cores collected 

during cruise I were also analysed for Mn (Table D 3, Appendix D). 

The distribution of Mn concentrations In the surface 

sediments of the southern parts of S8rfjorden shows that Mn rarely 

exceeds 1000 ppm (Table D 23, Appendix D). Two local areas of 

high concentrations occur, that is close to the industrial effluent 

sites from D.N.Z. (Fig. 1. 5), whore concentrations of 1218 ppm 

and 2749ppm Mn were measured and in the deep-water sediments 

("- 400 iii) of the north, containing maximum 2440 ppm Mn. In the 

former Instance the Mn is almost certainly held with Fe. It is not 

known if this Mn is a direct effect of industrial discharge or Is the 

result of scavenging of Mn by Fe-oxides. Certainly Mn/Al ratios 

in these sediments are far higher than those observed in detrital 
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alumlno-silicates in the average shale (Krauakopf, 1967). The 

distribution of Mn/Al values in the south (Fig. 4.7) follows a pattern 

similar to Fe (Fig. 4.4) supporting the view that Mn and Fe are 

associated in these sediments. The higher Mn concentrations in 

the surface sediments from the north may also be associated with 

Fe but it is unlikely that this is the direct result of industrial 

discharge. It in well-known that many sediments displaying 

oxidizing surfaces tend to be enriched in Fe and Mn (Price, 1967; 

Burell and Hoskin, 1970; Doff, 1970, Taylor, 1974). The extent 

of Mn enrichment In the surface sediments within a particular basin 

having a constant input and a constant precipitation of Mn0 2  appears 

to be related to total sediment accumulation rate; a slower rate 

results in higher Mn enrichment as the rate of dilution by other 

components (e.g. terrigenous alumlno-ailicates) is less. Hence, 

sediments accumulating in the deeper parts of the north, further 

removed from the main source of terrigenous alumino-silicates, 

are likely to be more enriched in Mn at their surface than other 

sediments. 

The longitudinal profile of Mn (Fig. 4.8) shows some 

southern Increase In concentration. between S40 and 343. However, 

south of S 43 there is a regular decrease of Mn towards Odda. The 

decrease in Mn is unlikely to be only due to dilution by Industrial 

waste, as contents of Fe and Ca, the dominant pollutants, are not 

notably higher at stations I mmediately to the south of S 43 than those 

observed to the north (Table D 2, Appendix D). Certainly they do 

not show a change which com.muniurates with the twofold decrease 
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in Mn concentrations south of this location. If the content of Mn 

in surface sediments is Inversely related to total sediment accumu-

lation rate, as suggested above, its change In concentration to the 

north and particularly to the south of S 43 could imply areal changes 

in the accumulation rates. The mechanisms of sedimentation and 

sources of sediments are discussed in Chapter 10. 

d) Total-C 

Total-C was only measured in the southern sediments 

and In cores 824 and S 25. In the latter core both carbonate-C 

and organic-C were assessed. The 'anorn1ous' sediments display 

a wide range of total-C (Table 4.1 and Fig. 4. 9). The unusually 

high total-C values in the surface sediments of the harbour basin 

coincide with an abundance of calcite (4. 3) and Ca (Fig. 4. 5). 

The accumulation of CaCO3  is particularly high on the west side of 

the harbour basin (see 6.2 for discussion). 

In core S 25 near the entrance to S8rfjorden carbonate-C 

concentrations are very low ( 4 0.010.06% CO2) (Table D2.1 	 à'k 0) 

suggesting that virtually no biogenic carbonate material exists in 

the sediment. Organic-C in the same sediments also appears low 

(0.55-1.21%C). It is noteworthy that S25 displays some surface 

enrichment of organic. C; C values range from "0.5016 at 15 to 20cm 

to values exceeding 196 near the surface of the core. This pattern 

is consistent with many geochemical observations In oxic fjords 

(Taylor, 1974) and coastal sediments in general, and may be related 

to bacterial attack (Hallberg, 1973) and combustion of organic matter 

at or near the surface of sedimentation. Alternatively it may imply 
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either a change in organic matter production and fallout onto the 

bottom sediments, or a varying rate of accumulation of the Inorganic 

components of the sediment. 

4.4. Geochemistry of the trace elements 

The distribution of trace elements (Ag, Ba, Bi, Cd, Cu, 

In, Pb, Sb, Sn, and Zn) in the 'anomalous' sediments of S8rfjorden 

is described in Skei et aL(1972) (Appendix E). Only three elements 

(Cu, Pb and Zn) have been analysed for all the cores, and the 

discussion on minor elements will be entirely confined to these. 

As with the major elements, the areal distribution of 

minor elements in the surface sediments can be divided into 'normal' 

and 'anomalous' sediments in the northern and southern parts of the 

fjord respectively. Additionally because of the wide range in con-

centrations of minor elements (Table 4. 3), one can conveniently 

include an 'intermediate' zone. The arbitrary limits of the 

'anomalous' sediments include those sediments occurring south of 

the Dtgranes Sill (Fig. 4. 2). 'Normal' sediments include only cores 

S24 and H47-49 (see Fig. 4.1). In order to assess the background 

level of Cu, Pb and Zn, the uppermost 60 cm of sediments from core 

S 39 were analysed, and the mean metal contents below 15 cm depth 

are used as a base line (Fig. 4. 10). Surface concentrations of Cu, 

Pb and Zn that exceed these mean values are assumed to be the result 

of surface metal enrichment, by either contamination from Industrial 

discharge or by natural processes, as discussed on p.  114. From 

the tabtüated results in Appendix D it is evident that some cores 

show levels of Cu, Pb and Zn in the sub-surface sediment, for instance 



Table 4. 3. Cu, Pb and Zn in surface sediments from SBrfjorden 
and other fjords 

1 2 3 4 5 

2287 137 61 62 25 
Cu 

96-12000 45-304 7-138 54-69 18-28 

10745 260 80 53 51 
Pb 

720-70000 141-642 17-140 50-56 44-62 

18895 531 203 145 136 
Zn 

830-118000 340-1068 172-269 133-160 129-145 

Average and range of 17 'anomalous' surface sediments 
(Srfjorden) 

Average and range of 9 'intermediate' surface sediments 
(SBrfjorden) 

Average and range of 4 'normal' surface sediments 
(S8rfj orden) 

Average and range of 9 sub-surface samples from core S 25 
(base line) 

Average and range of 5 oxic surface fjord sediments 
(Taylor, 1974) 



Fig. 4. 10. Vertical distribution of Cu, Pb and Zn in core S 39. 
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10-15cm depth, which are lower than the quoted base line values. 

Such low metal values are coincident with isolated sand horizons in 

the sediment (p. 42 ). 

Table 4.3 lists the mean and range of Cu, Pb and Zn 

concentrations in surface sediments of 'normal', 'intermediate' 

and 'anomalous' types in S8rfjorden, as well as base line and 

actual concentrations of these elements in fjord sediments from 

other areas. Within the 'anomalous' area Cu, Pb and Zn are 

strongly Interrelated (Skel et al., 1972, Appendix E). However, 

these correlations become less obvious northwards. Both Zn/Cu 

and Pb/Cu ratios decline in sediments progressively northward 

from Odda (Table 4.4). In contrast, Zn/Pb ratios show a marked 

decrease from north to south. In the extreme south, the Zn/Pb 

ratio is similar to that found in the effluent, i.e. Zn/Pb a 1.3. 

This is not true for Zn/Cu and Pb/Cu ratios In the sediments, which 

show much lower ratios than that found in the effluent (i.e. Zn/Cu 

20; Pb/Cu • 15). These differences are to some extent due to 

varying amounts of soluble and insoluble metals in the effluent. 

Additionally, there may be differences in the behaviour of metals in 

the fjord with respect to mechanisms of organic uptake, including 

chelation etc. (see Hallberg, 1973). Also a varying proportion of 

the metals in the surface sediments, especially in the north, may be 

a result of a normal sediment loading at the surface of sedimentation, 

which is likely to display different metal ratios. 

A profile of surface concentrations of Cu, Pb, Zn (and 

Mn) for sediments located along the median line of SSrfjorden from 



Table 4. 4. Interelement relationships of Cu, Pb and Zn in 
surface sediments 

1 	 2 	 3 	 4 	 5 

Zn/Cu 	7.2 	5.8 	4.6* 	2.4 	5.5 

Zn/Pb 	1.8 	2.2 	2.8 	2.7 	2.7 

Pb/Cu 	4.7 	3.0 	1.4k 	0.9 	2.1 

Average and range of 17 'anomalous' surface sediments 
(SBrfj orden) 

Average and range of 9 'intermediate' surface sediments 
(S'drfjorden) 

Average and range of 3 'normal' surface sediments 
(SB nj or den) 

Average and range of 9 sub-surface samples from core S 25 
(base line) 

Average and range of 5 oxic surface fjord sediments 
(Taylor, 1974) 

* 	one extreme value of Zn/Cu = 24.57 is omitted (H47, 0-2 cm) 

+ 	
one extreme value of Pb/Cu = 9.14 is omitted (H 47, 0-2 cm) 



52. 

station S 23 northwards is presented in Fig. 4. 8. Even though there 

are areal variations in Zn/Pb ratios, as mentioned above, longitu-

dtnkl profiles of Pb and Zn are very similar and show general / 

increases southwards towards Odda, (see also Fig. 7 in Skel et al., 

1972, Appendix E). Only in the most southern section of this profile 

(south of S 52) is there a rapid rise in metal concentration. The 

profile of Cu in many respects is very different from Pb and Zn; 

the Cu content varies considerably between adjacent stations, and 

does not show an obvious increasing tendency southwards. 

Unusually high Cu concentrations occur only in sediments south of 

S 23 (Fig. 7 in Skel et al, 1972, Appendix E). Clearly the processes 

of Cu sedimentation are different from those of Pb and Zn. More-

over, Cu concentrations of the northern sediments (S 24, 25) are not 

notably higher than base line values, Implying that unlike the southern 

area, the enrichment of Cu in the surface sediments here is small or 

non-existent. 

The average content of Cu in the 'anomalous' sediments 

(Table 4.3) is "16 times higher than the corresponding value for the 

'intermediate' sediments. The maximum concentration measured 

in the surface sediments (12000 ppm) is far above maximum levels 

reported In polluted sediments of New York Bight (Cu max390 ppm; 

Carmody et el., 1973) and the Clyde Sea (Cu 
MAX

172 ppm; Steele 

et el., 1973). Similarly, highest concentrations of Pb and Zn 

(7% and 11.8% respectively) exceed those of most studies on pollution. 

Sediments collected In the vicinity of a zinc melt In the Severn 

Estuary, England, contained 200 ppm Pb and 590 ppm Zn 
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(Butterworth et al. 1972), demonstrating clearly the severity of 

the metal contamination In sediments from S8rfjorden by comparison. 



54. 

PART IV 

WATER CHEMISTRY 
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INTRODUCTION TO CHAPTERS 5 TO 9 

The following chapters will be concerned with the corn-

position and distribution of suspended particulate matter, as well as 

certain dissolved constituents, in S8rfjorden. 

Most studies of suspended particulate matter (>0.45j&) 

in marine waters are confined to gravimetric analyses (Banse, 1963; 

Jacobs and Ewing, 1969a; Bassin et al, 1972) and/or in situ optical 

measurements (Jerlov, 1955; Jacobs et al., 1973). A few studies 

have been conducted on the size distribution of particles (e.g. Burell 

and Hadley, 1971; Sheldon et al., 1972) and the mineralogy of suspended 

matter (Jacobs and Ewing, 1965; Beer and Gorsllne, 1971). 

Recently more attention has been directed towards its elemental 

composition (Spencer and Sachs, 1970; Price and Calvert, 1973; 

Price and Skei, 1975). On the basis of these works it was thought 

that a major study of the composition of suspended particulate matter 

would assist in understanding some of the problems of circulation and 

its bearing on the transport of natural elements and pollutants within 

S8rfjorden. 

Suspended particulate matter in natural waters is essentially 

composed of four main components: terrigenously derived inorganic 

matter, biogenous skeletal constituents, organic matter and authi- 

genie phases. The identification and characterisation of these con-

stituents, expecially the first two, on the basis of chemical composition 

is difficult because of partitioning of elements between different com-

ponents. Such identifications have rarely been successful. This is 

largely due to the partial or incomplete assessment of composition of 
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the particulate matter. For this reason, most chemical investi-

gations of particulate matter have to date been confined to the geo-

chemistry of one or two elements (Joyner, 1964; Atkinson and 

Stefanseori, 1969; Betzer and Pilson, 1970). 

The problems of studying the particulate matter in 

S8rfjorden in many respects are made more complicated than those 

outlined above, because of the emergence of a variety of chemical 

pollutants from the industry about Odds. Hence, in addition to the 

four main components in particulate matter quoted above, certain 

pollution phases must be included. 

In this study of the composition of the major and minor 

constituents of particulate matter collected within S8rfjorden at 

stations shown in Fig. 3. 1 and Tables A 1-2, Appendix A, the 

following elements Ca, K, Fe, Ti, Si, Al, Mg, P. Mn, S. Cu, Pb 

and Zn have been investigated. These elements were analysed by 

X-ray fluorescence analysis following the method of Price and Calvert 

(1973), Skei et al. (1973) and Taylor, 1974 (Appendix C). Those 

stations where particulate matter was collected in 1971 are shown in 

Skei et al. (1973) and those occupied in Hardangerfjorden, in Price 

and Skei, 1975 (Appendix E). Gravirnetric measurements of the 

total suspended matter, mineralogical (XRD) and scanning electron 

microscope (S. E. M.) examinations were conducted on selected 

samples (Appendix C). More detailed description of the sampling and 

analytical methods are included in Appendices A, B and C and a com-

plete set of tabulated data is presented in Appendix D. 

Filtered water samples were analysed for dissolved Fe, 
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Mn, Cu, Pb and Zn using methods shown in Appendix C. Data on 

dissolved constituents are generally incomplete (Appendix D). 

Within fjords it has been shown (Chapter 3) that the 

circulation of both surface and deep waters are liable to periodical 

or seasonal change.. Such changes are likely to affect both the 

amounts and composition of certain particulate constituents 

(Chapters 5 and 6). For this reason the collection of water and the 

filtering of its particulate matter were undertaken at different times, 

expressly at different seasons but unfortunately not in the same 

year, so that some assessment of compositional variations in the 

particulate matter could be made. In this respect, it 1s hoped to 

improve our information on the partition of elements between the 

different phases, in relation to productivity (Chapter 6) and runoff, 

(Chapter 5). Data on hydrography and hydrochemistry have also 

shown some secular change in the bottom waters. Hence, attention 

has been paid to the chemistry of the particulate matter in these 

waters (Chapters 7 and 9), as it may assist the understanding of 

several problems associated with bottom sediment resuspension and 

nepheloid layers in general. 

In addition to the study of major components, investigations 

have also been made on particulate minor elements, i.e. Cu, Pb and 

Zn (Chapter 8) and also on dissolved metals (Chapters 7 and 8). 

The aims of these investigations are broadly consistent with those 

mentioned above, and will be used, in particular, to understand the 

dispersal of industrial pollutants. 



CHAPTER 5 

THE DISTRIBUTION AND COMPOSITION 
OF THE TERRIGENOUS CONSTITUENTS 

OF SUSPENDED PARTICULATE MATTER. 

Before examining the major element chemistry of 

terrigenous derived suspended matter, it may be advantageous to 

consider the distribution of total suspended matter (TSM) In the 

water and its mineralogy. 

5. 1. Total suspended matter (ISM) 

The total amount of suspended particulate matter (TSM) 

retained by a preweighed 0.4/A membrane filter was obtained for 

isolated water profiles at various times (Table D 4, Appendix D). 

Concentrations during high runoff (August 1971/72) vary between 

400 and 3300 ,g/kg water, conaisent with the range observed in 

other fjord waters (Folger et al., 1972). The highest concentrations 

are found above the pycnocline, where they appear to be areally 

consistent. However, as shown in 5.4 there appears to be a seaward 

decrease in detrital aluminosilicatea in the surface water. Hence 

the uniform concentration of TSM in these surface waters indicates 

that there must be a complimentary increase of particulate organic 

matter. A seaward increase in particulate organic matter has also 

been observed in the St. Lawrence estuary, Canada, where TSM 

consisted of 10 to 40% organic matter in the upper part of the 

estuary, compared with 50% in the lower estuary (D'Anglejan and 

Smith, 1973). 
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Samples collected In September 1973 (Cruise II) when 

the volume of runoff was smaller, contained 45 to 500 pg/kg TSM 

in S8rfjorden and 15 to 360 ,g/kg in Hardangerfjorden. As these 

concentrations are generally below the minimum value measured at 

high runoff, it appears that the most intense period of suspended 

sediment transport in the fjord occurs during high river discharge 

(cf. Allen and Castaing, 1973; Bornhold et al., 1973). The con-

centrations of TSM collected at minimum runoff (April 1974, Cruise 

III) were only measured for the Hardangerfjord samples. These 

show a wide range In values, from 15 to 890 ,vg/kg. The highest 

concentrations were seen in the upper waters, particularly at 25 m 

depth, largely due to the abundance of planktonic matter (Price and 

Skei, 1975, Appendix E) 

The concentrations of TSM in the deeper waters of 

S8rfjorden are approximately one order of magnitude higher during 

high than at medium runoff. This is almost certainly due to settling 

out of particulate matter from a sediment-laden surface plume. 

Occasional high TSM values measured in the bottom water at various 

times (e.g. September 1973, S59), may be due to a resuspension of 

bottom sediments (Chapter 9). 

Without measurements of particulate organic matter It 

is difficult to obtain real estimates for the proportions of organic 

and inorganic constituents in different waters. However, some 

estimate of the concentrations of the former constituent can be ob- 

tained by subtracting the mass of major Inorganic elements calculated 

as their respective oxides, from values of TSM. Using these results 
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the proportion of organic to inorganic matter varies appreciably 

in the fjord waters. For instance, during September 1973, 50% 

of the particulate matter occurred as organic matter within the 

uppermost 50 m of various water profiles. In the deeper waters 

the proportion of particulate organic matter decreased to '25%. 

During a period of high productivity (April 1974), 80 to 95% of the 

particulate matter in the euphotic layer of Hardangerfjorden, 

occurred as organic matter. These percentage values are con- 

sistent with data obtained elsewhere. For instance, Manheim et al. 

(1970) estimated that 60 to 90% of the TSM in surface waters over 

continental shelves was organic matter. 

5. 2. The mineralogy of suspended particulate matter 

X-ray diffraction analyses were performed on particulate 

matter held on 'Sartorius' and 'Nuclepore' membrane filters, 

'Whatman' glassfibre filters and 'Selas' silver filters, so that 

a comprehensive assessment could be made on all the possible 

minerals present. However, due to the insensitivity of these 

analytical techniques it was possible to identify only a few minerals 

and these could not be quantitatively assessed. 

Both illite (bA) and chlorite (7Jt, 14A) are present in 

most surface samples. Mite (bOA) generally showed a very much 

more intense reflection than chlorite (7A) (cf. Spencer and Sachs, 

1970), in both the suspended matter of the river Opo entering 

S8rfjorden and in the particulate matter of the fjord. Such obser-

vations are In agreement with Tucholke (1974) who has claimed that 

suspended particulate matter is lute-enriched. 
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Of other naturally occurring minerals, both feldspar 

(3.16A and 3.22A) and amphibole (8.5A), were observed in a few 

samples, the latter being found only in water of the river TJllenevang. 

Quartz was not positively identified in any of the samples analysed. 

Such a lack of identification is not due to the masking of its principal 

reflections by cellulose, as it was unobserved in samples mounted 

on 'Nuclepore' and 'Selas' silver filters. 

Both calcite (3.03A) and gypsum (7.57A) were present in 

some sub-surface samples collected in the immediate vicinity of 

the H3 PO4  plant near Odda (S 26, S31 and S 64). 

5. 3. Major element chemistry of the terrigenous derived particulate 
matter 

The chemistry of the particulate matter is complicated by 

having several of its constituent elements partitioned between two or 

more of the main components (p. 55 ). Nevertheless, an attempt 

will be made, where possible, to consider first of all the geochemistry 

of elements residing in terrigenous derived alumina-silicates. 

Particulate Al is held almost exclusively in alumino-silicates 

(Joyner, 1964; Spencer and Sachs, 1970). For this reason Al has 

normally been used as a measure of the total inorganic silicates. 

While Mg, K and Ti also preponderate within silicates (Hirst, 1962), 

a portion of Mg and K may be adsorbed on clay minerals as well as 

on authigenic constituents (Posselt and Anderson, 1968; Taylor, 

1974). Ti may be associated with colloidal Fe as well as detrital 

aluniino-silicates (Isayeva, 1971). Further, there is some evidence 

that all these elements also concentrate in plankton. Riley and Roth 
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(1971) and Martin and Knauer (1973) report high concentrations of 

Al and Ti in phytop1nkton and Nicholls et al. (1959) and Szabo (1968) 

measured considerable quantities of Ti In plankton. Unfortunately 

a close inspection of much of the data in these quoted works (e.g. 

Martin and Knauer, 1973), revealed that a proportion of these elements 

could be held in contaminating alumino.eulcatee. Even so, both K 

and Mg are known to be abundant in plankton, with possibly higher 

concentrations of K and Mg residing in phytoplinkton than zooplankton 

(Fujlta, 1971). It appears that K predominates over Mg in these 

organisms, the mean K/Mg ratios being 11.6 and 2.0 respectively 

(Fujita, op. cit.). The assumption that Al is dominantly associated 

with alumlno.silicatea is further complicated by the likelihood that 

Al from industrial waste contaminates certain waters (Table 2.4). 

The results of this are seen in the unusually low Si/Al, Ti/Al. K/Al 

and Mg/Al ratios in both surface and some sub-surface waters in the 

vicinity of Odda (Table D 7, Appendix D). However, Ti strongly 

correlates with Al in uncontaminated fjord waters (Price and Calvert, 

1973) and Ti can be employed as a substitute of Al when assessing the 

quantities of alumino-ailicates in the fjord. 

5.4. Distribution and transport of detrital aluinino-silicatea 

Typical profiles of particulate Al for water stations in 

S8rfjorden are presented in Fig. 5. 1 • The most striking feature is 

the almost horizontal zone of maximum concentration occurring 

above the halocllne (a pycnodline, p. 20 )(cf. Meade, 1972). There 

is obviously a close relationship between the density of the water and 

the distribution of Al (Fig. 5. 2). Only at times of low runoff 
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(e.g. April 1974), when the upper waters are essentially isobaline, 

are there no obvious maxima at the surface (Fig. 5.2). These 

results tend to conform with the view that the pycnocllne acts as 

a physical barrier to the settling of alurnino..silicates (Postina, 

1967; Taylor, 1974). Further, it is believed that due to the 

Increasing current velocity towards the seawater-air interface 

(e.g. Pickard and Rodgers, 1959), maxima of detritus are observed 

at the surface and not at the haiocline. 

With some knowledip of the hydrography of the fjord's 

waters, it would appear that the governing factors controlling both 

the dispersal and deposition of detrital silicates are the density 

stratification, coupled with this the movement of water masses. 

An upper water estuarine circulation of surface outflow and a con-

sequent inflow below has been established in S8rfjorden for all 

seasons (Chapter 3). It has also been suggested that the extent of 

this circulation is almost certainly dependent on the level of fresh-

water runoff. Variations In runoff obviously control the amount of 

detritus entering the fjord. 

During the period of highest runoff (August 1972, Cruise I) 

when the surface waters (1018 m) have a net outflow, the concentration 

of particulate Al decreases from "500 JAg/kg in the river Opo, the 

dominant source of particulate matter for the fjord, to 62 pig/kg 

in the surface waters near the mouth of the fjord (S 34). If the 

observed decrease in particulate silicates in the surface flow is 

a direct consequence of the mixing between suspended loaded river 

water and high-salinity inflowing water (carrying small quantities of 



detritus) one would expect an inverse relationship between salinity 

and detrital silicates (cf. Meade, 1968). The trend of this relation-

ship is indicated in Fig. 5. 3, using particulate Ti to denote the 

alumino. silicates. Although the salinity (S) ranges are somewhat 

limited, the plots of Ti against S all fall well below the dilution line. 

It is obvious that the concentration of Ti, and hence alum! -silicates, 

is non-conservative within the fjord. The shape of the curve implies 

much removal through fallout of alumino- silicates in the surface waters. 

This trend contradicts the assumption of Sachett and Arrhenius (1962) 

who proposed that particulate Al could be used as a tracer to 

establish mixing of river water and seawater (see also Joyner, 1964). 

A small increase of detrital silicates sometimes occurs 

at or close to the breaking point between the halocline and the lower 

zone (i.e. surface of no-net-motion, p. 31  ). This is best seen at 

stations S 36 (10 in) and S 41 (15 in) (Table D 5, Appendix D). 

A similar accumulation of sediment along the intersection of the level 

of no-net-motion has been observed in the James River Estuary 

(Nicholls, 1972), in waters off California (Beer and Gorsline, 1971) 

and in fjord waters (Taylor, 1974). 

Within the compensating current, the concentration of 

alumino-silicates is much lower than at the surface, but its con-

centration trend is superficially very similar in that it increases 

towards the head of the fjord. It would appear that the inward increase 

in alumino- silicates in the sub-surface water must be caused by some 

entrapping mechanism (cf. Poatma, 1967). 
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Waters below the compensating current during this 

period of high runoff show relatively constant Al concentrations 

(see Fig. 5. 1). Only in the bottom water (>250 in) is there some 

increase in Al and other elements indicating alumino- silicates 

(i,e. Mg, K and Ti). Bottom water concentrations of alurnino-

silicates are approximately three times those of the Intermediate 

waters, but represent only one sixth of that observed in the surface 

water. This Increase in the bottom waters is likely to be due to 

a moderate resuspension of bottom sediments (see Chapter 9). 

During periods of moderate runoff (e.g. September 1973, 

Cruise II), the concentration of Al in the surface water is only some 

60416 of that observed during high runoff (Cruise I). The sub-

surface waters are also lower in Al. For Instance, between 25 and 

200 in concentrations of Al range between 0.6 and 2.8 ug/kg (S 59), 

compared with 2.3 and 8.1 ,14.g/kg during high runoff (Fig. 5.1). 

However, in the bottom waters Al increases fourfold over the inter-

mediate water values and again implies bottom sediment disturbance 

(Chapter 9). 

In the southernmost part of the fjord (S 64 and S 63), the 

distribution of particulate Al, Ti :  Mg and K is somewhat unusual. 

Here and only during this period (September 1973), waters between 

30 and 90 m, (S 63) show an abundance of aluznino-silicates and 

pollutants (particulate Ca, P. Fe, Zn and Pb). The same feature is 

also apparent at S 59 (7 5-100 in) and S 58 (90- 100 in) (Table D 5, 

Appendix D). This anomaly is thought to be related to the near 

surface inflow of coastal water described In 3.7. During its reversal 



to form or contribute to the outflow of water from the harbour basin 

near Odda, it is thought to cause considerable resuspension of  

bottom sediment. This phenomenon is further indicated by corn. 

parison of the concentrations of Al in the bottom water of the harbour 

basin during August 1971 (Cruise B), when this form of inflow was 

absent, with those observed during September 1973 (Cruise II). 

For instance, concentrations of Al near the seabed at S 26 (the same 

position as S 64) sampled in 1971, are only about one third of that 

seen in 1973. 

Aluminium concentrations measured for surface samples 

collected during the period of lowest runoff (April 1974, Cruise III) 

are only 30% of those measured at high runoff. The mixing relation. 

ship between alumiriosilicates, described as before by Ti con. 

centrations (p. 62 ) and salinity in the surface waters at lowest runoff, 

is demonstrated in Fig. 5.3. Unfortunately, the concentration of 

aluminosilicates in river Opo is unknown at this time. The trend 

of the data points approximates to an inverse linear relationship 

between salinity and particulate Ti in contrast to that observed at 

high runoff. This implies that during low runoff there is little fallout 

from the surface waters. This trend might be expected, as little 

coarse-grained detritus would be carried into the fjord under these 

conditions. 

At intermediate depths during minimum runoff (April 1974), 

concentration of detrital silicates is somewhat greater than at other 

times (Fig. 5. 1). Such a trend does not imply a greater fallout 

from the surface layer due to weak density stratification (cf. Fig. 5.3). 
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It is more likely that the higher Al concentrations are a result of 

bottom sediment resuspension that pervades both deep and Inter. 

mediate waters (Chapter 9). An alternative or complementary 

explanation may be that this feature is associated with slow settling 

of smaller sized particles at this time. There is little evidence 

for water exchange in the deeper parts of the fjord (p. 38 ) during 

this period, and this as a consequence implies a longer residence 

time of the water and its suspended matter. 

5. 5. The interelement relationship between Al, K, Mg and Ti 

It has been recognized that much if not all the K, Mg and 

Ti in suspended particulate matter is associated with alumino. 

silicates (Price and Calvert, 1973). Hence, it would be desirable 

to establish the interelernent relationships between these elements 

in order to evaluate or specify the composition of detrital alumino. 

silicates in different bodies of water and at different states of runoff. 

The means and ranges of K/Al, Mg/Al, Ti/Al and K/Mg ratios for 

the different periods of sampling are listed in Table L 1. 

The strong correlation between K and Al in particulate 

matter is shown in Fig. 5.4 from plots of data for stations S 36.40 

(August 1972). This figure also shows that the K/Al ratios In 

particulate matter of the fjord waters are intermediate with respect 

to those of bottom sediments and river particulate matter entering 

S&fjorden. The composition of the latter is quite variable. 

However, the river Opo, which dominates the runoff into the fjord, 

shows very high K/Al and K/Mg ratios of '-0.5 and -2.1 respectively. 

As a consequence, when suspended matter is abundant In the fjord 



Table 5. 1 	 Means and ranges of element/Al ratios in particulate matter 

1 2 3 4 5 6 7 8 
0.50 0.41 	(0.46) 0.33 (0.45) 0.30 (0.33) 0.38 0.37 0.30 0.29 

K/Al 
0.24-  1.12 0.17-0.94 0.08-0.87 0.13-0.45 0.27-0.53 - 0.24-0.42 - 

0.32 0.33 (0.39) 0.43 (0.50) 0.24 (0.34) 0.29 0.23 0.26 0.17 
Mg/Al 

0.16-0.78 0.13-1.50 0.19-1.07 0.06-0.61 0.16-0.41 - 0.19-0.41 - 

0.045 0.054(0.054) 0.046(0.046) 0.049(0.045) 0.068 0.076 0.042 0.056 
Ti/Al 

0.031-0.073 0.040-0.084 0.025-0.080 0.020-0.113 0.041-0.081 - 0.033-0.072 - 

1.58 1.28 (1.33) 0.79 (1.00) 1.44 (1.34) 1.48 1.57 1.23 2.20 
K/Mg 

0.56-2.57 0.54-1.97 0.36-1.51 	1 0.36-2.73 0.72-2.14 - 0.76-1.85 - 

Average and range of 40 samples (Sartorius, 0.45t). 

Average and range of 107 samples (Nuclepore, 0.4).k). 
fjorden (in brackets). 

Average and range of 83 samples (Nuclepore, 0.4k). 
and Hardangerfjorden (in brackets). 

Cruise A, August 1971. SBrfjorden. 

Cruise I, August 1972. SBrfjorden and Hardanger- 

Cruise II, September/ October 1973. SBrfjorden 

Average and range of 84 samples (Nuclepore, 0.4). Cruise III, April 1974. S8rfjorden and Hardanger-
fjorden (in brackets). 

Average and range of 7 river/lake samples (Nuclepore, 0.4,A). Cruise I, August 1972. S8rfjorden 

Average of 45 sediment samples from S$rfjorden. 

Average and range of 58 samples from Loch Etive, Scotland (Sartorius, 0.45,v). (Price and Calvert, 1973) 

Average shale (Krauskopf, 1967). 
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water during periods of high runoff (August 1971 and 1972), the 

K/Al ratios are considerably higher than at other times (Table 5. 1) 

(cf. Price and Calvert, 1973). 

The discrepancy between the K/Al ratios of particulate 

matter and sIimenta may be due to mineralogical differences, but 

could also imply some contribution of organic-bound K (p. 62 ) in 

the particulate matter, which contains 40 to 90% organic matter 

(p. 60 ) in contrast to the sediment where organic matter comprises 

a much smaller proportion of the total. Suspended particulate 

matter is tllite.enriched (p. 60) relative to the bottom sediment; 

the latter contains large quantities of quartz and other nonK bearing 

minerals (plagioclase and amphibole). mite is known to be a high 

K clay (Russell, 1970), showing preferential adsorption of K from 

seawater (Harder, 1974). Higher K/Al ratios in particulate matter 

of fjord waters relative to the bottom sediments were also observed 

by Taylor (1974). 

In the April 1974 data there is a noticeable southward 

decrease In K/Al ratios in the uppermost 100 m of water within 

Slfrfjorden (Table D 7, Appendix D) (see also Fig. 5. 5). Likewise, 

in September 1973 the particulate matter from the moat southern 

part of the fjord displays low K/Al ratios, particularly at the surface 

and below 25m depth. Such a trend is also seen in Mg/Al and Ti/Al 

ratios, suggesting that the low element/Al ratios relate to discharge 

of.Al from industrial waste (p. 13 ). 

As Mg normally resides within chlorites and some lUite 

in detrital matter, its distribution should relate to the elements 
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associated with the clay content of the particulate matter. In most 

waters particulate Mg concentrations are closely related to those of 

Al, as demonstrated in Fig. 5.4. The ratios of Mg/Al in river 

particulate matter and bottom sediments are lower than those of the 

particulate matter in the fjord waters (Fig. 5.4). This is pre-

sumably caused by a greater contribution of non-clay aluminous 

material in the river input and sediments, relative to that suspended 

in the fjord water. 

The relationship between Mg and Al varies at different 

periods of sampling (Table 5. 1). The most pronounced change Is 

seen in September 1973 when the particulate matter displayed very 

high Mg/Al ratios, particularly In the upper waters. At this time 

it has been demonstrated that large scale inflows of coastal water 

took place at shallow depths (3.7) and may have introduced suspended 

matter of higher Mg/Al ratio into the fjord. 

The relationship between Ti and Al for station S 36-40 

is demonstrated in Fig. 54 and TI/Al ratios for all samples 

collected are shown In Table D 7, Appendix D. A strong covariance 

between the two elements is apparent. Ti/Al ratios In river Bus. 

pended matter and bottom sediments are significantly higher than 

those of the particulate matter of the fjord (Fig. 5.4). As river 

waters, especially the river Opo, are thought to support a coarser. 

grained detritus as may be evidenced by high K/Al ratios (p. 67 ) 

such high Ti/Al ratios may also be related to coarse-grained 

particulate matter. In this respect, changes in TI/Al ratios in 

particulate matter conform to its change with grainsize in sediments 

(Hirst. 1962). 
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Some higher TI/Al ratios also coincide with high 

biogenous Si (p. 72). This may suggest that some Ti is 

associated with skeletal planktonic matter. The association between 

Ti and biogenic matter is more obvious in the data from April 1974, 

when the productivity In surface waters was high, particularly in 

Hardengerfjorden (see Price and Skei, 1975, Appendix E). 

The interelement relationships of K, Mg, TI and Al in 

waters of Hardangertjorden differ in some respects from those 

observed in S8rfjorden (Table 5. 1). K/Al and Mg/Al ratios In 

particulate matter are invariably higher in Hardangerfjorden than in 

S8rfjorden. There are several possible explanations for this trend. 

The mineralogical composition of the source material may be some 

what different and/or the grain size of the particulate matter residing 

in the water could vary areally. Such a trend could also be 

associated with a greater contribution of K and Mg residing in plankton 

(p. 62 ) in waters of Hardangerfjorden, where the productivity is 

higher (p. 73 ). However, until a more exhaustive examination is 

made of the influence of mineralogy, grain size and biological 

factors on the composition of particulate matter, the interelement 

relationships of K. Mg, Ti and Al are difficult to Interpret. 
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CHAPTER 6 

PARTICULATE BIOGENOUS CONSTITUENTS 

Particulate biogenous matter consists of skeletal and 

organic constituents. The elements principally associated with 

these, i.e. Si, Ca, P and S, predominate either in skeletal matter 

(Si and Ca) or in organic matter (P and S). Si and Ca may also 

reside in inorganic matter; at times the former is held exclusively 

in particulate alumino.silicates. It will also be seen (p. 75 ) that 

particulate Ca, P and S occur as industrial contaminants in the 

southernmost part of the fjord. 

6. 1. BiO!.flOU8  Si 

It is difficult to assess the concentration of biogenous 

particulate Si accurately, as the chemical analyses (Table D 5, 

Appendix D) reveal only the total content of Si. The Si/Al ratios 

observed In particulate matter of river waters draining into S8rfjorden 

average 2.2. Such values are considerably lower than those of 

Quaternary clays from south Norway (Si/Al - 2.77) and those 

observed in S8rfjord sediments (Si/Al ' 3.5). As the river-

suspended matter contains no detectable quartz (5. 2), in contrast 

to those sediments referred to above, it is assumed that the average 

Si/Al ratio in the detrital alumino. silicates transported into 

S8rfjorden Is approximately 2.2. This value has been used in this 

study to denote detrital silicates in the fjord. Concentrations of 

Si in excess of a Si/Al ratio of 2.2 as a consequence, are attributed 
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to biogenous Si. Conversely when the Si/Al ratio is less than 2.2, 

the 'excess' Al is attributed to the presence of Al discharged by 

industry (2. 2). Upon this reasoning the calculated amounts of 

biogenous Si in the water as given in Table D 6, Appendix D, may 

be regarded as minimum values. 

Depth profiles of particulate biogenous Si for stations 

S 36, S 59 and S 71 in the middle of 88rfjorden at different times of 

sampling are shown in Fig. 6. 1. These reveal large seasonal 

variations which are probably associated with seasonal changes in 

the production of diatoms. The most dominant diatom in the area, 

Skeletonema costatum (Fig. 6. 2) exhibits a pronounced late autumn 

bloom (October/ November) and an early spring bloom (February/ 

March) (Braarud et al., 1974). l3raarud et al. (197 4) have also 

observed a small increase in the diatom population in the middle of 

summer, the number of diatoms becoming very small towards early 

autumn. The seasonal changes In the quantities of suspended bio-

genous ai in the water seem to be related to the concentrations of 

nutrient Si (Fig. 3. 6) indicating an inverse relationship. For 

Instance, in September 1973 nutrient Si is abundant in the euphotic 

layer while particulate biogenous Si is very low. The difference in 

the abundance of diatoms in the water during September 1973 and 

April 1974 is also evident from microscopic studies of the particulate 

matter. 

The areal distribution of biogsnous Si always displays 

a seaward increase (Table D 8, Appendix D). This feature may 

relate to the corresponding increase of inorganic dbtritua in the 
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surface water towards the head of the fjord, thereby reducing the 

light penetration in the water and retarding photosynthetic activity. 

Below 200 m depth the vertical gradients of biogenous 

Si are small, implying that Si residing in sinking skeletal matter 

undergoes only minor changes in the deep water (see Riley, 1951). 

This is also confirmed by the microphotographs shown in Fig. 6. 2, 

displaying well preserved skeletons of Skeletonerria costatum at 

750 m depth of water in Hardangerfjorden. 

The Si/Al ratios in the underlaying sediments are high 

(3-5) partly due to the presence of much quartz (4.2) and presumably 

due to some Initial Incorporation of diatom frustules. 

6.2. BiogenousC 

Several problems arise when attempts are made to 

quantify biogenous Ca in the particulate matter. The Ca/Al ratios 

in non-calcareous sediments are variable, making it difficult to 

assess precisely the composition of material entering the fjord. 

Ca/Al ratios in river/lake suspended matter from the southern area 

of the fjord are low, ranging between 0.06 and 0.17. Particulate 

matter in two rivers draining the northern area of the fjord (with 

high feldspar and amphibole content, p.  61  ) display higher Ca/Al 

ratios (0.40-0.47). For this reason no attempt has been made to 

quantify the concentrations of biogenous Ca by determining the excess 

Ca over that held in alumino-silicates. Instead changes in Ca/Al 

ratios will be used to illustrate areal and seasonal variations, with 

the supposition that these may illustrate something of the behaviour 

of biogenous Ca in the water. This assumption, however, may be 
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obscured by the fact that the particulate matter of S8rfjorden con-

tame Ca of Industrial origin (2.2) in addition to that situated in 

aluinino-silicates and biogenous carbonate. Hence, to demonstrate 

seasonal and vertical changes in biogenous Ca we will consider 

water profiles In Hardangerfjorden. Here the amounts of particulate 

alumino- silicate s are very low and the influence of 'industrial Ca' 

is thought negligible. 

Fig. 6. 3 shows profiles of Ca/Al for stations H 35, H 65 

and H 70 sampled at different seasons in Hardengerfjorden. 

A seasonal or sequential change both at the surface and at depth 

is apparent. Biogenous Ca seems to be most abundant in the upper 

50 m, especially in September 1973. At this time values are con. 

sistently high at all depths. In this respect the seasonal changes 

of biogenous Ca are different from biogenous Si (p. 72 ) due to 

seasonal cycles In the plankton composition. Braarud at al. (1974) 

have shown Coccolithus huxleyi to be the dominant calcareous plank-

ton species in this area. In contrast to diatoms, C. hwdeyi occurs 

in large quantities in September (-"2 x i0 6  cells/1) and appears 

associated with the annual shallow inflow of coastal water (Braarud 

et al,, op.cit.) (p. 33 ). As this inflow also penetrates into 

S8rfjorden it is assumed that biogenous Ca is responsible for the 

overall higher Ca/Al ratios observed In suspended matter of S8rfjorden 

in September 1973. 

Particulate matter from the southernmost part of 

S8rfjorden shows very high Ca/Al ratios at all times, except in 

August 1972 (see below). It seems certain that here the particulate 
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matter is influenced by Industrial Ca. A S.E.M. photograph 

(?g. 6.2) of a sample of very high Ca/Al ratio (S 63 - 80 m) shows 

no coccolithophorids, and the Ca appears to be Inorganic, possibly 

occurring In what is thought to be rhombi; or prisms of calcite or 

In the Report from the Environmental Committee of 

Odda (1973), the authors suggest that the daily discharge of gypsum 

(490 tons) may dissolve and as a consequence cause precipitation of 

CaCO3  in the water due to the supersaturation of Ca (I<CaCO3 

6 x 10- 5 , Riley and Chester (1971)). The effects of industrial dis. 

charge of gypsum into marine waters have been studied by Sheahan 

(1971), who has suggested that gypsum particles flocculate along 

with clays. This suggestion implies that the gypsum discharged 

at a depth corresponding to the compensating current may be trans-

ported towards the head of the fjord, where a considerable 

sedimentation of Ca occurs (Fig. 4. 5) being deposited either as 

gypsum-clay floes and/or as precipitated CaCO 3  (4.2). The high 

solubility product of CaSO4. 2H20 in seawater presumably prevents 

its preservation in the sediments. Schaffer (1967) showed this 

solubility product to be 1.57 x 10 in seawater of normal temperature 

and demonstrated its increase under conditions of Increasing salinity. 

His measurements show that 6.8 g of gypsum dissolve in 11 of normal 

salinity seawater. Extrapolation of these data reveals that approx-

imately 10 
  1 of seawater is required to dissolve the daily discharge 

of gypsum. The efficiency of dispersing discharged gypsum, and 

more precisely its products of solubility (Ca 2 , so4
)  from Odds. 
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will depend very much on the water circulation, particularly the 

rate of water exchange. The deep surface outflow during high 

runoff (August 1972) may create a situation where discharged 

gypsum is flushed quickly out of the fjord; hence no precipitation 

of CaCO3  is likely to occur. Precipitation of CaCO 3  may at 

times be enhanced by the photosynthetic reduction of CO  in the 

euphotic layer; a daily discharge of CaCO 3  (155 tons) from the 

Industry may nucleate this precipitation. 

6. 3 Particulate P and  

As P and S are present In negligible amounts in clays, 

we can assume that their concentrations in particulate matter 

represent either authigenic non-silicates, or more importantly 

organic matter. Before any discussion of results of these elements 

it should be emphasized that the preparationaj. procedures for the 

samples prior to analysis were different for the various cruises. 

Particulate matter collected in 1971, 1972 and 1973 was washed in 

distilled water immediately after filtering while the samples were 

still wet. Only in 1974 were samples left unwashed and analysed 

in this state. It has been found that washing immediately after 

filtering causes a small loss of P from the samples* ( 'i-  5%, Holmes, 

Pero. comm.). Hence, while the results of P analyses at different 

times of collection are not truly comparable, they do demonstrate 

* Such a loss must not be confused with a much more serious loss 
('.. 50-70%) that takes place after washing of dried particulate 
matter (see Table 6 1). The results of such washing are 
discussed in detail in Price and Skei, 1975 (Appendix E). 
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Table 6. 1. Percent removal of P 
	

Pb and Zn from 
matter by washing. 

Cruise, 
station 
and date 

Depth 
(m) %Pb %Zn 

S69 0 64 89 74 77 
Apr 1974 5 56 77 78 52 

25 70 87 83 88 
50 51 43 69 22 

100 40 34 41 53 
200 - 43 75 55 
250 45 18 78 33 
300 32 25 59 17 
340 27 24 53 7 

S71 0 31 21 68 31 
Apr 1974 5 59 75 80 53 

10 66 76 52 41 
25 63 65 79 38 
50 41 55 67 28 

100 34 27 57 43 
150 34 20 61 3 
200 40 25 66 28 
250 26 19 42 0 
300 26 10 55 26 
350 26 2 81 17 
375 33 13 86 21 

S72 0 15 24 61 21 
Apr 1974 5 41 24 23 32 

10 61 64 64 39 
25 65 73 68 37 
50 26 52 64 22 

100 13 23 62 20 
110 20 23 63 21 

S73 	 0 	18 	23 	61 	14 
Apr 1974 



variations at any one period of sampling and permit some 

discussion on its geochemistry. The fate of particulate S upon 

washing is not known. 

The behaviour of P and S In particulate matter will be 

looked at In waters of two areas; 1) Hardangerfjorden where these 

elements are assumed to reside exclusively in biogenic matter and 

2) the southernmost part of S8rfjorden where these elements appear 

to predominate in a pollutant phase. 

The variations of particulate P with respect to season 

and depth are displayed in Fig. 6.4 for the same stations as shown 

in Fig. 6. 3. Below 100 m there is little variation and the con-

centrations of particulate P are consistently low. This feature is 

probably associated with the decomposition processes of planktonlc 

matter and the regeneration of nutrient phosphate (Grill and Richards, 

1964). Menzel and Ryther (1964) have characterized P as an element 

of 'living' organic matter, hence it is mainly confined to the upper 

active layer. 

There Is a pronounced seasonal change In P in the upper 

50 m (Fig. 6.4) following the trend of biogenous Si (Fig. 6. 1, see 

also Fig. 4 in Price and Skei, 1975, Appendix E). This may imply 

that P is more closely associated with siliceous plankton (diatoms) 

than with calcareous plankton (coccolithophorids) and may reflect 

the difference In organic matter content in these two species. 

Both P and S are linked to a common phase in particulate 

matter as evidenced by the covariance of the two elements in most 

waters of Hardangerfjorden. However due to the unknown affect 
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which washing with distilled water has upon "organically-bound" 

S • It is difficult to interpret variations In Its concentration. 

Generally the P/S ratios in the particulate matter of Hardanger-

fjorden vary between 0.2 and 1.0, within the range of that in river 

water particulates. Some higher ratios are observed in the upper 

50 m during September 1973 and especially in April 1974. 

Microscopic studies showed that particulate matter 

collected In the southernmost waters of S8rfjorden contains much 

less plankton debris than samples collected further north. Hence 

an increase of particulate P and S in these waters cannot be 

attributed to an increase in productivity. Consequently their high 

concentrations must be associated with organic matter derived from 

sewage discharged from Odda, authigenic Inorganic phases or direct 

release of industrial waste containing P and S. 

Samples collected in August 1971 from the harbour area 

of Odda contain high concentrations of particulate P and S (Table D 5, 

Appendix D). At most stations a maximum of P and S occurs at 

5 rn depth. This maximum does not coincide with the depth of 

maximum concentrations of alumino-..silicates (5.4) but conforms 

more closely to the position of the halocilne (see Fig. 2 In Skel et 

al, 1973, Appendix E). This may be due to flocculation of colloidal 

humi c materials at the fresh water-seawater Interface (Siegel, 1971). 

It has also been noted that certain particulate metals (e.g. Mn and 

Zn) are greatly enriched at this Interface (p. 84). The relation-

ship between P, S and Mn and the position of the halocline is clearly 

seen from their respective depth profiles In these southern waters 

(Fig. 6. 5). 
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The sub-surface water in the harbour basin also con-

talna considerable quantities of particulate P and S. Particulate 

S is exceptionally abundant in waters close to the zinc plant (S 28 

and S 31). The same samples contain the highest concentrations 

of particulate Pb and Zn (p. 174) which suggests that S may be 

associated with these metals In the Industrial waste (2. 1). 

Samples collected in August 1972 all show particulate 

P and S concentrations to be highest in the low salinity surface 

waters (0 m). Below, a secondary maximum occurs at the halo-

dine. The surface high must be associated with terrestrial input 

via rivers (runoff was much greater in August 1972 than August 1971). 

Presumably as in 1971 the high P and S at the haiocllne is the result 

of flocculation of various organic substances. In the underlaying 

waters concentrations of P and S decrease rapidly at depth. Some 

samples at intermediate depth (50-176m) from the southern stations 

do not conform to this pattern and show some small increase. In 

such Instances much of the P appears to be associated with non-

silicate Fe (p. 84). This relationship is illustrated In Fig. 6.6 and 

indicates a Fe/P gradient of '3.3, similar to the ratio between "free" 

Fe and P In particulate matter from Loch Etive (Price and Calvert, 

1973) which was attributed to the presence of ferriphoephates. 

Samples showing covariation between Fe and P Immediately underlay 

or coincide with the position of high dissolved phosphate (3. 5) and 

high particulate non-silicate Fe (7. 2). 
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CHAPTER 7 

PARTICULATE AND DISSOLVED Fe AND Mn 

The geochemistry of Fe and Mn in the marine environment 

has been thoroughly discussed by several workers in recent years. 

Most attention has been paid to the mobility of these elements in 

seawater and sediments and their transformation with respect to 

changes In pH and redox conditions (Piper, 1971; Nissenbaum et al., 

1972; Spencer et al., 1972; Taylor, 1974). 

The waters in Slirfjorden are oxygenated at all depths 

(3. 4), hence the distribution of Fe and Mn in the water column is 

not controlled by redox conditions. However, changes in pH may 

play a role in the precipitation of Fe and Mn in some near surface 

waters. 

The study of Fe and Mn in S8rfjorden emphasizes the 

partitioning of these elements between detrital alumino-silicates, 

organic constituents, authigenic phases and pollutants. While we 

have to date been considering the composition of particulate com-

ponents (Chapters 5 and 6), problems concerned with Fe and Mn also 

involve dissolution and precipitation. Hence, the following account 

will be concerned with these elements in both their particulate and 

dissolved states. 

The amount of 'excess' or non-silicate Fe in suspended 

matter is difficult to assess. Previous workers have adopted an 

arbitrary Fe/Al value ranging from 0.5 to 0.7 to represent the Fe 

content of silicate material (Spencer and Sachs, 1970; Price and 



Calvert, 1973). However, as the terrain surrounding SBrfjorden 

is predominantly gneissic (p. 6 ) and analyses of pre-Cambrian 

gneisses from other parts of Norway show a Fe/Al ratio of v  0.2 

(e.g. Rutland and Sutherland, 1967), the above range of values could 

be unrepresentative of the silicate input. In Fig. 7. 1 the distri-

bution of non-silicate Fe at station S 59, based on Fe/Al ratios 

ranging from 0.2-0.7, is shown. Even if we regard non-silicate 

Fe to be Fe held in excess of Al in a Fe/Al ratio of either 0.2 or 0.7, 

the respective results do not alter to any obvious degree the trend 

in non-silicate Fe with depth for this profile (Fig. 7. 1). Hence, as 

a compromise, a Fe/Al ratio of 0.5 has been adopted to express the 

concentration of silicate Fe in all particulate matter. Any Fe held 

in excess of a ratio with Al of 0.5 will be termed non-silicate Fe. 

Manganese is associated with detrital silicates to a lesser 

extent than Fe (Goldschznidt, 1954) (see also Fig. 7. 2). The average 

Mn/Al ratio in SBrfjord sediments (v0.013) is similar to that of 

Quaternary clays (Roaldset, 1972). Hence, Mn In excess of a Mn/Al 

ratio of 0.01 is taken to represent non-silicate Mn. 

7.1. Particulate and dissolved Fe and Mn in river/lake waters 

Rivers transport Fe and Mn in particulate and dissolved 

forms (Nesterova, 1960; Stumm and Morgan, 1970). The results 

of analyses in Table D 5, Appendix D. show that in the river Opo 

95019 and 54% of the total Fe and Mn respectively are transported 

as solids (>0.45,u.). The pronounced difference between Fe and 

Mn reflects their relative abundance in alunilno-silicates. 

Concentrations of particulate Fe in all the river and lake waters 
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(Table D 5, Appendix D) vary between 11.26 and 677.2 g/kg, 

approximately 60% being non-silicate Fe. This implies that 

SBrfjorden receives appreciable amounts of particulate "hydrous 

ferric oxide" (Fe 203 . nH2O) (Stunim and Morgan, 1970), and/or 

precipitated Fe-organic complexes (Malcolm, 1972). 

Concentrations of particulate Mn for all river and lake 

waters are considerably less and range from 0.20 to 10.02 pg/kg. 

Only 1530% of Mn residing In the particulate matter can be 

regarded as oxides. 

As might be expected, concantrations of dissolved Fe 

and Mn in river/lake waters are less than those of their particulate 

forms and vary between 5.2 and 42.5,g/kg and 2.4 and 7.1j&g/kg 

respectively (Table D 5, Appendix D). These concentrations are 

similar to those quoted by other workers (e.g. Taylor, 1974). 

The particulate non-silicate/dissolved ratios observed were "-10/1 

(Fe) and '1/10 (Mn). This discrepancy In ratios may be due to 

a selective precipitation of Fe relative to Mn in riverwater con-

taming both metals (Krauskopf, 1957). 

7. 2. The distribution of Fe and Mn in the fjord at high runoff 

The supply of non-silicate and silicate Fe via rivers 

Induces a surface maximum of Fe in the fjord, generally decreasing 

northwards (Table D 5-6, Appendix D). In contrast, particulate 

non-silicate Mn is more abundant at the halocline, especially in the 

harbour area (data from August 1971, Table D 6, Appendix D), than 

at the surface (Fig. 6. 5). The pH was measured (Appendix B) in 



water samples collected in 1971. In the surface waters of the 

harbour basin near Odda, pH values ranged from 3.72 to 5.67. 

The halocline separates the low pH surface water and water of 

normal pH (-.'7.8); near the bottom pH values fall below 7.3. 

This anomalously low pH is associated with considerable discharge 

of phosphoric and sulphuric acid from the zinc plant (Environmental 

Committee Report, 1973). As the pronounced increase of non. 

silicate Mn at the halocline (Fig. 6. 5) only to observed in waters 

of unusual pH and its increase does not conform to the distribution 

of detrital matter, it is assumed that a reaction takes place at the 

halocline, leading to the formation of particulate Mn. Higher levels 

of particulate Zn are also observed in the same samples, which may 

indicate scavenging of metal ions by Mn (Murray, 1975). While 

there seems to be no anomalous increase in concentration of non-

silicate Fe at or near the halocline, this does not imply a lack of 

precipitation of Fe(III) from river water at this boundary. The 

considerable input of industrial Fe(m) below the halocllne and 

riverborne Fe(III) above the halocline would have a masking effect 

on its presence there. It is also evident from Fig. 6 5 that 

particulate P and S conform to the pattern shown by Mn. These 

elements may be Intimately associated with freshly precipitated 

Fe (III) either due to Inorganic coprecipitation, adsorption or to the 

presence of Fe-organic floes (Malcolm, 1972). It should also be 

added that waters of the extreme southern part of the fjord have an 

unusually high content of dissolved Fe and Mn (p. 87) as well as 

P (p. 24 ). 
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The lateral and vertical distributions of particulate 

non-silicate Fe for August 1972 are shown In Fig. 7. 3. Highest 

non-silicate Fe occurs at the surface (0 in) and in a lobe of water 

situated close to the seabed in the south, extending northward to 

appear In lesser concentrations some 100 to 150 in from the seabed 

(400 in) In the middle of the fjord. Almost certainly the source of 

this Fe is the zinc smelting works (D.N.Z., see Fig. 1. 5), which 

discharges Fe-waste (2. 1). Because of the contamination by 

industrial Al In some waters (p. 62 , the values of non-silicate 

Fe as presented must be regarded as minima. A more accurate 

assessment of the non-silicate Fe (Mn) could be achieved if Ti is 

substituted as an Indicator of aluminium-silicates in these con-

taminated waters. 

The density of the Fe-containing effluent released by the 

zinc plant is 1.09 g/ml (2. 1), being appreciably higher than that of 

the surrounding seawater (1.021-1.026 g/rnl). When such a sus-

pension is Introduced as a continuous effluent, it spreads down-

current as a plume (Pritchard, 1959) initially following the seabed 

until mixing with seawater reduces the density sufficiently to prevent 

further sinking. As a consequence the suspension gradually loses 

its tdent.tty. 

The effectiveness of the initial mechanical dilution will 

depend on the density difference between this effluent and the receiving 

seawater (Pritchard, 1959). A density difference of ' 0.07 g/ml will 

inhibit both mechanical dilution as well as dispersion by turbulent 

diffusion. This may explain why this Fe-suspension appears to act 
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Fig. 7. 3. Lateral and vertical distribution of particulate 
non-silicate Fe during August 1972, September 
1973 and April 1974 (isopleths at 5, 10, 15, 20, 30 
and 40pg/kg). 



as a gravity flow, until diluted sufficiently to be mixed into the 

surrounding watermas sea towards the north. Another factor which 

prevents the contaminated plume from reaching the deepest waters 

of the fjord is its vertical displacement created by the momentum 

of inflow of deep water associated with flushing. This feature is 

clearly recognized in August 1972 (3. 8). Similarly the tongue of 

water wedging Into the high-Fe plume between 200 and 250 m depth 

(Fig. 7.3) apparently originated outside S8rfjorden. 

The distribution of particulate non-silicate Mn does not 

conform to that of Fe, particularly in the near-surface waters. 

Instead, it shows a sub-surface high and a near-bottom maximum 

(Fig. 7.4). The high particulate Mn near the surface at stations 

in the southernmost part of the fjord, is presumably a result of 

a transformation mechanism at the ha].ocline (p. 84 ). At the 

outlying stations higher Mn occurs at 50 m depth. It will be shown 

later (Chapter 9) that this Mn is associated with vertical displacement 

of deep water. The bottom water maximum is thought to be a con-

sequence of resuspension of Mn-enriched surface sediments (see 

4. 3c and Chapter 9 for discussion). 

While the distribution of non-silicate Fe and Mn as 

portrayed in Figs. 7. 3-4 appears at first sight to be very different, 

a closer inspection of the depth profiles of these elements at several 

stations, S 36 in particular (Fig. 7. 5), reveals some covariation 

which may be the result of the overall chemical affinity of these 

elements in the marine environment (Spencer et a].., 1972). 

The results of the analyses of dissolved Fe and Mn in 
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the most southern waters during August 1972 show unusually high 

levels of both metals In the upper 75 m (Table D 5, Appendix D). 

For instance, the concentration of dissolved Fe in the surface 

water of S 48 is -v 25 times that of normal seawater (cf. Dyrasen 

et al., 1972). There is, however, a pronounced seaward decline 

of Fe, expecia]ly in the surface; at station S 36 the Fe content is 

normal. This trend cannot be explained by a simple dilution of 

Fe-rich brackish water by entrained seawater, as the salinity in 

the surface water is approximately uniform (Fig. 3. 2). This 

suggests removal of dissolved Fe, presumably by precipitation of 

Fe-hydroxide f]DCB (Coonley et al., 1971) and/or to some extent 

through uptake by plankton (Cooper, 1935; Lewis and Goldberg, 

1954; Martin, 1970). The transformation of Fe(fl) to Fe(111) in 

the surface water, is also supported by the increase of non-silicate 

particulate Fe observed in the middle of the fjord (S 42 - 0 rn and 

S43 - Om, Table D 6, Appendix D). 

In the deeper waters, dissolved Fe is slightly more 

abundant; these values are broadly coincident with the middle of the 

'effluent plume' described above (see e.g. 545 - 150 m and S 41 

150 m, Table D 5. Appendix D). 

Maximum dissolved Mn occurs at 25 m depth and coincides 

with the inaimum of dissolved Pb and Zn as will be seen later 

(Chapter 8). Its concentration Increases towards the head of the 

fJord and at station S 46 44 ,&g/kg Mr. was measured at 25 m depth. 

These anomalous Mn concentrations in the southern area may be 

caused by a small but significant industrial discharge (Table 2. 3). 



7. 3. The distribution of Fe and Mn in the fjord at moderate 
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During this period the amounts of suspended non-silicate 

(and silicate) Fe in surface waters of the fjord are reduced due to 

the smaller input from the rivers. In contrast, concentrations of 

non-silicate Mn are higher in the surface (0 rn), when compared 

with the situation described for August 1972. Comparison of the 

data for stations S36 (1972) and 559 (1973) shows surface con-

centrations of non-silicate particulate Mn to be more than doubled 

in 1973 (Table D 6, Appendix D). Similarly, the concentrations of 

dissolved Mn at the same stations and the same depths (0 m) are 

almost doubled (Table D 5, Appendix D). As seen below 

and in Chapter 8 the same surface waters also display a pronounced 

increase in pollutant Fe. Zn and Pb. Thus it is believed that the 

high Mn concentrations are associated with industrial discharge. 

The lateral and vertical distributions of particulate non-

silicate Fe are shown in Fig. 7. 3. Although the small number of 

samples collected provide only a very restricted picture of its 

distribution pattern, the general trend resembles that of August 

1972. However, the concentrations of Fe in the deep water plume 

differ in one major respect. In September 1973, Fe is abundant in 

the south close to its source but shows a rapid falloff northwards 

(Fig. 7. 3). This feature can be explained by the autumn near-

surface inflow (p.  33 ) which causes a pile-up of contaminants in 

the extreme south (p. 97 ). 

The distribution of non-silicate Mn (Fig. 7.4) also 

displays many features seen in 1972, but now particulate Mn in the 



near-surface waters appears to be confined to the southernmost 

part of the fjord and preferentially at depths between 10 and 30 in, 

coinciding with inflowlng water. The source of this Mn and the 

cause of its precipitation is unclear. However, it may be a phen 

omenon associated with mixing between inflowing water of high pH 

and outfiowing contaminated water of low pH (p. 84). 

A pronounced increase of particulate Mn in the bottom 

water of the central basin of S8rfjorden is clearly observed, and 

appears to result from sediment disturbances (see Chapter 9). 

Fig. 7. 5 shows the depth profile of non-silicate Fe and 

Mn at station S 59. Again some covariation is apparent (see p.  86  ). 

However the relative amounts of non-silicate Fe and Mn are widely 

different from those observed previously. During August 1972 

(S 36), the non-silicate Fe/Mn ratio of the particulate matter varies 

between 2 and 5 at most depths as opposed to 0.4 and 3 in September 

1973 (S 59). This discrepancy is most conspicuous below 300m 

where Mn preponderates over Fe (1973). 

Dissolved metals were only measured in samples collected 

at station S 59 in 1973. These results (Table D 5, Appendix D) show 

a pronounced vertical variation, eapeciall,y for Mn. High dissolved 

Mn was found in the surface (0 in) and at 50 to 75 in. Sandwiched 

between these two layers were waters impoverished in dissolved Mn 

and presumably representing inflowing water originating primarily 

from outside SSrfjorden (p. 33). 



7. 4. The distribution of Fe and Mn in the fjord at low runoff 
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As at other times non-silicate Fe concentrations are 

abundant in the surface water, particularly in the southern part of 

the fjord (Table D 6, Appendix D). As this feature conformed to 

a substantial Increase of particulate and dissolved pollutant. (e.g. 

Pb and Zn) it is assumed that the primary source of the Fe at this 

time to industrial waste. 

The vertical and areal distributions of non-silicate Fe 

as illustrated in Fig. 7. 3 again resemble those seen In previous 

years. 

The deep water plume, descending from the Innermost 

basin towards the deepest parts of the fjord, is evident, as is the 

increase of Fe in the lowest waters, extending some 50 in above 

the seabed (e.g. S71 and S 69). 

The distribution of particulate non-silicate Mn is shown 

in Fig 7.4. There are two obvious features: 1) high Mn con-

centrations at 10 to 50 in depth and 2) an increase of Mn towards 

the sediment-water interface, particularly in the deepest basin. 

These features are also displayed in Fig. 7. 5. The near-surface 

high Mn does not appear to be associated with any phenomena at the 

halocline as noted at other times. Instead, this Mn appears 

intimately associated with the biogenous matter occurring in these 

waters at this time (p. 78 ). Hence, it is assumed that much of 

this Mn resides in organic or less probably skeletal matter. The 

deep water suspended Mn seems, as In the Instance of much 
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non-silicate Fe (see Fig. 7. 3), to be coupled with considerable 

sediment disturbance. In contrast to September 1973, Fe pre 

ponderatea over Mn in the deep water (S 71, Fig. 7. 5) but the 

non-silicate Fe/Mn ratios are invariably lower compared with 

August 1972 (p. 89 ). 

Particulate matter collected in 1974 was analysed both 

before and after washing with distilled water. The latter analyses 

are thus subject to the deleterious effect that drying and subsequent 

washing has on the composition of particulate matter (Price and 

Skei, 1975, Appendix E). The percentage loss of Mn from samples 

collected in S8rfjorden caused by this treatment is given in Table 

6. 1. These results show most clearly that Mn is associated with 

at least two particulate matter components, that respond differently 

to washing. More than 50% Mn Is lost from samples collected in 

the upper 50 m of the fjord, compared with samples from deeper 

waters, which suffer only a 1030% loss. This feature is demon-

strated for one depth profile (S 71) in Fig. 7. 6. The similarity in 

behaviour of Mn and P (p. 77 ) when subjected to washing, suggests 

that non-silicate Mn present in the euphotic layer predominates in 

biogenous matter. Morris (1971) observed an Increase of particulate 

Mn in seawater during a plankton bloom and he attributed this to 

surface adsorption of Mn onto phytoplankton. A similar mechanism 

of adsorption of metals, including Mn, onto copepod exoskeletons 

has been reported by Martin (1970). 
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In contrast to the loss of Mn from shallow water 

samples, particulate Mn in the deep water, which is thought to 

represent dispersed oxides, shows very little change during 

drying and washing (Table 6. 1). 
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CHAPTER 8 

PARTICULATE AND DISSOLVED 
Cu, Pb AND Zn IN THE WATER 

Trace metals occur in normal seawater in sufficient 

quantities to sustain biological growth in the sea. Although some 

metals are essential micro-nutrients in the enzyme system of 

marine organisms (Zirino and Healy, 1970), it is unlikely that 

plankton growth is ever limited by the lack of trace metals 

(Riley and Chester, 1971) (cf. Boyle and Edmond, 1975). In the 

last decade there has been more concern about the surplus of trace 

metals in the oceans created by man-made sources (Goldberg, 1970). 

A trace metal which in normal seawater is important in sustaining 

life may have an inhibitory effect on marine organisms when con-

centrations of a particular trace metal exceed a certain threshold. 

This has been emphasized in several studies (Jones, 1938, ; Mandelli, 

1989; George, 1970; Bryan, 1971; Nuzzi, 1972). 

S8rfjorden is an area where the local discharge of heavy 

metals is sufficiently high to cause concern about the marine life. 

Hence, an attempt was made to study the distribution of three heavy 

metals; Cu, Pb and Zn in particulate and dissolved state in the 

watermasses, to gain some knowledge about the behaviour, transport 

and dispersal of these metals in the fjord. 
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8. 1. Cu, Pb and Zn in river/lake waters 

The concentrations of particulate and dissolved Cu, Pb 

and Zn in river/lake waters from the area about S8rfjorden are 

shown in Table 8. 1, along with results from other studies. 

Table 8.1. Metals in river water 

Cu Pb Zn_____ 

dies part dies part dims part 

River Fossa 	 - - - 0.3 - 0.4 

River Opo (average 
3.4 upper and lower) - - 3.2 15.0 1.8 

Lake Ringdalsvann 	2.2 - - 0.4 15.3 0,3 
River Espe and 

4.5 Ullenavang (average) - - 1.6 25,7 1.0 

Turekian (1 969)1 	7 - - - 20 - 
Taylor (1974)2 	0.5-0.8 - - - 5.2-9.6 - 

1 Average world value for rivers. 
2 Rivers Moelv, Beitleelv and Vosso, West Norway. 

The concentrations of dissolved Cu and Zn, although 

broadly comparable with values quoted by other workers, tend to be 

higher than levels found in other rivers of West Norway (Taylor, 1974). 

The levels of particulate Pb and Zn in the riverwater are 

appreciably higher relative to Al than those observed in 'unpolluted' 

sediments from S8rfjorden. The Pb/Al and Zn/Al ratios in the river 

particulates from River Opo are "60 x 10 and -'35 x 10 

respectively; the corresponding ratios in sub-surface sediments 

from S8rfjorden are "'4 x 10 and "20 x 10. The quantity of 

Zn relative to Al may be compared with data of Spencer and Sachs 
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(1970) which showed a linear relationship and a Zn/Al ratio of 

18 x 10 in the bottom waters of the Gulf of Maine. This ratio 

has been considered to represent that of alumino-. silicates. The 

higher Pb/Al and Zn/Al ratios in particulate matter and dissolved 

Cu and Zn in river Opo may well be due to the contribution of local 

atmospheric fallout of metals in the catchment area of the river. 

Measurements of the monthly fallout of Pb and Zn In the vicinity of 

the industrial plants near Odda showed values of 6.6 mg/m 2  and 

177.8 mg/m2  respectively (Environmental Committee Report, 1973). 

In contrast, measurements of fallout of the same metals in a less 

industrialized area in England showed a monthly fallout of 4.5 mg/m 2  

Pb and 10 mg/m2  Zn (Pierson et al., 1973). 

8. 2. Suspended particulate Cu, Pb and Zn in waters of S8rfjorden 
at various seasons 

The results of the analyses of particulate Cu, Pb and Zn 

in samples collected in 1971 are reported in Skei et al. (1973) 

(Appendix E) and will not be discussed here. 

The distributions of particulate Cu and Zn in the water 

In August 1972 (Table D 5, Appendix D) are very similar and display 

pronounced maxima at the surface (0 rn) and a general increase 

towards the southernmost stations. Maximum concentrations of 

Zn and Cu in these waters are 6.6 j.g/kg and 5.4 ,Lg/kg respectively. 

At depth their concentrations are lower and erratic. It seems that 

except for local enrichments of particulate Cu and Zn in the south, 

their concentrations in S8rfjorden during August 1972 are not very 

mtch higher than those measured in coastal waters (Slowey and 



Hood, 1971; Preston et al., 1972) and in Hardangerfjorden 

(Price and Skel, 1975). 

The concentration range of particulate Pb in samples 

collected during this period is 40.1 to 10.04 ,g/kg (Table 1) 5, 

Appendix D). The lateral and vertical distribution (Fig. 8. 1) 

shows, as noted with Cu and Zn, high concentrations in the surface 

water but additionally it displays high concentrations in waters of 

25 m to 150 m depth. As coast al waters contain total Pb con- 

centrations between 0.6 and 2.9 pg/kg (Preston et al., 1972) it would 

appear that industrial Pb is contaminating S8rfjorden. Fig. 8. 1 

Indicates that an outflow of metal-contaminated water occurs at two 

depths; that is at the surface and at intermediate depths (25-150 m). 

However, metals released and carried expecially in the surface water 

need not have been originally in particulate form, but could have been 

sorbed onto, or incorporated into solid matter during their travel. 

The persistence of Pb at intermediate depths from Odda to 

Hardangerfjorden (H 35) suggests that Pb in particulate form is not 

easily removed from the waters of S8rfjorden. Furthermore, it 

should be noted that the bulk of Pb and Zn is not associated with the 

deep water plume of Fe-waste (Fig. 7. 3) that occurs during this 

and subsequent periods of sampling, despite the fact that 100% of 

Pb and 80% of Zn reside in the jarosfte residue discharged from the 

zinc plant (Table 2. 1). However, Fig. 8. 1 indicates that some Pb 

is coupled with the Fe-waste In the water. 

The analyses of particulate metals in samples collected 

in September 1973 provide evidence of greater metal contamination, 
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particularly in the extreme south. Maximum concentrations of 

26.9kg/kg Pb and 13.5g/kg Zn were measured in the harbour 

basin of Odda. Here the depth profiles of Pb and Zn are similar 

(Fig. 8.2) and show clearly a northward dispersal of Pb and Zn in 

the sub-surface waters and in a thin surface outflow. The shallow 

autumnal inflow that has been identified by a study of the hydrography 

(3. 7) is characterized by low metal content. This is seen to overlie 

an extensive outward moving undercurrent which appears to carry 

the bulk of heavy metal contaminants out of the fjord (Fig. 8. 1). 

This autumnal inflow is presumably responsible for the piling up of 

contaminants, including that of Fe (p. 88), in the south (S 63 and 

S 64, Table D 5, Appendix D). 

Sub-surface waters in the vicinity of the smelting works 

contain particulate matter displaying a mean Zn/Pb ratio of - 0.4. 

In the middle of the fjord (S 59) this ratio has decreased to —'0.15 in 

waters of 50 in to 100 in depth. Such a change provides further 

support for the contention that particulate Pb behaves very differently 

from Zn in the fjord. 

In April 1974, particulate Pb and Zn were measured in 

samples before and after washing with distilled water (see Price and 

Skei, 1975, Appendix E) (p. 76). The results tabulated in Table 

6. 1 reveal a considerable lose of both metals upon washing. The 

losses of Pb from most samples are 50 to 80%; those for Zn are 

significantly lower (0-40%) (Fig. 8. 3). The vertical change in the 

percentage loss of metals is most pronounced for Zn, where high 

losses are confined to the upper 100 in of water. This suggests that 
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Zn may be largely associated with plankton (Morris, 1971). The 

losses of Pb are much more uniform with depth which may indicate 

that Pb Is present in an additional phase to that holding Zn. The 

greatest loss of Pb (81-86%) was observed in samples collected In 

the deepest basin of S8rfjorden (S 71), which also display high con-

centrations of non-silicate Mn and Fe. 

The disttlbution of particulate Pb (before washing) Is 

shown in Fig. 8. 1. The surface concentrations of Pb are 

appreciably higher In April 1974 than at other times even if the 

results after washing of samples are compared. The pattern implies 

surface (0.10 m) and intermediate (50-100 m) outflows, separated by 

a watermass of low particulate Pb interpreted as the compensatory 

inflow. This situation has been noted previously. Waters below 

250 m depth are conspicuously low In their particulate Pb and Zn 

concentrations, that Is - 1 ,g/kg and 0.5 to 0.8,/-V/kg respectively. 

It appears that the seaward falloff in surface concentrations 

of Pb is mainly a consequence of dilution by mixing with seawater. 

This is seen from the inverse relationship between particulate Pb 

and salinity (Fig. 8.4). Particulate Ti (or aluminium- silicates) 

also showed a high degree of conservatism in the surface water at 

this time (Fig. 5. 3). In contrast, particulate Zn shows a curve 

linear relationship with salinity (Fig. 8.4) suggesting that some uptake 

of Zn onto particulate matter takes place, particularly in the middle 

of the fjord (S 71). As the surface water at this station displays 

very high concentration of biogenous Si (Table D 6, Appendix D), 

this may Imply that Zn Is taken up by diatoms. 
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8. 3. Dissolved Cu, Pb and Zn in waters of SJrfjorden at various 
seasons 

As the data for dissolved Cu and Pb are sparse, most 

attention will be paid to the distribution of dissolved Zn. 

In August 1971 dissolved Zn was analysed through depth 

profiles at stations (S 26, 27, 28 and 31) situated in the harbour area 

of Odda. The results are shown in Fig. 8. 5. The severity of the 

metal contamination in this area is most evident. Surface con-

centrations vary between 1060 pg/kg and 4595 fg/kg Zn. In the 

bottom water dissolved Zn exceeds 1100 -g/kg. The intervening 

waters (5-30 m) although highly contaminated, contain much lower 

Zn concentrations. Presumably the waters associated with these 

depths represent the most southerly extension of the inflowing 

compensating current. The surface and bottom water maxima of 

Zn are probably the result of direct discharge of Zn at two levels 

in the water (see 2. 1). Some contribution of Zn to the bottom water 

may also be derived from dissolution of Zn from sediments con-

taming between 1 and 10% by weight Zn (4.4). From these results 

and those of particulate Zn it appears that less than 1% of the total 

Zn in surface and bottom waters of the harbour basin resides in 

particulate matter. It clearly demonstrates the ability of Zn80 4  

(2. 1) to dissolve in seawater, the low pH in these waters (p.  84  ) 

increases its solubility (O'Connor and Renn, 1964). 

Samples collected in August 1972 were analysed for 

dissolved Cu, Pb and Zn. The levels are generally higher than can 

be accounted for by natural enrichment of dissolved metals in the 
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water during plankton blooms (i.e. Cu 'v4 7g/kg, Pb -v  4 1g/kg and 

Zn —20g/kg, Knauer and Martin, 1973). The seaward decrease 

of Cu concentrations is pronounced and Indicates that serious Cu. 

contamination is effectively confined to a very small area in the 

south of the fjord (S 45 and S 46). The distribution of dissolved Zn 

(Fig. 8. 6) shows fairly uniform concentrations ( 200 7g/kg) in the 

surface water and conforms to the salinity distribution (3. 2). 

Hence, the dilution of Zn as a surface contaminant relates to the 

mixing with seawater. When runoff is high (e.g. August 1972) the 

percentage of entrained seawater relative to the total outflow is 

small, due to strong density stratification. Dilution and dispersal 

of the contaminated volume at 25 to 100 in is more pronounced 

(Fig. 8. 6), and a rapid seaward falloff of Zn concentrations is 

observed. Below the halociA.ne the stability of the water is weak, 

promoting both mechanical mixing and turbulent diffusion (Pritchard, 

1959). In spite of this, distinct maxima of dissolved Zn and Pb 

occur within the fjord at 25 in depth, coinciding with the interface 

between the compensating current and the inidwater outflow (3. 9). 

This interface represents a layer of no-net-motion, that is where 

horizontal advection is minimal. Accumulation of organic matter 

at such Interfaces has been observed in the oceans (Bogclanov and 

Shaposhnikova, 1971). However, there is nothing to indicate from 

the results of particulate metals that this surface traps particles 

which could undergo metal regeneration and creating the observed 

maxima of dissolved Pb and Zn. An alternative and more plausible 

explanation for these maxima of Pb and Zn at this constant depth in 
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the fjord, is that the metals after being released from the source, 

spread horizontally along an ieo..density surface. Revelle et al. 

(1955) have given a striking example of the difference in the scale 

of horizontal and vertical mixing by showing that radioactive 

material released at a point below the main thermocline spread 

over an iso.density surface and covered an area of 100 km 2, while 

its vertical extent did not exceed im. 

The analyses of particulate metals in September 1973 

provide evidence of greater metal contamination than those of 

August 1972. This is also seen for the dissolved metals, as 

illustrated by Zn (Fig. 8. 6). The high surface concentrations of 

Zn are largely associated with the small amounts of seawater 

entrained. However, relative to runoff and surface flow the en-

trainment is large, hence there Is a significant northward decrease 

in the surface concentrations of Zn, (cf. August 1972). Fig. 8. 6 

also reveals that the position of the midwater outflow varies. 

The somewhat deeper located outflow in September compared to 

August 1972 is linked with autumnal shallow inflow of metal-

impoverished water (3. 7). 

In April 1974 the overall trend in the distribution of 

dissolved Zn (Fig. 8. 6) is similar to that described above, differing 

in two respects. Higher concentrations of Zn are seen in a very 

thin surface layer and lower concentrations can be noted in waters 

of intermediate depth. The rapid seaward decrease of Zn con-

centrations in the surface water appears to be a consequence of an 

extensive entrainment of seawater relative to the surface flow (see above). 
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As a result an inverse relationship between dissolved Zn and 

salinity can be established (Fig. B. 7). It should, however, be 

stated at this point that while dilution by seawater has been 

emphasized as the major factor responsible for the seaward 

decrease in metal concentrations, other mechanisms such as 

biological uptake and adsorption by detrital particulate matter may 

also occur (Fig. 8.4). However, these alternative mechanisms 

are effectively eclipsed by the very high metal contamination, 

and dissolved Zn appears to have conservative properties In the 

surface water (Fig, 8.7). 
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CHAPTER 9 

PARTICULATE MATTER 
IN THE BOTTOM WATER OF S(RFJORDEN 

An increase in turbidity in bottom waters of fjords 

(Jerlov, 1953; Pickard and Giovando, 1960; Folger et al., 1972) 

and above deep ocean slopes (Ewing et al., 1971; Jacobs et .1., 1973) 

has been described In many studies. The high turbidity water above 

the seabed in fjords, termed the bottom nephelold layer, is normally 

confined to the bottom 100 or 200 m (Pickard and Giovando, 1960). 

It is assumed to originate from bottom sediment disturbances, and 

is characterized by an Increase in particle density with depth. 

Furthermore these layers in the oceans tend to contain a greater 

proportion of small size particles (-- 2,, ,-)  than particulate matter 

found in the overlaying waters (Jacobs et al., 1973), with consequently 

longer residence times in the water (Sachett and Arrhenius, 1962). 

Published information on the composition of the particulate 

matter in nephelold layers is sparse. For this reason the chemistry 

of the bottom nepheloid layer in S8rfjorden has been investigated and 

related to various parameters, especially the composition of the 

underlaying sediments and the particulate matter in the shallow and 

intermediate waters. Unfortunately as bottom waters were not 

collected closer than ''20 m from the seabed, the total extent and 

range in chemical composition of the bottom nepheioid layer at 

different stations and at various sampling seasons have probably not 

been realised. 
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The particulate matter in the deeper waters of 

S8rfjorden, especially stations 536 (1972), 559 (1973) and 571 

(1974) occurring over the deepest basin, have been examined for 

variations in the abundance and composition of its terrigenous, 

biogenous and authigenic constituents Criteria delineating these 

constituents and their variation In composition are the same as 

those given in Chapters 5, 6 and 7. 

Fig. 9. 1 clearly shows an increase in Al and hence 

detrital alumina-silicates In the bottom waters, extending some 

150 m to 200 m above the seabed. A a concentrations generally 

increase toward the seabed they are consistent with a pattern 

developed from a process of sediment resuspension (Ewing et al., 

1971). The increase is most pronounced at S71 (April 1974). 

Stations S 36 and S 71, identically positioned, are separated from 

S 59 by the Hovland Sill. The Al profile at S 59 is complicated by 

a conspicuous increase of Al concentrations at 300 in depth (Fig. 9. 1) 

which may be a consequence of erosion and resuspension of am 

sediments and their inward transport. 

In Table 9. 1 the element/Al ratios In particulate matter 

of the bottom 200 in at stations S 36, S 59 and S 71 are given. It 

appears that the K/Al ratios of the bottom water particulate matter 

covary with the concentrations of total alumlno-silicates present; 

that is, when aluinino-silicates are abundant, they tend to be higher 

presumably due to a coarser grain-size (p. 45 ). 

Mg/Al ratios in samples of the bottom water particulate 

matter also show considerable differences with respect to time of 
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Table 9. 1. Element/Al ratios in the 
	

te matter of the 
bottom nepheloid layer o 

Cruise, Depth date and 	
(m) 	K/Al 	Mg/Al 	Ti/Al 	Mn/Al 	Fe/Al 

station 

Cruise I 
August 1972 

S36 200 0.40 0.34 0.053 0.35 1.68 
250 0.39 0.41 0.040 033 1.41 
300 0.38 0.35 0.048 0.33 1.58 
325 0,42 0.32 0.050 0.30 1.25 
350 0.43 0.34 0.053 0.27 1.52 
375 0.41 0.34 0.049 0.30 1.29 

mean 0.41 0.35 0.049 0.31 1.46 

Cruise H 
September 1973 

S59 200 0.51 0.67 0.050 0.50 1.84 
250 0.39 0.58 0.039 0.70 1.44 
300 0.36 0.46 0.049 0.58 1.05 
310 0.34 0.58 0.054 0.98 1.28 
330 0.36 0.43 0.047 0.69 1.01 
350 0.39 0.46 0.040 0.69 0.96 
385 0.38 0.46 0.038 0.93 0.91 

mean 0.39 0.54 0.045 0.72 1.18 

Cruise III 
April 1974 

S71 200 0.42 0.37 0.047 0.26 1.56 
250 0.42 0.36 0.046 0.55 1.89 
300 0.42 0.38 0.046 0.54 1.49 
350 0.45 0.43 0.042 0.70 1.35 
375 0.43 0.41 0.041 0.61 1.25 

mean 0.43 0.36 0.044 0.53 1.51 

Bottom sediments  038 0.23 0.076 0.01 0.77 

1 not salt corrected 
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sampling and the composition of the bottom sediment (Table 9. 1). 

They tend to be inversely related to K/Al ratios, for exmp1e, in 

September 1973 (S 59) the bottom water particulate matter displayed 

low K/Al and high Mg/Al ratios. This implies that during periods 

of high turbidity near the seabed the bottom nepheloid layer con-

tains coarser particles of a higher K/Al and a lower Mg/Al ratio 

than during periods of less Intense sediment resuapefl8iOfl. The 

underlaying sediment shows a very low Mg/Al ratio (0.23, Table 9. 1) 

and the true ratio is presumably even lower as no salt corrections 

on the sediment data were made. 

The lower Ti/Al ratios in the particulate matter com-

pared with the sediment also provide evidence of fine-grained sedi-

ment being held in the deep waters (p. 45). There is, however, 

no conclusive evidence of any significant change in Ti/Al ratios in 

the bottom particulate matter at different periods of sampling, as 

was seen for K/Al and Mg/AL 

The trends in alumtho-silicates as described above, 

can be the result of either preferential resuspension of the fine. 

grained fraction of the sediment by bottom currents or resuspension 

of total sediment and selective retention of the finer grained material 

In the water (Sachett and Arrhen.ius, 1962). For any single event of 

sediment resuspension, preferential or otherwise, an exponential 

increase of aluminosi1icates (Al) with depth would be expected. 

The nearest approach to this pattern is seen at station 571 (Fig. 9.1). 

One would also expect to see a vertical gradient in the chemistry of 

the particulate matter (demonstrated by K/Al, Mg/Al and Ti/Al) 



107. 

in the bottom 200 ui of water, such as a decrease in Mg/Al ratios 

and an increase of Ti/Al ratios with depth, this has not been 

observed (Table 9. 1). On the contrary, the chemical composition 

of particles In the bottom nepheloid layer Is apparently not signifi- 

cantly different from that of particulate matter in intermediate waters 

and does not show any relation to the composition of the bottom 

sediments at all (p.  119). 

An increase of biogenous Si in the bottom water is only 

observed during the period of high diatom production (April 1974). 

A photomicrograph of the particulate matter at 375 rn depth at 

station S 71, shows an abundance of diatom fragments (Fig. 6. 2). 

The distribution of particulate authigenic constituents 

(non-silicate Fe and Mn) tends to follow the pattern described by 

Price and Skel (197 5) for Hardangerfjorden. In Table 9. 1 the Mn/Al 

ratios In the particulate matter of the bottom 200 m at various 

stations are shown. As Fe is abundant as a pollutant at intermediate 

depths in much of S3rfjorden (Chapter 7), its covariatlon with Mn 

is obscured; therefore, the discussion will be confined to Mn. 

The Mn/Al ratios (Table 9. 1) show an appreciable increase towards 

the seabed at stations S 59 and S 71. During August 1972 there is 

no increase in Mn/Al ratios in the deep water (S 36). These results 

conform to the distribution of Mn/Al ratios in the bottom water of 

Hardangerfjorden (Price and Skei, 1975), that is low Mn/Al ratios 

In August 1912 and a two- to threefold Increase in September 1973 

and April 1974. At all times the bottom water particulates are 

greatly enriched in Mn compared with the bottom sediments 



(enrichment factor w35). On the basis of this trend. Price and 

Skei (1975) have argued, in the case of Hardangerfjorden, that the 

presence of much Mn relative to Al in bottom nephe].oid layers is 

more likely to result from sediment resuspension and preferential 

resettling of alnminos1licates. The amount of Mn relative to Al 

in the water thus relates to the time elapsed between sediment 

resuspension and the collection of particulate matter. Evidently 

the Mn/Al ratio may provide useful information an the frequency of 

bottom sediment disturbances which again may be related to periods 

of bottom water flushing. In S3rfjorden it has been shown that 

during August 1972 highly oxygenated waters were introduced at 

depths between 250 m and 400 in, vertically displacing the resident 

bottom water (3. 8). It would follow that this resident water, now 

displaced upwards, should exhibit particulate matter of high Nn/Al 

ratio. This is clearly seen in Fig. 9.2. where high Mn/Al ratios 

in particulate matter are observed In waters at 25 to 100 in depth. 

As the time period between the emplacement of the newly formed 

bottom water and its sampling is small (p. 35), differential 

resettling of Al relative to Mn is minimal and lower, more 'normal ,  

Mn/Al ratios (0.2-0.3) result (Table 9. 1). It follows from the higher 

Mn/Al ratios (0.5-0.9) In particulate matter of the bottom nepheloid 

layers at other times of sampling (1973, 1974) that flushings were 

not recent events and considerable differential resettling of alumino-

silicates had taken place. The somewhat irregular distribution of 

Ain/Al ratios In the bottom 200 in seen in Table 9. 1 may indicate 

multiple Intrusions of water into the bottom of the fjord (Price and 

Skei, 1975, Appendix E). 
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While the Mn/Al ratio of particulate matter In the 

bottom nepheloid layer may provide information on the frequency  

of flushing, the intensity of bottom sediment disturbance may to 

some extent be assessed from the concentration of particulate Al 

(Fig. 9. 1). Apparently, the flushing which took place prior to 

April 1974 was much more vigorous and resuspended more material 

than the flushing in August 1972. 
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PART V 

TRANSPORT AND SEDIMENTATION 
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CHAPTER 10 

THE TRANSPORT AND SEDIMENTATION 
OF NATURAL AND POLLUTANT CONSTITUENTS 

IN SRFJORDEN 

It may be profitable to consider by using simple mass-

balance calculations, the fate of both natural and pollutant con-

stituents introduced into the fjord during the last 50 years, the 

period over which S8rfjorden has been subject to industrial con-

tamination. In order to undertake such an examination many 

assumptions must be made, many of which are not well founded, 

especially with regard to the input of various materials. Even 

so, it is hoped its result will provide some estimate of the relative 

proportions of both natural and pollutant elements that are likely 

to be retained in the fjord. Additionally, it may provide limits of 

the residence time of certain constituents within the waters of the 

fjord. Such calculations may also serve to illustrate some of the 

more important problems that may have been overlooked in this and 

other studies in fjords and estuaries. 

In order to simplify such calculations, particulate Al 

and dissolved Zn have been taken to represent the input of natural 

and pollutant elements into the fjord. The quantities of pollutant Al 

and particulate Zn are neglected, and 'natural' Zn is subtracted from 

any calculations. 
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10. 1. The introduction of particulate Al to the fjord 

Any accurate calculations on the amounts of river runoff 

into S8rfjorden and the amount of Al held in this water are subject 

to difficulty. Continuous measurements of freshwater discharge 

in the river Opo during 1972 (Environmental Committee Report, 

1973) showed considerable variations from week to week (Fig. 1. 2) 

and it is possible that the annual runoff of 2 x 10 9 3 m for all rivers 

leading into S8rfjorden, as assumed here, is not a representative 

yaarly rate for the last 50 years. 

The estimate for the amount of particulate Al carried in 

this runoff is subject to considerably greater error. It is known that 

the capacity of rivers to transport sediment varies enormously with 

their rate of discharge (Nelson, 1970). Instead of a linear relation-

ship, as assumed here, an exponential relationship is probably more 

accurate. However, in the river Opo drainage system, Lake 

Sandvevann (Fig. 1. 5) effectively traps much of the river sediment 

(Aarthun, 1961) and it is possible that the ensuing outflow from the 

lake contains particulate matter more linearly related to the flow 

rate than in 'normal' rivers. 

Runoff from the river 0po has been shown to vary between 

0.6 m3/sec and 389 m3/sec, with an average annual flow of 37.4 m 3/ 

sec (Environmental Committee Report, 1973). At the time of 

sampling in August 1972, runoff in the river opo was '' 85 m 3/sec 

(calculated from Fig. 1.2) and mean particulate Al was 0.5mg/kg 

water. Assuming a linear proportionality between flow and carrying 

capacity, the annual mass of particulate Al carried into Slirfjorden 
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by all rivers is estimated at 740 tons, Indicating an input of 

3.7 x 10 
4

tons over the last 50 years. 

10. 2. The introduction of pollutant Zn to the fjord 

The discharge of industrial waste (Zn) has varied with 

time. Hence, instead of using a fixed rate of discharge we will 

consider the discharge In terms of limits between 6 tons Zn per 

day (the present (1972) discharge rate) and 3 tons per day, an 

assumed mean rate over the last 50 years, based on estimates of 

production figures and composition of waste residue (Environmental 

Committee Report, 1973). 

10. 3. The mass-balance of natural sediment 

At the outset S8rfjorden will be considered to approximate 

a steady state system., that is, the mean level of input of particulate 

Al, its transport and its deposition either within S8rfjorden or 

outside have remained constant with time (50 years). We can now 

attempt to balance the total input of particulate Al (3.7 x 1O 4  tons) 

with that sedimentated in the fjord. 

a) Deposition of sediment. 

Although no direct measurement on sediment accumulation 

rate has been determined, some assessment of its rate or variation 

in accumulation in different parts of the fjord can be made by 

observing the depth of penetration of pollutant metals. For con-

venience, the fjord has been subdivided by area and volume into 

seven regions (Fig. 10. 1), and the mean depth the pollutant (Zn) 

penetrates the sediment has been calculated for each area. Except 
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Fig. 10. 1. Areal sub-division of SBrfjorden (1-7) used 
in connection with mass-balance calculations. 
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for greater accumulation of metals in the harbour area (1, Fig. 10. 1), 

the penetration depth of pollutant Zn is rather constant in the fjord 

and averages - 10 cm. This suggests a mean accumulation rate 

of 0.2 cm/year. Such a value is in accord with an estimate for the 

sediment accumulation rate for Hardangerfjorden (0.5 cm/year 

Holtedahi, 1965) and is within the range 0.15.0.60 cm/year for 

most estuaries (Rusnak, 1967). 

The above calculation presupposes that the vertical 

extent of metal enrichment in surface sediments involves only the 

anthropogenic metal input, and assumes no vertical mechanical re-

distribution by bioturbation (Nichols, 1974) or bacterial enrichment 

processes (McLerran and Holmes, 1974). The same assumptions 

were made by Bruland et al. (1973), Capuz zo and Anderson (1973), 

Chow et al. (1973) and Erlenheuser et al. (1974) when considering the 

influence of industrialization on the metal content in sediments and 

its application in establishing sedimentation rates (Capuzzo and 

Anderson, op. cit.; Erleriheuser et al., op. cit.). The use of this 

method tends to be restricted to grossly polluted sediments. In 

normal sediments a varying degree of postdepositional migration of 

metals (notably Zn, Pb and Cu) occurs and leads to metal enrichment 

at the sediment surface (Hallberg, 1973; Price, 1973; Taylor, 1974). 

For the purpose of estimating the mass of accumulated 

sediment in the past 50 years, the surface of deposition has been 

taken as the surface area of the fjord (63 km 2.  Table 1. 1), rather than 

the true surface area of the bottom of the fjord. This adjustment 

allows for variations in sediment accumulation across transverse 
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sections of the fjord. The mean sediment accumulation rate 

(0.2 cm/year) was computed for sediments situated only along the 

median line of the fjord, and must as a consequence be considered 

as maximum, as the rates of sediment accumulation decrease 

rapidly towards the sides of fjords (Doff, 1970). 

Due to considerable areal and vertical variations in Al 

(Table 4.1) the mean Al content In the surface (0-4 cm) and sub-

surface (4-10 cm) sediments has been estimated for each of the 

seven regions (Fig. 10, 1)*. On this information and assuming the 

relative density of dry sediment as opposed to its constituents to be 

1, a total of 3.8 x 1O 5  tons of Al accumulated during this period of 

time. Comparison of this value with that determined for river 

input (3.7 x 1O4  tons) implies that rivers, as identified In this work, 

only supply a maximum of ' 10% of the sediment mass in the fjord 

via suspended particulate silicates. 

The mean amount of suspended Al residing in the water 

for the various periods of sampling has been calculated for each of 

the seven regions (Fig. 10. 1). This was assessed from a know-

ledge of the shape of the cross-sectional area for each of these, and 

consideration of the mass of Al at depths of 0-2 m, 2-20 m, 20-100 m, 

100-250 m and 250..400 rn The mean result shows that 52 tons 

of suspended Al reside In the fjord waters. If we assume that the 

* Sediments within regions 3, 4. 5 and 6 have not been analysed for 
Al; mean values of 7% Al in the surface and 7.5% in the sub-
surface have been used, which commensurate with those levels 
found in region 7. 
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source of Al is river detritus, its residence time (TA1)  15 

TA1 a Q/I, where Q a total amount of Al present in the water 

(52 tons) and I • mean rate of input of Al from rivers (2 tons per day). 

The calculation Indicates a residence time of 26 days; presumably 

the Al is lost to the sediments or is transported out of the fjord. 

Even if all the river-Introduced Al were sedimentated in S8rfjorden 

there would still be a deficit of 3.4 x 1O 5  tons of Al. Hence if the 

above calculations reflect the true nature of mass Input there must 

be other mechanisms of sediment transport (10. 5) and another source 

or sources of sediments. 

10.4. The mass-balance of pollutant Zn 

Calculations on the supply and removal of Zn have been 

applied in a similar way to Al. "Pollutant Zn" includes that amount 

of metal in excess of 50/, ,g/kg in the water and the content In those 

sediments having concentrations higher than 130 ppm (the content 

of Zn in alumino-silicatea, p. 50 ). 

In the former Instance only that Zn residing in the upper-

most lOOm of water In the respective regions (Fig. 10. 1) needs to be 

considered, as the amount of Zn derived from pollution is negligible 

in deeper waters. 

As seen on p. 113, an assumed mean rate of discharge 

of total Zn over the past 50 years is 3 tons per day. Hence, some 

5.5 x io tons of Zn have been released into the fjord over this 

period. The amount of pollutant Zn residing in the sediments, 
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calculated in the same way as for Al, is "1 x 1O 4  tons*. This 

implies that v18% of the Zn released by the local industry is in.. 

corporated in the sediments within S8rfjorden during the 50 years' 

period. 

Calculations based on the mass of Zn residing In the 

upper 100 m of water in the fjord at various years of sampling 

(1972.74) show a considerable variation. However, it should be 

emphasized that those calculations are subject to considerable un-

reliability due to few Zn determinations and enormous areal and 

vertical concentration gradients. Even so, the assessment suggests 

that the amount of dissolved pollutant Zn residing in the water varies 

from approximately 660 tons (August 1972) to 880 tons (September 

1973) to 1000 tons (April 1974). Using the present discharge rate 

of Zn (6 tons per day, p. 113), the respective residence times in-

dicated are 100, 146 and 183 days. 

As expected, the residence time of Zn in the water was 

found to be appreciably longer than for Al, as the former is present 

in a dissolved state while the latter resides in particulate matter 

and is more easily lost to the sediments. The longer residence time 

for Zn is also partly due to the very sluggish outward movement of 

water that seems to occur at intermediate depths. In contrast Al 

is largely transported In the rapid moving surface water of the fjord. 

* This figure incorporates that Zn calculated In the immediate 
vicinity of Odds and which underlies the upper 10 cm layer 
(1.2 x  103tons). 
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The variation in residence time for Zn between different 

periods of sampling is in agreement with the concept that the 

circulation In the fjord is largely governed by the runoff (p. 31 ). 

At high river discharge the water exchange increases and pollutants 

are flushed more efficiently out of the fjord system (see also 6. 2). 

10. 5. Sedimentation in fjords 

The various mechanisms leading to sediment accumu-

lation in fjords have been discussed by several workers (Pantin, 

1964; Holtedahi, 1965; Folger et al., 1972; Hoskin and Burell, 1972). 

There seems to be a general agreement that settling of particles from 

a sediment laden, freshwater surface "plume" is the most important 

contributor to the accumulation of terrestially derived sediments 

in fjords. This mechanism is thought to be especially important In 

fjords receiving large amounts of glacial clays, where the con-

centration of suspended matter In the surface water is sufficiently 

high to facilitate flocculation (Hoskin and BureU, 1972; Meade, 1972). 

However, the surface waters in S8rfjorden contain relatively small 

amounts of suspended matter (1  4 mg/1), possibly as a result of the 

trapping of sediments by Lake Sandvevann (p. 7 ). Calculations 

on the mass-balance of sediments (10. 3), suggest that the amount 

of Al sedimentated over the last 50 years is an order of magnitude 

higher than that provided by rivers. Either the assessment of mean 

river input of Al is grossly underestimated or there is another source 

of Al which is far more important than river detritus. As a third 

alternative the estimated mean rate of sedimentation (0.2 cm/year) 

may be too high. The fine grain-size of the sediment in the upper 
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part of gravity cores does not provide real evidence of sediment 

slumping or transport via turbidity flows. Gravel, coarse sand, 

wood, etc. below 15 to 20 cm depth (4. 1) were probably Introduced 

in this manner. Although this mechanism appears sporadic, it 

may have a significant effect on the overall sediment accumulation 

rate. Holtedahi (1965) has found from textural evidence in the 

sediments of Hardangertjorden that turbidity flows are frequent, and 

believes that they are responsible for at least 50% of the total sedi-

mentation there. However the most plausible explanation of the 

discrepancy between input and aedimentated material in S8rfjorden 

during the last 50 years (p. 111), is an underestimation of the amounts 

of sediments carried by rivers. It is known that during periods of 

exceptional rainfall and storms, river's transport capacity Increases 

tremendously with respect to both material in suspension and bed load 

(Meade, 1972). Hence, it is possible that most of the sedimentation 

in S.Brfjorden takes place during short periods of exceptional river 

flow. This would explain the presence of silt and sand in the 

sediments. Furthermore, it would explain the abundance of quartz 

in the sediment (4. 2) and the lack of it In particulate matter of the 

rivers and the fjord (5. 2). It would appear that the composition of 

suspended particulate matter observed during the various periods 

of sampling is entirely different from that of material transported by 

rivers and fjord waters during exceptional freshwater discharge. 

For the same reason the chemical composition of the bottom sedi- 

ments differs from that of the particulate matter in the water sampled 

during periods of "normal sedimentation". 
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While the mean rate of sediment accumulation in 

S&'fjorden has been estimated as 0.2 cm/year, inevitably this will 

vary within the fjord. In 4. 3c it was suggested that the content of 

Mn in surface sediments Is inversely related to sedimentation rate 

and hence Mn would provide evidence for areal change in sedimentation 

in the fjord. The distribution of Mn In the surface sediment along 

a medial profile (Fig. 4. 8) indicates that the lowest present sedi-

mentation rate occurs in the middle of the fjord and increases 

towards its head and mouth. The southward increase in sedi-

mentation may be explained partly by the main river discharge 

entering the fjord from the extreme south, and to some extent by 

a greater accumulation of industrial effluent towards the head of 

the fjord. The increase to the north Is consistent with either a local 

introduction of sediment from the river Ullensvang (Fig. 1. 1) the 

third largest river in the area, or a redistribution of the fine-

grained sediments constituting much of the outer sill of the fjord 

(Hausaneset Sill, Fig. 1. 3). Analyses of suspended particulate 

matter outside the entrance of SUrfjorden do not indicate that any 

substantial amount of sediment is brought In from outside the fjord. 

10.6. The fate of pollutants in fjords 

Evaluation of the effects of waste discharge upon 

estuarine systems is one of the most complex technical problems 

confronting those concerned with the resolution of water pollution 

problems. The prediction of mixing, dilution and movement of 

pollutants in the watermasses is complicated due to the liability 

of pollutants to undergo physic-chemical changes in the water. 



121. 

Such mechanisms are dissolution, precipitation • adsorption onto 

organic and Inorganic phases, uptake into organisms, sedimentation 

and possible remobilisation and recycling. 

Pollutants discharged into a fjord may be diluted by water 

from two sources, 1) a freshwater source, and 2) inflowing seawater. 

Most studies of the dispersion of pollutants in estuaries consider 

cases where the effluent is discharged into the river, and its fate 

in the fjord is predicted from the salinity distribution. Secondly, 

the inflow of seawater into estuaries is often considered to be truly 

of a tidal character, carrying pollutants back and forward. 

The situation in S8rfjorden is, however, more com-

plicated. First the pollutants are not introduced into freshwater 

but are mixed with seawater before being released at different levels 

(0-20 m) into the fjord. Second, while a multi-layered flow system 

has been recognized, the velocities of water flow are unknown. 

It I. doubtful that these can be measured with any confidence, at 

least in the Intermediate water. For instance, if the residence 

time of Zn in the fjord is 150 days, the mean outward flow velocity 

is only ''0.3 cm/sec. 

The fate of a pollutant in the fjord has been exampiified 

using Zn and considering the fjord as a steady-state system over 

a period of 50 years. It is interesting to consider the mechanisms 

by which the 18% of the Zn released from the industry enters the 

sediments. That dissolved Zn in the surface waters is not 

efficiently removed is testified by Its apparently conservative 

behaviour with respect to salinity, (Fig. 8.7). Below the halodline 
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where most of the Zn occurs (Fig. 8.6) the concentration of 

particulate alumino-silicatee is very small. Hence, sorption of 

Zn onto clays (Krauskopf, 1956) and subsequent sedimentation 

removes only a very small amount of Zn from the water. 

Removal of Zn by plankton (p. 98 ) and its fallout in seston 

may account for some of the Zn Incorporated Into sediments. 

However, owing to the mobile nature of Zn (cf. phosphorus) upon 

breakdown of the organic matter (Price and Skel, 1975, Appendix E), 

the amount removed In this way is also likely to be small. The 

extensive accumulation of Zn In the sediments of the extreme south 

is presumably the result of direct fallout of Introduced particulate 

Zn (e.g. ZnO. Fe 203, Table 2.3 and 4. 2). Most of the dissolved 

Zn appears to escape Into Hardangerfjorden. 

The fate of other metal pollutants in S8rfjorden (e.g. 

Cu and Pb) has not been quantitatively assessed, but It appears to be 

different from Zn. Both Cu and Pb concentrations show a rapid 

northward decline in the water; suggesting that In contrast to Zn 

they are quickly incorporated into the sediments (Fig. 4. 8). This 

Is most likely due to direct fallout of introduced, almost Insoluble 

Cu and slightly soluble Pb compounds (2. 1). Some particulate Pb 

appears to escape into Hardangerfjord.n at lntermdiate depths, 

while most of the Cu seems to be retained within S8rfjorden. 

Analyses of plankton (mainly dinof].agellates) collected 

in S8rfjorden showed ranges of 17 to 31pprn Cu, 44 to 110 ppm Pb 

and 488 to 692 ppm Zn (dry weight). These are consistently higher 
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than ranges found in phytoplznkton from coastal waters, particularly 

for Pb and Zn (Cu a 3..15ppm, Pb a  7..9ppm and Zn a 19422 ppm 

dry weight, Martin and Knauer, 1973). 

Unusually high concentrations of these metals have also 

been found in mussels in S3rfjorden (Havre et al., 1973) and in 

brown algae (Haug et al. 1974; Stenner and Ntch]esa, 1974). 

An interesting point is that biological investigations in the most sea-

ward parts of Hardangerfjorden give evidence of pronounced Zn 

pollution, while Cu and Pb reach normal levels some 35km from 

Odda (Haug et al., 1974). This supports the results of the mass-

balance calculations of Zn (p. 117), showing that some 80% of the 

total pollutant Zn released escapes into Hardangerfjorden. 
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PART VI 

SUMMARY AND CONCLUSION 
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An integrated study of the hydrography and the chemistry 

of water and sediments of S8rfjorden, a polluted fjord on the west 

coast of Norway, was performed to obtain a better understanding of 

the physio-chemical processes which occur in fjords at different 

states of runoff. To this end the chemistry of suspended particulate 

matter and dissolved metals have been used together with hydrography 

and hydrochemistry to identify and trace the movement of certain 

defined water bodies in the fjord. This approach is likely to assist 

our understanding of problems involved in the disposal of industrial 

wastes in this and other fjords. 

The hydrography reveals an upper layer estuarine 

circulation at all runoff situations, comprising a seaward surface flow 

(10-20m deep at high runoff and less than 10  at low) and a compen-

satory underfiow ( 30 m deep) to replace entrained seawater. 

The salinity In the surface flow shows little change from head to 

mouth of the fjord at high runoff, which implies that entrainment 

relative to river discharge is small. The upward transport of sea-

water is to some extent obstructed by a strong halocllne. During 

low runoff surface salinities show, in contrast, a pronounced seaward 

increase due to high relative entrainment, although net entrainment 

is assumed to be much less. 

The hydrochemistry (dissolved 02.  PO4-P and SiO4-Si) 

has provided information both on the biochemical processes in the 

water and on the renewal of the deep waters ( 100 m). Dissolved 
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oxygen Is high (>5 ml/1) in the upper 50 in as a result of the combined 

effect of turbulent mixing with atmospheric oxygen and photo-

synthesis In the euphotic layer. The pronounced decrease of 

oxygen In the underlaying waters (100-200 in) is related to biochemical 

breakdown of organic matter (Reid, 1965). Oxygen in the basin water 

(>250 in) is controlled by advective waterrnasaes, implying that 

renewing of bottom water, identified by an Increase of oxygen, was 

a recent event in August 1972 but not during other periods of sampling. 

The biological demand on nutrients leads to a depletion 

of phosphate and silicate in the euphotic layer (0-25m). However, 

the behaviour of phosphate as a nutrient is obscured by the strong 

influence of phosphate contamination from a H 3 PO4-plant at the head 

of the fjord. The distribution of this phosphate contamination 

suggests a pronounced outfiowing waterbody at Intermediate depths 

(25-150m). In waters unaffected by contamination (Hardangerfjorden), 

the vertical distributions of phosphate and silicate demonstrate quite 

different behaviours with respect to regeneration processes (Grill 

and Richards, 1964). Phosphate shows little change below 100 in 

depth in contrast to silicate which tends to increase with depth. 

This either reflects differences in the rate of dissolution from sinking 

biogenous matter, or indicates some dissolution of biogenous silica 

in bottom sediments. It follows that the levels of the dissolved 

silicate in the bottom water are related to the residence time of the 

water. Its concentrations there, and its secular variation, are 

largely controlled by the flushing. In August 1972 the concentrations 

of dissolved silicate In the bottom waters of S8rfjorden were similar 
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to those at comparable depths in Hardangerfjorden; at other times 

of sampling they were much higher. These observations, and those 

of dissolved oxygen, support the contention of flushing in or 

immediately preceding August 1972. 

The sediments of Srfjorden comprise sandy silts of low 

organic content and a uniform texture, particularly in the upper 10 cm 

of the sediment. At greater depths distinct layers of coarser 

material occur. The geochemistry of the major elements representing 

alurnirio..silicates (i.e. Si, Al, Ti, Mg and K) resembles that of other 

fjord sediments and shows strong relationships between these elements. 

Fe, Ca, P and total-C ShOW unusual surface enrichments in sediments 

confined to the southern extremity of the fjord, attributed to a local 

accumulation of industrial waste. A pronounced enrichment is dis.. 

played by several trace metals (e.g. Cu, Pb and Zn) in these sedi-

ments, although their presence as pollutant elements pervades the 

entire fjord. The thickness of sediment containing these pollutant 

metals suggests a mean sediment accumulation rate of "0.2 cm/year 

for the last 50 years. However, the variation of Mn in the surface 

sediments implies some areal variation in sediment accumulation 

rates. It is reasoned that as the rate of Mn0 2  precipitation at the 

seawater. sediment interface Is likely to be constant, a low rate of 

sediment accumulation (terrigenous and biogenous) will result in high 

Mn enrichment and vice versa. The concentrations of Mn in the surface 

sediments decrease towards the head and the mouth of the fjord, and 

display highest values in the deep basins in Its middle part. Such 

a feature suggests local dumpings of sediment from rivers in the 



128. 

southern (rivers Opo and Tysso) and in the northern (river Uflensvang) 

parts of the fjord. 

Studies of the chemical composition of suspended 

particulate matter have been used to investigate: 

the transport of sediments in fjords, 

the partitioning of elements between various constituents, 

the breakdown of biogenous matter, 

the dispersal of pollutants, and 

the problems concerned with bottom nepheloid layers. 

The suspended particulate matter consists of detrital 

alumina. 8 ilicate s, authigenic components, skeletal remains and 

organic matter. The amount of organic matter appears to oon-

stitute 40 to 90% of total suspended matter. Terrigenous alumino. 

silicates, as denoted by Al, K, Mg and Ti, are abundant at the surface 

of the fjord (0 rn) and show a marked seaward decrease in conft  

centrations. There is a strong interelement relationship between 

these elements in the particulate matter at all depths and seasons. 

While high K/Al and Ti/Al seem to indicate coarser grained 

particles, high Mg/Al ratios appear to typify samples of higher clay 

content. Plots of Ti against salinity exhibit a non-conservative 

property of alumino-silicates during periods of high runoff. 

Presumably at such times river borne detritus is coarser, per. 

mitting a greater settling across the ha]oclIne. At intermediate 

depths the quantities of detrital silicates are small, unlike the 

bottom 200 m where increases are observed. 

Particulate biogenous constituents, that is skeletal matter 



129. 

(Si, Ca) and organic matter (P, 5), are difficult to classify due to 

the partitioning of their elements between other components 

(e.g. alumino-silicates, pollutants and authigenic phases). 

Despite this their distributions portray certain patterns of behaviour. 

Biogenous Si shows characteristic seasonal changes, being abundant 

during the spring diatom blooms (i.e. April 1974). It displays its 

maximum concentration within the euphotic layer; below there is 

a general falloff in concentration. The amounts of biogenoua Si at 

depth appear to relate to surface productivity. In contrast, organic 

matter, as represented by P and S, also covaries with variations in 

productivity but shows a rapid breakdown in the upper 200 in of water; 

below there are no seasonal changes in the abundance of particulate 

P and S. This difference in behaviour of particulate, biogenous 

Si and P between surface and deeper waters conforms to that of 

dissolved silicate and phosphate. 

While Si dominates as a biogenous constituent in diatoms 

(mainly Skeletonerna coatatuin) during April 1974, Ca appears in 

large quantities during September 1973 as a result of a near-surface 

inflow of coastal water carrying an abundance of Coccolithus huxleyi 

(Braarud et al., 1974). 

High concentrations of particulate Ca and P in the south-

ernmost part of S8rfjorden have been attributed to discharge from 

industry. A large quantity of gypsum effluent, which is soluble in 

seawater, seems to enrich the Ca 
2+ 

 concentration such that pr.. 

cipitation of CaCO3  occurs in an area confined to the harbour basin 

of Odda, especially during periods of sluggish water circulation 
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(low runoff). Covariation of P and non-silicate Fe In some con-

taminated waters in the south, suggests formation of ferriphosphates. 

The introduction of dissolved Mn and Fe into the fjord 

from rivers may cause precipitation, at least of 'colloidal' Fe, 

partly due to a freshwater-seawater interaction (Coonley et al., 1971). 

A conspicuous increase of particulate Mn at the halodline in the 

southernmost part of the fjord, where the halocline separates surface 

water of extremely low pH (3.7-5.6) and normal pH waters implies 

precipitation of Mn phases, or adsorption of Mn onto particulate 

matter. High particulate Mn in near surface waters where there is 

an abundance of blogenous matter, indicates that some Mn may also 

reside in organisms. 

The distribution of particulate non-silicate Fe is evidently 

much influenced by discharge of finely dispersed (120j) Fe from 

a zinc plant. Except for higher levels of Fe at the surface caused 

by river input, the distribution of Fe at intermediate depths reflects 

the dispersal pattern of Fe-effluent. Due to its high density 

(" 1.09 g/ml) relative to seawater ("1.02 g/ml), it spreads down-

current like a plume (Pritchard, 1959), initially following the seabed 

until mixing with seawater reduces its density sufficiently to prevent 

further sinking. This feature is observed during all periods of 

sampling. 

Although some 600/6 and 100% of total Zn and Pb In 

Industrial waste are associated with the Fe-effluent when it is released, 

Zn distributions in particular show little relation to the Fe-plume in 

the fjord waters. As these metals occur in water soluble compounds 
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in the waste (especially Zn) their dispersal in the fjord serves as 

a tracer of flow patterns of water. Dissolved Zn clearly shows out' 

flows of contaminated water at two levels: 1) at the surface, and 

2) at intermediate depths (25-150 m). The same trend Is exhibited 

by other Industrial pollutants (e.g. Pb, Cu and PO 4-P). From this 

a four-layer flew system has been identified in S8rfjorden, con-

stituting an upper two-layer estuarine flow (p. 29), a midwater 

outflow and occasional deep water inflows. The relative position 

and vertical extent of the various waterrnas sea show periodical changes 

which appear to be related to river runoff and transitory inflows of 

coastal water. Deep-water flushing often causes resuspension of 

bottom sediments and vertical displacement of resident bottom water. 

The chemistry of bottom nepheloid layers and their 

relationship to the composition of the underlaying sediments have 

been investigated. Bottom waters in S8rfjorden show an Increase 

of particulate Al (or alunilno-silicates) during all periods of sampling, 

although the concentrations are variable. The composition of 

alumino-silicates as Illustrated by element/Al ratios, does not seem 

to be significantly different from that of detrital silicates of surface 

or Intermediate waters. Furthermore, their compositions appear 

unrelated to that of the bottom sediments. This implies that bottom 

currents either resuspend a certain fraction of the bottom sediment 

or that the total sediment is suspended but a selective retention of 

the finer grained material in the water ensues. 

The occurrence of much non-silicate Mn and very high 

Mn/Al ratios in the bottom nepheloid layer is thought to be related 



132. 

to the latter. Mn/Al ratios vary significantly with respect to the 

time of sampling. In August 1972 they are much lower than at 

other times, implying total resuspension of bottom sediment caused 

by a contemporary flushing and little preferential resettlement of 

alumino-silicatea. At other times the high Mn/Al ratios indicate 

that flushing was not a recent phenomenon and support the observations 

of dissolved silicate and oxygen. During bottom water flushing the 

resident bottom water is vertically displaced and can be recognized 

by its high particulate Mn content with respect to Al at intermediate 

depths. while Mn/Al ratios in particulate matter of bottom nepheloid 

layers may provide evidence of the frequency of flushing, the intensity 

of bottom sediment disturbance may be assessed from the con-

centrations of particulate Al. 

An attempt has been made to quantify the amounts of 

sediments (using particulate Al) and pollutants (using Zn) accumulated 

in the fjord during the past 50 years, assuming a mean sediment 

accumulation rate of 0.2 cm/year. These quantities were related 

to estimated input via rivers (Al) and via industrial discharge (Zn). 

Such calculations suggest that If all particulate Al provided by rivers 

was sedimentated within S8rfjorden, it can only account for 10% by 

weight of the total sediment accumulated during this period. This 

discrepancy presumably reflects a gross underestimation of the 

rivers' transport capacity during periods of floods. 

The calculations on the mass-balance of pollutant Zn 

suggest that some 18% of the total amount of Zn discharged during 

the 50 years' period reside in the sediments of S8rfjorden. The 
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remaining "80% escapes into Hardangerfjorden and is probably 

transported as dissolved Zn in the surface and intermediate waters. 

An attempt to calculate the residence time of particulate 

Al and dissolved Zn in the water was also made. The mean resid-

ence times were 26 days and 100480 days respectively. That of 

Zn seems to be related to runoff and is smaller during high river 

discharge (100 days) and longest at minimum runoff (183 days). 

This supports earlier arguments that river flow promotes the upper 

water circulation. 
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APPENDIX A 

Shipboard measurements, sample collection and preparation 

Salinity and temperature determinations 

Salinity and temperature were measured in situ with 

a N. I. 0. portable Salinity-Temperature Bridge (Type M. C. 5). 

Due to the limited length of cable, readings were only possible to 

a maximum depth of 95m. 

Salinity and temperature readings were calibrated daily 

at sea against Standard Copenhagen Seawater (S%0 a 35.00) and 

a laboratory Hg thermometer respectively. Prior to each set of 

measurements, the electrodes were cleaned with mild detergents. 

The estimated precision* and accuracy for temperature and salinity 

10.20C 	10.60C, 	+ 	+ 
are  	and  	and -0.1% and -0.5% respectively. 

Water sampling 
14 U 

FouIN. I. 0. polyvinyl chloride/nylon water bottles were 

used to sample water. Immediately on retrieval of a bottle a number 

of subsaniples were collected. For this purpose a plastic tubing 

extension was fitted over the bottom tap of the bottle. Subsampling 

was as follows: 

a) an 'oxygen bottle ("300 ml) was filled until overflowing 

and care was taken to avoid inclusion of airbubbles. 

* Precision is expressed consequently as the coefficient of variation 
(v) 

x 
• - . 100% 

where 5 x * standard deviation and i a sample mean. 
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The sample was immediately pickled with 3 ml MnC1 2  

solution and 3 ml NaOH/NaI solution after which the 

bottle was stoppered. Analyses were commenced within 

5 hours of sampling. 

a subsample for nutrient analysis (dissolved phosphate 

and silicate; see p. 140) was collected in a 250 ml 

reagent bottle. Analyses were commenced within 5 hours 

of sampling. 

during cruise B (August 1971) a glass vessel especially 

adapted for pH and Eh analyses was filled and the analyses 

were completed within 20 minutes of sample recovery. 

during cruise I (August 1972) a 250 ml reagent bottle 

was filled for the determination of titration alkalinity 

at shore laboratory. 

the remainder of each sample was collected in an acid-

washed 41 polyethylene jerrycan following a single rinse 

of the water sample. Filtration of these water samples 

were commenced within 8 hours of sampling. 

Coring 

A 1.5 in stainless steel gravity corer with plastic core 

liner (6 cm diameter) was used to sample sediments. Immediately 

on retrieval of the coring device, the transparent plastic liner was 

removed and the core length and general lithology of the sediment 

were noted. The plastic liner was sealed at both ends with plastic 

caps and most of the water overlaying the sediment was drained off 

by boring a hole through the liner about 4 cm above the sediment 
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surfac.. The core was then frozen upright in dry ice and trans.. 

ported to Edinburgh. 

iv) 	Plankton sampling 

Plankton was sampled by near surface oblique hauls of 

a nylon phytoplankton net. A sma ll proportion of the plankton was 

preserved in formalin for species identification. The remaining 

part was immediately frozen for chemical analyses In Edinburgh. 

Station logs for all cruises are provided In Table A 1 

and A 2. 
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. 1 

Station Logs (197 1) 

Cruise 	Station Date 
Depth 

HO 	pH 	Eh 	S (m) PC 

A 	S2 21/4/71 25 + 
S6 11 45 + 
S7 it 50 + 
S8 45 + 
S10 48 + 
Sib 44 + 
S12 7 + 
S14 22/4/71 50 + 
S15 11 18 + 
S16 it  57 + 
S17 I T 55 + 
S19 23/4/71 120 + 
S20 75 + 
S21 180 + 
S22 280 + 
S23 270 + 

B 	S24 22/8/71 340 
S25 11 340 
S26 23/8/71 50 
S27 if 35 
S28 fI 25 
S29 24/8/71 120 
S30 280 
S31 56 
S32 25/8/71 385 
S33 if 350 

+ 
+ 	+ 

(+) + + + + 
(+) + + + + 
(+) + + + + 
(+) + + + + + 
(+)+ + + + + 
(+) + + + + 
(+) + + + + 

H 

0 

P 

C 

hydrography (salinity/temperature) 

dissolved oxygen 

suspended particulate matter 

plankton 

coring. 

* not reliable. 
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rfl_1 	A ') 

Station Logs (1972-74) 

Cruise 	Station Date 
Depth 

(m) 
H 0 N A 	S P C 

S46 11/8/72 110 + + + + 	+ 
S45 if 240 + + 	+ 
S56 1/9/72 264 + 
S41 9/8/72 300 + + + + + + 
S51 1/9/72 355 + 
S42 9/8/72 395 + + + + + 
S52 30/8/72 395 + 
S43 10/8/72 395 + + + + + 
S36 if 385 + + + + 
S39 9/8/72 315 + + + 
S40 if 360 + + + 
S34 8/8/72 300 + + + 

1135 if 730 + + + + 	+ 
1147 29/8/72 110 + + 
1148 560 + + 
1149 220 + 
H50 720 + 
H 54 28/8/72 860 + 
H55 it 650 + 

River/lake samples 
1 Lake Sandvevann 10/8/72 + 
2 River Opo (upper) it + 
3 River Opo (lower) It + 
4 Lake Ringdalsvann it 

 + 
5 River Fossa ff + 
6 River Espe I'  + 
7 River Tillensvang " + 

II S64 28/9/73 50 + + 	+ + 
S63 if 120 + + 	+ + 
S62 27/9/73 290 + + 
S59 26/9/73 395 + + 	+ + 	+ 
S74 11 390 + 
S61 27/9/73 390 + 
S75 29/9/73 310 + 
S58 25/9/73 270 + + + 
S60 27/9/73 350 + + 

H65 30/9/73 740 + + 	+ + 
H66 2/10/73 540 + + 	+ + 
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Table A 2 continued 

Depth 
Cruise 	Station Date 

(m) 
H 0 N 	A S 	P 	C 

III 	S73 4/4/74 50 + + 
S72 It 120 + + + + 
S71 it 390 + + + + 
S69 2/4/74 350 + + + + 

H70 3/4/74 860 + + + + 
H68 1/4/74 660 + + + + 
H67 31/3/74 520 + + + + 

H hydrography (salinity/ temperature) 

0 dissolved oxygen 

N nutrients (phosphate/ silicate) 

A alkalinity 

S suspended particulate matter 

P plankton 

C coring. 
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APPENDIX B 

Field laboratory methods 

As some analytical methods had to be completed within 

a short time after sampling and the ship (R/V "Hans Reusch") had 

no laboratory facilities, it was necessary to establish a laboratory 

at Lofthus, some 8 km south of the entrance of S8rfjorden. 

Dissolved oxygen 

Dissolved oxygen was measured by the conventional 

Winkler method (Winkler, 1888). 

Dissolved phosphate and silicate 

The terms 'dissolved phosphate' and 'dissolved silicate' 

correspond to 'reactive' P and Si (Strickland and Parsons, 1968). 

Phosphate and silicate were determined in unfiltered 

water samples as described by Strickland and Parsons (1968). 

Estimated precision for the phosphate method is 0. 02 / g- at. P0. P/l 

and for the silicate method 2,Ag-at. S10 4-Si/l. 

A UNICAM SP600 (series 2) spectro-photometer was 

used for all the determinations, with 4 cm cells for PO 4. P and 

1 cm cells for SiO4.Si. 

Filtration 

Filtration was carried out during cruise B (August 1971) 

using a SARTORIUS vacuum filtration system and SARTORIUS mem-

brane filters (composed of cellulose nitrate, pore size a 
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diameter 47 turn). On other cruises, plexiglas filter-holders 

and a totally enclosed N2  gas treasure (l2  psi) filtration system 

was used (see Spencer et al., 1972). The filter-holders (a series 

of 4) were fitted with N1JCLEPORE membrane filters (composed of 

a high molecular weight polycarbonate, pore size a 	 diameter 

• 37 mm). 

In an attempt to remove any retained seasalt in the 

particulate matter or within the filter itself, samples obtained on 

cruises in 1971, 1972 and 1973 were all washed immediately after 

filtering, with 100 ml of membrane filtered (0.45,), deionized 

distilled water. After being washed, the filter papers were stored 

in dry, acid-cleaned petri dishes, In which they were kept until 

analysed. The filtrate was weighed in order to determine the amount 

of water filtered. Finally, the pH of the filtrate was lowered to 

about 2 with 6N ARISTAR HC1. 

During Cruise III (April 1974) the treatment of filters 

was different. Unwashed filters were brought back to Edinburgh 

and analysed. After chemical analyses they were washed and 

reanalysed. 

Experiments on the performance of various membrane 

filters have shown that NUCLEPORE filters are recommended for 

filtration of seawater (Cranston and Buckley, 1972) and are preferred 

to SARTORIrJS membrane filters. They show very small losses in 

weight after filtering, have a high retention of clay particles (Holmes, 

pers. comm.) and hum.ic material and retain very small amounts of 

seasalt (Cranston and Buckley, op. cit.). Experience has also shown 
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that NUCIJEPORE filters do not deteriorate during X-ray exposure. 

iv) 	Eh, pH and alkalinity 

Eli and pH were measured in water samples collected 

during cruise B, August 1971, using an ORION combination platinum 

electrode and an ACTIVATION combination glass electrode 

respectively. Titration alkalinity was determined during cruise I, 

August 1972, using the potentioznetrlc method of Edmond (1970) 

which Involves titrating the sample with HCl in a closed system. 

Tables of results of Eh, pH and alkalinity measurements are not 

included in the thesis. 
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APPENDIX C 

Laboratory analytical techniques 

This section includes all analytical techniques under-

taken at the Grant Institute of Geology in Edinburgh. 

i) 	Sediment preparation 

The frozen cores were cut lengthwise with a CLIPPER 

masonry saw. The newly exposed surface of each half was rinsed 

clean with tap water. One half was kept frozen as reference 

material while the other half was subsampled according to colour 

changes (cruise A and B) or divided into units of 2, 4 or 5 cm length 

(cruise I). Each sub-sample was dried at 110 °C and then ground 

to a fine powder ( 200 mesh) using a tungsten carbide TEMA disc 

mill for half the sample (major element analysis) and an agate 

TEMA disc mill for the other ha]! (trace element analysis). 

it) 	Sediment mineralogy 

The dried, ground sediment powder was znixed into 

a few drops of acetone and spotted on a glass slide. A PHILIPS 

X-ray diffractrozneter (PW 1011/1050) was employed with Ni 

filtered Cu radiation (Cu K j. 

4°2e to6502E 

Each sample was scanned from 

Major elements in sediments 

The major elements (Ca, K, Fe, Ti, Al, Si, Mg, P 

and Mn) were determined by X-ray fluorescence spectrometry 
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employing an analytical method similar to that described by Rose 

et al, (1963). With the exception of Mn, which was analysed on 

a PHILIPS PW 1540 single-channel spectrometer, all the elements 

were determined using a PHILIPS PW 1212 multi-channel spectrometer. 

A mixture of dried sediment ground in the tungsten disc 

mill (p. 143), lanthanum oxide (heavy absorber) and lithium tetra-

borate (flux and diluent) in the ratio 1:1:8, was fused at 1050 0C for 

20 minutes. When cool, the fused beads were made up to their 

original weight by further addition of Li 2B4O7 , thus compensating 

for the loss of volatilea. The samples were then reground in 

a TEMA tungsten carbide disc mill for 2 minutes and redried at 

110°C overnight. Finally the samples were pelletised at 15 tone 

pressure for 1 minute with boric acid as backing material. 

Standards (Table C 1) were prepared in an identical 

manner. The standards and samples were analysed in sets of four, 

of which one was kept in continually as a monitor, to correct for 

drift in the machine. Instrument conditions for each element are 

summarized in Table C 2. The data was processed manually. 

The analytical precision (8 replicates of one disc) is shown In 

Table C 3. 

iv) 	Carbonate-C (CO2) and total-C in sediments 

Total-C content was determined by combusting a known 

weight of dried (110 0C), ground sediment in a LECO (Laboratory 

Equipment Corporation) induction furnace (model 521-200; fitted 

with a catalyst furnace (model 507.100) and sulphur and duet traps). 



Table C 1 

Standards used for X-ray fluorescence spectrometry (sediments) 

Code Type of material Source 

Major element analysis 

E 1 ferrogabbro Grant Institute of Geology Standard 
E 3 fjord sediment 11 

88A dolomitic limestone 	 U. S. National Bureau of Standards 
QMC Ii aplitic granite Queen Mary College. Department of Geology 
QMC 13 dolerite 
QMC M 3 calc-silicate 

Trace element analysis 

G2 	 granite 
GSP- 1 	 granodiorite 
DTS-1 	 dunite 
G 1 	 granite 
V.1 1 	 diabase 
synthetic standards (see text) 

U. S. G. S. Standards 
if 

I 
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Instrument conditions for X-ray fluorescence analyses (sediments) 

Element Machine Tube KV m A Crystal Peak Background(s) 	Counter 
Counting 

cycles coil. vac. 
and line PW- time (secs) 

Ca 	K. 1212 Cr 40 24 PET 45.19 F 10 3 F yes 
K 	K 1212 Cr 60 24 PET 50.68 F 10 3 C yes 
Fe K 1212 Cv-  60 24 LiF(200) 57.60 S 20 3 F yes 
Ti 	IK 1212 Cr 60 24 LiF(200) 86.26 F 10 3 F yes. 
Si 	K 1212 Cr 60 24 PET 109.12 F 20 3 C yes 
Al 	IC., 1212 Cv- 60 24 PET 144.95 F 20 3 C yes 
Mg K. 1212 Cr 40 32 ADP 136.85 133.85 	F 100 3 C yes 
P 	K., 1212 Cr 60 24 PET 89.47 87.47 	F 40 3 F yes 
Mn K. 1540 W 60 24 	. LiF(200) 63.12 F 20 4 F yes 

Ag KL 1212 W 80 24 LiF(200) 15.95 15.6 and 16.40 S 40 3 F no 
Ba K 1212 W 80 24 LiF(200) 10.99 12.00 S 40 3 F no 
Bi L 1212 W 80 24 LiF(200) 33.00 33.50 S 40 3 F no 
Cd K 1212 W 80 24 LiF(200) 15.27 15.00 and 15.60 S 40 3 F no 
Cu K 1212 W 80 24 LiF(200) 45.00 45.80 S 40 3 F no 
In Kx 1212 W 80 24 LiF(200) 14.61 15.00 and 14.30 S 40 3 F no 
Pb Lp 1212 W 80 24 LiF(200) 28.23 28.60 S 40 3 F no 
Sb K. 1212 W 80 24 LiF(200) 13.40 13.70 and 13.10 S 40 3 F no 
Sn K 1212 W 80 24 LiF(200) 14.00 14.30 and 13.70 S 40 3 F no 
Zn K 1212 W 80 24 LiF(200) 41.76 41.00 S 40 3 F no 

Mo 1540 Mo 60 24 LiF(200) 21.13 S constant count 5 F no 
(10) 

K 

Counter: F = flow, S = scintillation 	 Collimator: F = fine, C = coarse 
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The amount of CO  evolved was measured with a LECO carbon 

analyser (model 572-100). The analytical procedure Is fully 

described in the LECO Instruction manual. The accuracy of the 

instrument was checket at the beginning of each set of readings 

using LECO steel rings of known carbon content. The overall 

precision (6 replicate analyses) is 5%. 

Carbonate-C was determined by acid treatment (HC1) 

and measurement of CO  evolved. Ferrous sulphate was added to 

the sample to prevent hydrolysis of any organic matter. The over-

all precision was determined from 6 replicates and was found to be 

i4%. 

Organic-C was assumed to be equivalent to the difference 

between total-C and carbonate-C as measured above. 

V) 	 Trace elements in sediments 

Trace elements (Ag, Ba, Bi, Cd, Cu, In, Pb, Sb, Sn 

and Zn) in the sediments were analysed by X-ray fluorescence 

spectrometry (PW 1212) using the method of Reynolds (1963). 

4 g of sediment sample (dried at 110 0C  and ground in an agate TEMA 

disc mill) was pelletised (p. 144). Their mass absorption coefficients 

were estimated by measuring the intensities of the Compton-scattered 

portion of a M0K 
OL 

primary beam (for instrument conditions see 

Table C 2). Standards (Table C 1) of known mass-absorption 

coefficients and samples were run in a similar way to that described 

for major element analyses (p. 144). 

The spectrometer conditions for the analyses of trace 

elements are shown in Table C 2. Both International standards 



148. 

(Table C 1) and synthetic standards were used. The latter were 

made up to cover the wide range of trace metal concentrations in 

the sediments. Two dilution series, one composed of Ba, Cu, Pb 

and Zn with concentrations ranging between 5% and 0.00032% and 

one series of Ag, Bi, Cd, In, Sb and Sn in the concentration range 

1% to 0.00032%, were prepared. As a base shale of known corn-

position was used and to test the effects of highly variable matrices, 

Fe203  in the range 5 to 50% was added. The respective metals were 

all added as 'specpure' oxides. Working curves were linear and 

the correction of matrix differences was made following Reynolds 

(1963). There was good agreement between international standards 

(Table C 1) and synthetic standards. 

Precision of analysis is shown in Table C 3. 

Total weight of suspended particulate matter 

TSM was determined gravimetricaily. Preweighed 

membrane filters were, after returning to Edinburgh, dried in 

a dessicator and weighed using a 5 places METTLER H20T balance. 

No great accuracy and precision are attributed to these results, 

particularly for SARTORITJS membrane filters (cruise B, 1971). 

Mineralogy of suspended particulate matter 

The mineral constituents were identified by X-ray 

diffraction (see p.  143 for Instrument conditions). The filter 

papers were prepared by attaching a fragment (4 x 1 cm) of 

each to a glass slide with silicone grease. 



149. 

m-,i-,i 	r 

Analytical precision of X-ray fluorescence analysis 
of sediments 

Element 
Analytical 
precision 

Element 
Analytical 
precision 

Ca 1 0/0 Ag 5% 

K 1% B  7% 

Fe 2% B  5% 

Ti 2% Cd 4% 

Si 2% Cu 4% 

Al 2% In 810 

Mg 3% Pb 5% 

P 10 0/0 Sb 6% 

Mn 3% Sn 6% 

Zn 3% 
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Scanning electron microscopy 

An S4 STEROSCAN scanning electron microscope was 

used for the identification of the constituents of suspended particulate 

matter. The work was carried out at the Department of Electrical 

Engineering, Edinburgh, under the supervision of I. Goodall. 

Analysis of major elements In particulate matter 

The chemical analysis of Ca, K, Fe, Ti, Si, Al, Mg, P, 

Mn and S was undertaken using a thin film X-ray fluorescence tech-

nique (PW 1212 spectrometer). The technique is reported in detail 

in Taylor (1974), including preparation of standards, presentation of 

samples and discussion of analytical problems. A less detailed 

description of the method is given in Price and Calvert (1973), 

Price (1974a) and Price and Skei (1975) (Appendix E). Only 

a summary of the technique is included here, where the modification 

of the original method has been emphasized. 

Standards were prepared by suspending known amounts 

of various rock powders (15/L) in distilled water and filtering 

through NUCLEPORE (or SARTORIUS) membrane filters. The 

range of standards was such that extrapolation was not necessary. 

In 1971 and 1972 cellulose discs were placed behind the filters and 

analysed in the same way as sediments (p. 144). In 1972 and 197S 

filters were run without backing discs, and this reduces both the 

blank and background counts. 

Straight line calibration curves were plotted manually 

for all elements, and the appropriate parameters fed into a program 
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used to process the data (Edinburgh Regional Computing Centre). 

To check if all seasalt was removed from the filters by the washing 

(p. 141),  Cl counts were recorded. Normally they were found to 

be close to the blank counts for Cl, hence no salt correction of Mg, 

S, Ca and K was required. 

Instrument conditions are given in Table C 4 and analytical 

precision from 6 replicates in Table C 5. The relative deviation 

between results of different years when computed from the same 

calibration curves of the same standards is within 10 016 of the amounts 

shown. 

To test the accuracy of the method, membrane filtered 

Copenhagen Seawater was spotted on NTJCLEPORE filters and analysed 

for Mg, S and K, using the calibration curves of the ordinary standards. 

The relative amounts of Mg, S and K found commeneurated with the 

known ratios of these elements in seawater (Price, pers. comm.). 

The accuracy of the analysis of particulate Mn was checked by com-

parison with results from Neutron Activation Analyses. These 

results deviated within 10% at a 10  g Mn level (Price, pers. comm.) 

x) 	Analysis of Cu, Pb and Zn In particulate matter 

These analyses were also undertaken using a thin film 

X-ray fluorescence technique (PW 1212 spectrometer). The technique 

is essentially the same as the one outlined above (see also Skei et al., 

1973; Price and Skel, 1975, Appendix E). A series of synthetic 

standards of preweighed deposits of CuO, PbCrO 4  and Zn2Fe(CN) 6, 

all almost insoluble in water, were diluted with shale (p. 148) and 

suspended in distilled water, followed by filtering through 
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Instrument conditions for X-ray fluorescence analyses (suspended matter) 

Element 
'Tube 	KV 	mA 	Crystal 	Peak 

and line Background 	Counter 
Counting 

time (secs) 
cycles coil. vac. 

Ca F 20 3 F yes 

K F 20 3 C yes 

Fe F+S 40 3 F yes 

Ti F 20 3 F yes 

Si 
as for sediments (Table C 2) F 20 3 C yes 

Al F 40 3 C yes 

Mg F 100 3 C yes 

P F 40 3 F yes 

Mn F 20 3 F yes 

Cu F+S 40 3 F yes 

Pb F+S 100 3 F yes 

Zn F+S 40 3 F yes 

S 	iç 	W 	60 	24 	PET 	75.63 	73.42 F 20 3 C yes 

Counter: 	F = flow, S = scintillation Collimator: 	F = fine, C = coarse 
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(1 

Precision of suspended particulate matter 
and dissolved metal analyses 

Element 	
Analytical 	

Element 	
Analytical 

precision 	 precision 

Ca 2% 

K 2% 

Fe 	- 1 0/0 (10 0/0) 

Ti 5% 

Si 5% 

Al 2% 

Mg 3% 

P 4% 

Mn 4% 	(4%) 

S 2% 

Cu 	 15% (15%) 

Pb 	 11 0/6 (40%) 

Zn 	 9% (10%) 

( 	) = dissolved metals 
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NUCLEPORE (or SARTORIUS) membrane filters. The standard. 

were In the concentration rang. 5 to 100 ,*-g metal, and hence lay 

outside the majority of the samples analysed. No tests on the 

accuracy of these analyses have been performed. Instrumental 

conditions and analytical precision are shown In Table C 4 and 

C S respectively. 

xi) 	Dissolved metals In fjord and river/lake waters 

Methods Involving solvent extraction and Atomic 

Absorption Spectrometry (A. A. S.) were used to determine the con-

centration of dissolved Fe, Mn, Cu Pb and Zn (similar to those of 

Taylor (174)). 

4 z 400 ml portions of each sample were transferred 

into 500 ml separating funnels. Aliquots of 0, 1, 2 and 4 ml of 

a mixed metal standard solution were added to the samples. 10 ml 

of 6% W/V NaK.tartrate was added to each sample (to keep F. and 

Mn in solution at higher pH) and after 10 minutes the pH was raised 

to just over 6 with ZNA.A.S. grads NH3 . Sml of 10!. W/V ANALAR 

sodium diethyl dithlocarbamnte (NaDEDTC) was added to each funnel 

followed by 20 ml of A. A. S. grads 4-methylpentan-2-ane (MIBK) 

after a further 10 minutes. The funnels were shaken for 30 minutes 

and left to stand for 20 minutes. The bottom aqueous layer was 

then discarded while the organic layer was run Into test-tubes. 

The metal contents of the organic solutions were determined 

with a VARIAN-TECHTRON A.A4/5 atomic absorption spectrometer. 

Samples of very high Zn content were analysed for Zn 
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without the preconcentration step by spraying the seawater 

directly into an air-acetylene flame. Non-atomic absorption was 

corrected for using a TECHTRONfl3rdrogsn Lamp. This method 

was found to be satisfactory at Zn levels higher than 50 ?g/kg. 

The effect of seasalt on the absorption was checked by diluting 

a seawater sample containing 4000 ,zg/kg Zn up to 25 times with 

distilled water. It appeared that the background correction with 

the 113  lamp corrected for all molecular absorption. 

The analytical precision for the various elements, 

based on 6 replicates, is given In Table C 5. 

xii) 	Metals in plankton 

Plankton was dried at 80°C and decomposed in a mixture 

of concentrated 113504. HNO3  and 50% 11303  in silica crucibles 

wider gentle heating (the siliceous fraction of the plankton was not 

attacked). To the residue was added a few drops of concentrated 

HC1 and distilled water (10 cc). Samples were analysed for Cd, 

Cu. F., Mn, Pb, and Zn by atomic abeorptton correction of 

molecular absorption was made by using an 113  lamp (see above). 

The rnt.d metal solution used as standards for the analyses of 

water was also employed in the plankton analyses. Tables of 

results are not included in the thesis. 
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APPENDIX D 

ch.ml.a1 data  

t) 	Hy*2grsb1c a nd bydrocbsmical data (Tabs. 01) 

Dsraafty Or 
t  was cornputød from the tsxipsrsturs and 

salinity data following the equation outlined In Knudsen'. (1101) 

'Rydrographic Tables'. 

Ii) 	Sodlmint data (Tables D 2.3) 

LU) 	Suspended particulate matter and dissolved 
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PS1S1•S r'a 1 

Hydrographic and hydrochemical data 

Cruise,  
station 	

Depth 	
T°c 	 02(ml/1) 	

phosphate-P 	silicate-Si 
(M) and date  

Cruise I 

H35 
Aug 1972 

S36 
Aug 1972 

S41 
Aug 1972 

0 6.00 16.60 3.50 0.24 1.10 
1 8.30 16.20 5.33 - 
2 11.50 16.40 7.74 - - 
3 15.80 15.80 11.14 - - 
4 16.50 15.80 11.67 - - 
5 17.80 15.40 12.74 0.24 0.00 
7 26.40 12.80 19.82 - - 
9 27.40 11.60 20.80 - - 

10 27.60 11.00 21.05 0.08 . 	1.10 
15 28.30 8.80 21.94 - - 
20 28.90 7.90 22.53 - - 
25 29.60 7.00 23.20 0.30 1.60 
30 30.20 6.40 23.74 - - 
40 31.20 7.20 24.35 - - 
50 31.40 7.40 24.56 1.02 3.80 
60 31.60 7.50 24.70 - - 
70 31.80 7.40 24.87 - - 
80 32.00 7.50 25.01 - - 
90 32.20 7.10 25.23 - - 

100 1.10 8.20 
150 1.29 11.50 
200 1.41 13.80 
250 1.13 15.00 
300 1.04 12.20 
350 1.22 14.90 
400 0.99 12.70 
450 0.96 16.00 
500 13.80 
550 
---- 

_ . 	0.71 12.00 
575 1.16 10.70 
600 0.94 9.70 
625 0.89 9.30 
650 1.22 9.30 
675 1.21 10.00 
700 0.96 14.90 

0 0.31 4.80 
5 0.37 1.50 

10 0.38 0.60 
15 0.11 0.80 
25 0.75 0.60 
50 2.33 5.70 
75 2.02 7.80 

100 1.87 9.70 
125 1.74 13.00 
150 1.45 13.70 
200 1.42 14.40 
250 1.56 15.50 
300 1.39 14.30 
325 1.44 13.80 
350 1.18 15.30 
375 1.24 15.10 

0 12.10 12.50 9.13 0.15 3.40 
1 12.10 12.60 9.12 - - 
2 12.10 12.60 9.12 - - 
3 12.30 12.80 9.25 - - 
4 12.90 12.80 9.71 - - 
5 14.80 13.40 11.10 0.15 5.20 
7 19.00 13.10 14.39 - - 
9 24.30 12.70 18.55 - - 

10 26.20 12.20 20.20 0.06 0.50 
12.5 27.10 10.00 21.11 - - 
15 27.40 9.20 21.45 0.00 0.40 
20 28.00 8.00 22.06 - - 
25 28.50 7.10 22.55 0.45 0.00 
30 29.30 6.40 23.25 - - 
35 29.90 6.40 23.72 - - 



158. 

Table D 1 continued 2 

station 
Depth 

5%. T 02(iflh/1) 	
phosphate-P silicate-Si 

S 41 (continued) 
40 30.40 6.40 24.12 - - 
50 30.90 6.90 24.46 3.77 4.80 
60 31.40 7.10 24.84 - - 
75 31.70 7.30 25.05 4.17 8.70 
90 32.10 7.20 25.38 - - 

100 3.73 11.40 
125 2.09 13.60 
150 1.57 16.00 
175 1.57 15.30 
200 1.72 - 	15.70 
225 1.57 16.10 
250 1.37 16.60 
275 1.56 17.50 

S42 0 12.10 13.40 8.72 
Aug 1972 1 12.20 13.40 8.80 

2 12.25 13.50 8.82 
- 3 12.40 	- 13.60 8.92 

4 12.90 13.80 9.27 
5 13.00 13.95 9.32 
7 14.90 14.65 10.65 
8 16.40 14.15 11.90 
9 22.80 13.20 16.97 

10 25.70 12.80 19.28 
15 27.30 10.30 20.94 
20 28.00 8.60 21.73 
25 28.20 7.65 22.02 - 
30 28.55 6.80 22.40 
35 29.50 6.40 23.19 

40 30.10 6.25 23.68 
45 30.45 6.30 23.95 
50 30.70 6.60 24.11 

S43 0 12.60 13.80 9.04 
Aug 1972 1 12.60 13.90 9.03 

2 12.50 13.90 8.95 
3 12.50 13.90 8.95 
4 12.70 14.00 9.09 
5 13.10 	- 14.20 9.36 
6 14.30 9.80 
7 18.20 14.20 13.27 
8 20.60 14.20 15.11 
9 25.00 12.40 18.81 

10 26.40 12.00 19.96 
12.5 27.30 10.50 20.90 
15 27.60 9.80 21.25 
20 28.00 8.30 21.78 
25 28.40 7.20 22.23 
30 29.00 6.70 22.76 
35 29.60 6.20 23.30 
40 30.40 6.40 23.90 
45 30.70 6.60 24.11 
50 31.00 6.80 24.32 

S45 0 - 5.90 
Aug 1972 10 0.32 2.10 

25 0.72 0.20 
50 8.13 11.70 
75 4.83 10.50 

100 2.57 12.80 
150 2.00 15.20 
225 1.80 20.20 

S48 0 9.60 12.80 6.89 0.42 6.60 
Aug 1972 1 9.80 12.75 7.05 - - 

2 9.80 12.65 7.07 - - 
3 10.30 12.65 7.45 - - 
4 10.90 12.65 7.91 - - 
5 11.40 12.55 8.31 0.57 6.20 



Table D 1 continued 

Cruise, 
Depth 

station S% T°C Cr phosphate-P 
0 (ml/1)  

silicate-Si 
(m) T 2 	 g-at./1) g-at./1) 

and date 

S46 (continued) 
6 11.45 12.55 8.35 - - 

8 11.80 12.65 8.61 - 

10 12.40 13.00 9.02 0.27 0.90 
15 20.00 13.50 14.77 0.36 0.00 
16 24.20 12.70 18.14 - - 

18 26.50 10.90 20.22 - - 

20 27.10 9.60 20.89 - - 

25 27.90 7.90 21.75 0.69 2.00 
30 28.40 7.00 22.26 - - - 

35 28.80 6.70 22.61 - - 

40 29.80 6.40 23.43 - - 

45 30.20 6.60 23.72 - - 

50 30.70 6.80 24.09 9.02 11.40 
60 31.20 6.95 24.46 - 

65 31.40 7.00 24.61 - - 

70 31.50 7.00 24.69 - - 

75 31.60 7.10 24.75 5.07 10.50 
80 31.82 7.20 24.91 - - 

85 31.90 7.20 24.98 - - 

90 31.98 7.00 25.07 - - 

100 - - - 3.06 13.40 

Cruise 11 

S58 0 18.90 9.70 14.51 7.10 
Sep 1973 1 18.90 9.70 14.51 - 

2 22.30 9.70 17.15 - 

3 25.00 10.10 19.18 - 

4 28.80 10.00 22.15 - 

5 30.10 10.00 23.16 6.41 
6 31.00 9.90 23.87 - 

7 31.10 9.90 23.95 - 

8 31.30 9.85 24.11 - 

10 31.45 9.82 24.24 6.15 
12 31.55 9.80 24.32 - 

14 31.90 9.75 24.60 - 

16 32.56 9.70 25.12 - 

18 32.65 9.75 25.18 - 

20 32.57 9.65 25.14 5.89 
25 32.66 9.60 25.21 5.91 
30 33.00 8.20 25.70 5.72 
35 33.40 7.40 26.13 - 

40 33.61 7.19 26.32 - 

45 33.87 7.05 26.54 - 

50 34.04 6.95 26.69 5.62 
55 34.38 6.95 26.96 - 

60 34.42 7.00 26.98 - 

65 34.36 6.95 27.10 - 

70 34.68 6.90 27.20 5.49 
75 34.75 6.90 27.26 - 

80 34.81 6.85 27.31 5.28 
85 34.86 6.80 27.36 - 

90 34.95 6.80 27.42 5.00 
95 35.01 6.80 27.47 - 

100 4.66 
125 5.01 
150 4.77 
200 5.00 
225 5.00 
250 5.00 

S59 0 18.40 9.83 14.10 7.04 	 2.07 	 4.50 
Sep 1973 1 20.20 10.10 15.46 - 	 - 	 - 

2 26.00 10.80 - - 	 - 	 - 

3 29.70 10.50 22.77 5.77 	 - 	 - 

4 30.50 10.00 23.47 - 	 - 	 - 

5 30.55 10.00 23.51 - 	 - 	 - 

6 30.70 10.00 23.62 - 	 - 	 - 

159. 
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160. 

Table D 1 continued 4 

station Depth  
W 

TOC 
02(rnh/1) 

phosphate-P silicate-Si 

and date  T 

S 59 (continued) 
8 31.10 10.00 23.93 6.18 0.00 6.40 

10 31.60 9.90 24.34 - - - 
12 31.80 9.90 24.50 - - - 
15 31.95 9.80 24.63 - - - 
20 32.10 9.60 24.78 5.76 0.08 6.30 
25 32.46 9.20 25.12 - - - 
30 32.54 8.50 25.29 - - - 
35 32.76 7.90 25.55 - - - 
40 33.35 7.30 26.10 - - - 
45 33.60 7.00 26.34 - - - 
50 33.90 6.90 26.59 4.95 2.67 6.70 
55 34.11 6.85 26.76 - - - 
60 34.33 6.80 26.94 - - - 
65 34.44 6.78 27.03 - - - 
70 34.54 6.70 27.12 - - - 
75 34.70 6.61 27.26 4.18 3.10 9.90 
80 34.82 6.70 27.34 - - - 
85 34.91 6.70 27.41 - - - 
90 34.95 6.65 27.45 - - - 
95 35.00 6.60 27.49 - - - 

100 4.07 2.03 21.10 
150 4.27 1.37 18.90 
200 3.93 1.11 14.90 
250 377 1.24 19.40 
300 4.17 1.23 20.90 
310 4.38 - - 
330 4.39 - - 
350 4.33 1.27 21.50 
385 4.54 1.37 23.70 

S60 0 20.80 10.20 15.91 
Sep 1973 1 20.80 10.20 15.91 

2 25.70 10.30 19.69 
3 28.90 10.20 22.19 
4 29.30 10.20 22.50 
5 29.90 10.30 22.95 
6 29.90 10.30 22.95 
7 29.90 10.30 22.95 
8 30.10 10.40 23.09 
9 30.40 -- 10.40 23.32 

10 30.40 10.40 23.32 
12 30.50 10.40 23.40 
14 30.70 10.50 23.54 
16 31.00 10.40 23.79 
18 31.05 10.40 23.83 
20 31.50 10.20 24.21 
25 31.90 10.10 24.54 
30 32.20 9.95 24.80 
35 32.40 9.95 24.95 
40 32.50 9.80 25.06 
45 32.65 9.42 25.24 
50 32.67 9.30 25.27 
55 32.87 8.78 25.51 
60 33.03 8.40 25.69 
65 33.10 7.90 25.82 
70 33.19 7.50 25.95 
75 33.47 7.20 26.21 
80 33.59 7.10 26.32 
85 33.75 6.95 26.46 
90 33.94 6.95 26.61 
95 34.14 6.90 26.78 

S61 0 15.80 9.20 12.16 
Sep 1973 1 20.70 10.40 15.81 

2 27.10 10.80 20.70 
3 29.00 10.50 22.22 
4 29.60 10.20 22.74 



161. 

Table D 1 continued 
	

5 

Cruise 
station 	1th 	

S 	T°C 	Cj, 	02 (ml/1) 
and date 	

phosphate-P 	silicate-Si 
g-at./1) 	vg-at./1) (m) 

S 61 (continued) 
5 29.80 10.10 22.91 
6 29.90 10.15 22.98 
7 30.00 10.20 23.05 
8 30.20 10.20 23.20 
9 30.45 10.35 23.37 

10 30.70 10.35 23.57 
1Z 30.85 10.20 23.71 
14 31.05 10.10 23.88 
16 31.45 9.95 24.21 
18 31.75 9.90 24.46 
20 32.00 9.90 24.65 
25 32.20 9.70 24.84 
30 32.35 9.30 25.02 
35 32.64 8.95 25.30 
40 32.71 8.10 25.48 
45 33.00 7.60 25.78 
50 33.37 7.30 26.12 
55 33.38 7.00 26.17 
60 33.96 6.90 26.64 
65 34.13 6.80 26.78 
70 34.31 6.80 26.92 
75 34.45 6.80 27.03 
80 34.58 6.70 27.15 
85 34.69 6.70 27.24 
90 34.76 6.80 27.28 
95 34.74 6.65 27.28 

S62 	 0 19.30 9.40 14.86 
Sep 1973 	1 24.90 10.40 19.06 

2 28.90 10.80 22.09 
3 29.60 10.60 22.67 
4 30.30 10.25 23.27 
5 30.45 10.10 23.41 
6 30.50 10.10 23.45 
7 30.55 10.00 23.51 
8 30.75 10.00 23.66 
9 30.80 - 10.00 23.70 

10 10.00 23.86 
12 31.10 9.95 23.94 
14 31.10 9.95 23.94 
16 31.40 9.90 24.18 
18 31.45 9.90 24.22 
20 31.50 9.90 24.26 
25 31.70 9.70 24.45 
30 32.00 9.18 24.77 
35 32.20 8.90 24.97 
40 32.45 8.70 25.19 
45 32.43 7.90 25.29 
50 32.64 7.55 25.51 
55 32.86 7.50 25.69 
60 33.00 7.40 25.81 
65 33.30 7.10 26.09 
70 33.53 7.00 26.28 
75 33.85 6.90 26.55 
80 33.93 6.90 26.61 
85 34.05 6.80 26.72 
90 34.27 6.70 26.91 
95 34.42 6.70 27.02 

S63 	 0 18.80 9.20 14.49 	6.66 	 2.87 	 3.50 
Sep 1973 	1 26.00 10.00 19.97 	 - 	 - 

2 29.40 10.50 22.53 	 - 	 - 	 - 

3 29.90 10.60 22.90 	 - 	 - 	 - 

4 30.10 10.30 23.11 	 - 	 - 	 - 

5 30.30 10.10 23.30 	 - 	 0.17 	 2.04 
6 30.40 10.10 23.37 	 - 	 - 	 - 



162. 

Table D 1 continued 

Cruise, 
station 	

Depth 	
T°C 	

phosphate-P 	silicate-Si 

and date 	 T 	
02(nil/1) 	

(.g.at./1) 	(sg.at./1) 

S 63 (continued) 
7 30.50 10.10 23.45 - - - 

8 30.60 10.05 23.54 - - 

9 30.70 10.00 23.62 - - 	 - - 

10 30.70 10.00 23.62 6.24 0.14 3.79 
12 31.00 10.00 23.86 - - - 

14 31.10 9.95 23.94 - - - 

16 31.30 9.95 24.10 - - - 

18 31.40 9.80 24.20 - - - 

20 31.50 9.95 24.30 5.53 - - 

25 31.70 8.90 24.58 - - - 

30 32.10 8.30 24.98 5.02 7.01 7.19 
35 32.45 7.95 25.30 - - - 

40 32.64 7.55 25.51 4.25 7.52 - 

45 33.03 7.20 25.86 - - 

50 33.40 7.05 26.17 4.13 12.26 8.65 
55 33.65 7.00 26.38 - - - 

60 33.84 6.90 26.54 - 10.02 11.90 
65 34.00 6.90 26.67 - - - 

70 34.14 6.80 26.79 3.35 14.10 - 

75 34.22 6.80 26.85 - - 

80 34.39 6.70 27.00 3.68 11.69 15.84 
85 34.51 6.70 27.09 - - - 

90 34.56 6.65 27.14 4.23 - 13.61 
95 34.70 6.65 27.25 - - - 

100 2.97 5.65 13.41 
110 3.61 3.07 14.97 
130 - 2.94 2.36 14.19 

S64 	- 	 0 12.20 9.00 9.38 5.98 15.51 3.89 

Sep 1973 	1 25.80 10.30 19.77 - - - 

2 29.10 10.30 22.33 - - - 

3 29.90 10.10 22.99 - - - 

4 30.10 10.10 23.14 - - - 

5 30.45 10.30 23.38 - 5.20 3.89 
6 30.50 10.20 23.44 - 

- - 

7 30.60 10.10 23.54 - - 

8 30.65, 10.20 23.55 - - - 

9 30.70 10.10 23.61 - - - 

10 30.70 10.10 23.61 - 3.32 2.33 
12 30.95 10.00 23.82 - - 	 - - 

14 31.00 10.00 23.86 - - - 

16 31.05 9.70 23.94 - - - 

18 31.20 9.80 24.04 - - - 

20 31.45 9.20 24.33 5.44 5.35 6.03 
25 31.70 8.25 24.67 - - - 

30 32.00 8.00 24.98 3.65 16.88 14.19 
35 32.20 7.80 25.13 - - - 

39 32.40 7.80 25.29 3.49 25 20.31 

H65 	 0 27.00 10.10 20.73 	6.41 0.07 3.03 
Sep 1973 	1 27.00 10.05 20.74 	 - - - 

2 27.20 10.19 20.88 	 - - - 

3 27.80 10.19 21.34 	 - - - 

4 28.00 10.02 21.52 	 - - - 

5 28.20 10.10 21.67 	5.97 0.10 2.37 
6 28.55 10.10 21.94 	 - - - 

7 28.60 10.10 21.98 	 - - - 

8 28.80 10.20 22.12 	 - - - 

9 29.00 10.20 22.27 	 - - - 

10 29.10 10.20 22.35 	 - 0.08 3.51 
12 30.45 10.80 23.30 	 - - - 

14 31.00 11.00 23.69 	 - - - 

16 31.60 11.30 24.10 	 - - - 

18 32.05 11.20 24.47 	 - - - 

20 32.10 11.30 24.49 	 - - - 

25 32.35 11.20 24.70 	5.26 0.05 2.56 



Table D 1 continued 

Cruise 
station 
	

t)th 
S%, TOC 

02(Inh/1) 
phosphate-P silicate-Si 

and 

H 65 (continued) 
30 32.50 11.19 24.82 - - - 

35 32.75 10.90 25.06 - - - 

40 32.91 11.00 25.17 - - - 

45 32.96 10.61 25.28 - - - 

50 33.02 10.42 25.36 5.61 0.06 3.98 
55 33.16 10.25 25.50 - 	 - - - 

60 33.35 9.50 25.77 - - - 	 - 

65 33.50 8.80 26.00 - - - 

70 33.70 7.60 26.33 - - - 

75 33.94 7.20 26.58 - - - 

80 34.07 7.08 26.70 - - - 

85 34.32 7.00 26.90 - - - 

90 34.45 7.00 27.01 - - - 

95 34.60 7.00 27.12 - - - 

100 4.52 1.04 6.92 
200 4.00 1.02 13.46 
250 4.71 1.06 13.75 
300 4.92 0.95 12.89 
350 4.84 1.01 14.41 
400 - 1.06 15.07 
450 4.45 0.89 13.18 
500 4.35 0.99 14.22 
550 4.49 1.02 14.31 
600 5.32 0.88 13.37 
650 5.38 0.93 14.13 
700 5.21 1.65 13.75 

Cruise III 

H67 	 0 31.40 5.75 24.77 8.01 0.00 0.68 
Mar 1974 	0.5 31.40 5.75 24.77 - - - 

1 31.40 5.75 24.77 - - - 

1.5 31.40 5.75 24.77 - - - 

2 31.40 5.74 24.77 - - - 

3 31.40 5.70 24.77 - - - 

4 31.40 5.70 24.77 - - - 

5 31.50 5.55 24.87 7.92 0.07 0.00 
6 31.55- 5.50 24.91 - - - 

7 31.55 5.50 24.91 - - - 

8 31.60 5.30 24.97 - - - 

9 31.65 5.20 25.02 - - - 

10 31.70 5.15 25.07 7.97 0.00 1.56 
12 31.70 5.10 25.07 - - - 

14 31.70 5.00 25.09 - - - 

16 31.80 4.97 25.17 - - 

18 31.80 4.87 25.18 - - - 

20 31.85 4.80 25.23 - - - 

25 32.15 5.10 25.43 7.19 0.06 0.39 
30 32.37 5.00 25.62 - - - 

35 32.90 5.15 26.02 - - - 

40 33.60 6.70 26.38 - - - 

45 34.25 7.80 26.74 - - - 

50 34.49 8.15 26.87 6.00 0.58 5.15 
55 34.61 8.21 26.96 - - - 

60 34.68 8.22 27.01 - - - 

65 34.83 8.20 27.13 - - - 

70 34.90 8.18 27.19 - - - 

75 34.95 7.99 27.26 - - - 

80 34.99 7.82 27.31 - - - 

85 35.03 7.80 27.35 - - - 

90 35.05 7.70 27.38 - - - 

95 35.07 7.60 27.41 - - - 

100 5.95 0.59 9.23 
150 6.14 0.59 5.93 
200 6.03 0.71 11.18 
250 6.10 0.66 5.73 
300 5.84 0.64 8.16 
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Table D 1 continued 

Cruise, 
station 	Depth 	

T°C 	 02m1/1 	 g-at./1) 
phosphate-P 	silicate-Si 

and date 	
(m) 

H 67 (continued) 
400 5.51 0.80 11.28 
425 5.49 0.80 13.12 
450 5.73 0.89 13.80 
475 5.73 0.84 13.80 
490 5.41 0.86 12.44 

H68 0 31.25 5.75 24.65 7.92 0.05 1.98 
Apr 1974 0.5 31.30 5.75 24.69 - - - 

1 31.35 5.70 24.73 - - - 	 - 

1.5 31.35 5.65 24.74  
2 31.40 5.62 24.78 - - - 

3 31.40 5.60 24.78 - - - 

4 31.45 5.60 24.82 - - - 

5 31.45 5.60 24.82 7.82 0.06 0.69 
6 31.50 5.60 24.86 - - -- 
7 31.55 5.60 24.92 - - - 

8 31.55 5.60 24.90 - - - 

9 31.55 5.50 24.91 - - - 

10 31.55 5.50 24.91 7.92 - - 

12 31.55 5.50 24.91 - - - 

14 31.60 5.75 24.92 - - - 

16 31.60 5.70 24.93 - - - 

18 31.60 5.70 24.93 - - - 

20 31.65 5.30 25.01 - - - 

25 32.11 520 25.39 7.16 0.27 1.79 
30 32.63 5.55 25.76 - - - 

35 33.02 6.10 26.00 - - - 

40 33.50 6.70 26.30 - - - 

45 33.71 6.89 26.44 - - - 

50 33.84 7.20 26.50 5.92 0.67 5.46 
55 33.86 7.22 26.51 - - 

60 34.10 7.60 26.65 - - - 

65 34.51 8.10 26.89 - - - 

70 34.62 8.19 26.97 - - - 

75 34.70 8.21 27.11 - - - 

80 34.80 8.20 27.11 - - - 

85 34.89 8.15 27.18 - - - 

90 34.97 8.00 27.27 - - - 

95 35.04'-..... 8.00 27.33 - - - 

100 5.61 0.89 17.46 
150 5.82 0.77 31.84 
200 5.66 0.91 16.96 
300 5.45 0.97 24.70 
350 5.83 - - 

400 5.78 - - 

450 5.44 0.95 31.84 
500 5.24 0.92 42.76 
550 5.41 - - 

600 5.66 0.95 31.05 
640 5.50 0.97 17.96 

S69 0 31.20 6.90 24.47 5.53 0.19 1.88 
Apr 1974 0.5 31.25 6.80 24.52 - - - 

1 31.25 6.80 24.52 - - - 

1.5 31.25 6.75 24.52 - - - 

2 31.28 6.73 24.55 - - - 

3 31.29 6.70 24.56 - - - 

4 31.31 6.50 24.60 - - - 

5 31.45 6.18 24.75 6.97 - 1.69 
6 31.55 6.30 24.82 - - - 

7 31.80 6.10 25.04 - - - 

8 31.80 6.00 25.05 - - - 

9 32.00 5.90 25.22 - - - 

10 32.00 5.90 25.22 6.32 0.15 0.60 
12 32.10 5.70 25.32 - - - 

14 32.10 5.65 25.33 - - - 

16 32.16 5.70 25.37 - - - 

18 32.34 5.80 25.50 - - - 
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Table D 1 continued 

Cruise, 
Depth station 

arid date 	(m)  
T °C 0- 

T 0 	/ 1) 2 
phosphate-P silicate-Si 

S69 (continued) 
20 32.40 5.82 25.55 - - 
25 32.50 6.00 25.60 6.36 - 0.69 
30 33.02 6.60 25.94 - - - 
35 33.30 6.95 26.11 - - - 
40 33.48 7.10 26.23 - - - 
45 34.02 7.70 26.57 - - - 
50 34.52 7.90 26.93 4.79 2.30 6.25 
55 34.56 7.90 26.96 - - - 
60 34.68 7.87 27.06 - - - 	- 
65 34.73 7.72 27.12 - - - 
70 34.77 7.67 27.16 - - - 
75 34.82 7.64 27.21 - - - 
80 34.86 7.60 27.24 - - - 
85 34.92 7.60 27.29 - - - 
90 34.92 7.59 27.31 - - - 
95 34.95 7.57 27.32 - - - 

100 3.53 1.39 10.22 
150 5.06 1.09 11.61 
200 3.85 1.12 12.90 
250 4.67 - 14.28 
300 4.38 1.36 18.15 
325 4.19 - 21.03 
340 4.14 1.47 21.13 

H 70 	 0 31.70 5.90 24.98 6.90 0.15 0.98 
Apr 1974 	0.5 31.70 5.90 24.98 - - 1 31.75 5.85 25.03 - - - - 

1.5 31.80 5.75 25.08 - - - 
2 31.84 5.75 25.11 - - - 
3 31.86 5.75 25.13 - - - 
4 31.86 5.70 25.13 - 
5 31.89 5.70 25.16 6.96 

- 
0.15 

- 
0.29 

6 31.89 5.70 25.16 - - - 
7 31.89 5.65 25.16 - - - 
8 31.92 -- - 5.65 25.19 - - - 
9 31.95 5.65 25.21 - - - 

10 31.95 5.65 25.21 7.67 0.16 0.10 
12 31.97 5.65 25.23 - - - 
14 31.99 5.65 25.24 - - - 
16 32.09 5.65 25.32 - - - 
18 32.20 5.60 25.41 - - - 
20 32.45 5.80 25.59 - - - 
25 32.90 6.20 25.89 6.69 0.54 1.28 
30 33.15 6.38 26.07 - - - 
35 33.31 6.75 26.14 - - - 
40 33.53 7.01 26.28 - - - 
45 33.89 7.39 26.51 - - - 
50 34.53 8.10 26.91 5.66 1.04 5.70 
55 34.64 8.19 26.98 - - - 
60 34.69 8.10 27.04 - - - 
65 34.74 8.00 27.09 - - - 
70 34.84 7.95 27.18 - - - 
75 34.90 7.90 27.23 - - - 
80 34.96 7.37 27.30 - - - 
85 35.00 7.70 27.34 - - - 
90 35.05 7.70 27.38 - - - 
95 35.08 7.70 27.40 - - - 

100 5.34 1.00 8.36 
200 5.65 0.95 10.12 
300 5.29 1.05 13.37 
350 - 5.56 1.00 12.39 
400 5.36 1.07 13.07 
450 5.18 - - 
500 5.28 1.09 13.86 

185. 



166. 

Table D 1 continued 	 10 

Cruise, 
station 	Depth 

and date 	(in) 
s . 	T C ° 	a- 	02(ml/ 1) T 

phosphate-P silicate-Si 

H 70 (continued) 
550 5.87 1.01 13.07 
600 5.43 1.09 14.84 
650 5.41 1.05 15.24 
700 5.30 1.10 13.47 
725 5.48 - - 
750 5.51 1.05 14.35 
775 4.83 1.06 14.55 
825 4.90 1.01 15.43 

S71 0 26.70 6.60 20.97 7.32 0.49 1.16 
Apr 1974 0.5 27.80 6.75 21.82 - - - 

1 29.70 6.70 23.31 - - - 
1.5 30.30 6.70 23.79 - - - 
2 30.90 6.50 24.28 - - - 
3 31.55 6.38 24.81 - - - 
4 31.95 6.10 25.16 - - - 
5 32.12 6.00 25.30 6.62 0.13 3.68 
6 32.15 6.00 25.33 - - - 
7 32.20 5.88 25.38 - - - 
8 32.24 5.88 25.41 - - - 
9 32.26 5.80 25.44 - - - 

10 32.28 5.83 25.45 7.59 0.15 0.39 
12 32.32 5.87 25.48 - - - 
14 32.36 5.86 25.51 - - - 
16 32.39 5.88 25.53 - - - 
18 32.45 5.99 25.56 - - - 
20 32.54 6.02 25.63 - - - 
25 32.80 6.35 25.79 6.46 0.81 0.00 
30 33.04 6.43 25.97 - - - 
35 33.28 6.70 26.13 - - - 
40 33.58 7.10 26.31 - - - 
45 34.05 7.50 26.62 - - - 
50 34.55 7.95 26.95 5.15 4.14 5.52 
55 34.60 7.90 27.00 - - - 
60 34.73 7.85 27.13 - - - 
65 34.84 7.70 27.20 - - - 
70 34.89 7.52 27.24 - - - 
75 34.95 -  7.45 27.29 - - - 
80 35.00 7.45 27.34 - - - 
85 35.05 7.45 27.38 - - - 
90 35.07 7.41 27.42 - - - 
95 35.10 7.42 27.46 - - - 

100 4.56 1.62 10.94 
150 4.49 1.38 12.87 
200 4.20 1.40 14.91 
250 3.54 - - 
300 4.27 1.40 18.59 
350 3.89 - - 
375 2.95 1.60 21.68 

S72 0 18.00 6.20 14.19 7.37 1.42 3.96 
Apr 1974 0.5 22.50 6.40 17.70 - - 

1 26.90 6.40 21.15 - - - 
1.5 30.50 7.15 23.88 - - - 
2 31.50 7.02 24.69 - - - 
3 32.05 6.59 25.17 - - - 
4 32.12 6.40 25.25 - - 
5 32.14 6.23 25.29 8.26 0.60 0.39 
6 32.11 6.19 25.27 - - - 
7 32.20 6.16 25.35 - - - 
8 32.25 6.15 25.39 - - - 
9 32.29 6.06 25.43 - - - 

10 32.30 6.03 25.44 4.27 0.45 0.00 
12 32.35 6.06 25.48 - - - 
14 32.42 6.16 25.52 - - - 
16 32.50 6.23 25.57 - - - 
18 32.65 6.40 25.67 - - - 



187. 

Table D 1 continued 11 

station Depth 
W Tc 02(ml/1) 

phosphate-P silicate-Si 

and date T 

S72 (continued) 
20 32.72 6.60 25.70 - - - 

25 32.95 6.80 25.85 4.48 3.62 0.68 
30 33.12 7.00 25.96 - - - 

35 33.37 7.20 26.13 - - - 

40 33.60 7.30 26.30 - - - 

45 33.85 7.52 26.46 - - - 

50 34.19 7.60 26.72 4.45 8.18 6.31 
55 34.33 7.70 26.81 - - - 	 - 

60 34.55 7.70 26.99 - - - 

65 34.70 7.65 27.11 - - - 

70 34.80 7.50 27.24 - - - 

75 34.89 7.47 27.29 3.09 2.69 7.95 
80 34.98 7.45 27.36 - - - 

85 35.00 7.42 27.38 - - - 

90 35.05 7.44 27.42 - - - 

95 35.07 7.44 27.43 - - - 

100 2.27 2.13 10.67 
105 2.49 1.90 13.29 

S73 0 9.60 7.60 7.48 
Apr 1974 0.5 19.80 7.80 15.44 

1 21.80 7.80 17.00 
1.5 28.00 7.50 21.88 
2 30.20 7.60 23.59 
3 31.80 7.20 24.90 
4 32.15 6.80 25.23 
5 32.18 6.70 25.26 
6 32.26 6.60 25.34 
7 32.21 6.40 25.32 
8 32.30 6.40 25.39 
9 32.30 6.37 25.40 

10 32.31 6.30 25.42 
12 32.40 6.40 25.47 
14 32.52 6.55 25.55 
16 32.58 6.60 25.59 
18 32.60 6.60 25.61 
20 32.65 6.80 25.62 
25 32.80 6.80 25.74 
30 32.90--- 6.92 25.80 
35 33.17 7.15 25.98 
40 33.40 7.21 26.15 
45 33.71 7.40 26.37 
50 34.24 7.50 26.77 



Table D 2 

Chemical composition of sediments 

Cruise, 
date and
station 

Depth  

Major elements (in weight%) 

Ca 	K 	Fe 	Ti Si Al Mg 

p 

P Mn Total-C 	CO 	Organic-C 

Cruise A 
April 1971 

S2 0-6 22.18 0.89 26.58 0.17 9.23 2.81 0.31 0.150 0.040 11.18 
S6 0-2 6.26 2.30 5.34( 0.43 22.42 6.10 1.35 0.134 0.084 4.96 8.5-10 13.63 1.47 6.8w 0.27 14.10 4.03 0.83 0.291 0.074 10.26 
S7 0-2.5 15.72 1.39 5.73 0.24 11.98 3.76 0.96 0.291 0.070 9.14 6-9 3.75 2.71 6. 94 0.52 21.79 6.55 1.81 0.159 0.098 3.52 
S8 0.5 10.48 1.64 7.83 0.29 13.96 4.13 1.07 0.239 0.073 7.42 5-7 2.25 2.95 7.09 0.55 22.85 7.05 2.04 0.078 0.101 2.50 
S10 0-2 14.47 1.25 7.30 0.21 10.67 3.24 0.50 0.255 0.063 10.00 8-10 1.90 2.89 6.13 0.61 26.85 7.42 1.88 0.078 0.097 1.83 
S11 0-2 5.79 1.81 10.06 0.37 18.56 4.69 0.98 0.255 0.071 4.25 7-9 1.86 3.08 6.55 0.60 25.01 7.26 2.00 0.078 0.099 1.71 
S12 0-3.5 1.16 0.80 26.70 0.16 7.46 2.40 0.67 0.422 0.275 3.00 3.5-4 0.66 0.70 31.52 0.13 6.46 2.01 0.43 0.332 0.125 1.61 5.8-6.3 0.57 0.78 25.40 0.15 7.44 2.42 0.53 0.151 0.222 1.53 6.3-12.3 1.67 2.71 5.48 0.51 28.98 6.98 1.12 0.057 0.089 1.14 
S14 0-6 12.12 0.73 10.75 0.20 945 2.55 0.71 0.711 0.088 8.63 6-10.5 2.23 3.13 6.95 0.65 28.49 7.28 2.00 0.099 0.098 1.21 
S15 0-3 2.58 1.92 8.51 0.57 26.21 5.89 0.57 0.136 0.090 1.51 10-15 2.62 2.06 4.13 0.69 32.04 6.38 1.30 0.145 0.079 0.46 
S16 0-4 0.79 0.54 34.51 0.11 4.63 1,47 0.27 0.021 0.121 1.28 
S19 0-2 3.76 2.13 8.45 0.47 19.66 5.97 1.76 0.136 0.091 3.59 8.5-10 2.34 2.62 6.36 0.65 26.68 7.26 1.91 0.103 0.099 1.44 
S20 6.5.8 2.29 2.39 5.60 0.59 26.99 7.20 1.75 0.103 0.088 1.83 
S21 0-2.5 2.92 2.30 8.38 0.49 20.46 6.55 1.90 0.151 0.098 3.66 

C) 



Table D 2 continued 

Major elements (in weight%) 
Cruised 

Depth date and Ca K Fe Ti Si Al Mg P Mn Total-C CO2  Organic-C Station 

Cruise A (continued) 
April 1971 

S22 0-6.5 2.55 2.14 5.77 0.58 26.14 6.65 2.06 0.090 0.159 1.44 
6.5-10 2.50 2.28 6.03  26.78 7.13 2.09 0.074 0.093 1.27 

S23 0-8 1.99 2.66 6.45 0.52 22.49 7.16 2.30 0.103 0.119 1.97 

Cruise B 
August 1971 

S24 0-1.5 1.84 3.02 5.66 0.50 26.00 7.89 2.04 0.095 0.104 1.54 
1.5-5 1.82 2.97 5.60 0.49 25.89 7.80 1.99 0.069 0.098 1.23 

S25 0-1.5 2.33 2.31 5.78 0.49 23.39 7.14 2.44 0.100 0.112 - - - 

1.5-3 2.40 2.32 5.80 0.51 24.49 7.54 2.47 0.097 0.112 1.18 0.06 1.16 
3-8 2.40 2.30 5.86 0.53 24.99 7.58 2.35 0.070 0.111 1.24 0.06 1.21 
8-12 1.87 3.16 6.41 0.56 26.92 7.33 1.60 0.071 0.095 0.97 n. d. 0.97 

12-15 1.94 3.33 6.90 0.59 27.85 7.62 1.68 0.067 0.089 0.66 n. d. 0.66 
15-20 1.84 3.46 6.32 0.53 25.86 7.36 1.15 0.054 0.091 0.55 n. d. 0.55 
20-25 2.15 2.69 5.18 0.60 30.69 7.03 1.29 0.088 0.084 0.82 a. d. 0.82 
25-30 2.17 2.62 4.88 0.61 31.30 6.97 1.28 0.083 0.082 0.84 n. d. 0.84 
30-35 2.12 2.57 4.68 0.59 30.31 6.67 0.80 0.075 0.082 0.81 0.01 0.81 
35-40 2.30 2.72 5.13 0.60 30.97 7.34 1.34 0.066 0.076 0.82 0.01 0.82 40-45 2.08 2.67 4.78 0.56 30.16 7.02 1.28 0.073 0.082 0.83 0.03 0.83 45-50 2.17 2.59 5.60 0.52 27.39 7.63 2.07 0.082 0.102 0.97 0.02 0.97 
50-55 2.19 2.62 5.95 0.53 27.01 7.99 2.18 0.079 0.115 0.97 0.04 0.96 

S31 0-2 1.74 0.45 20. 57 0.09 3.72 1.26 0.39 0.127 0.090 3.83 
2-5.5 1.80 0.66 32.07 0.14 6.23 1.97 0.49 0.133 0.118 2.36 

5.5-8 1.87 3.15 6.62 0.50 26.45 7.27 1.63 0.055 0.091 1.13 



170. 
Table D 3 

Chemical composition of sediments 

Trace elements (in ppm) Mn (in wt.%) 

Cruise, 
station 
and date 

Depth p 
(m) 

Cu Pb Zn Mn 

Cruise B 
August 1971 

S24 0-1.5 20 47 195 - 
1.5- 	5 12 33 149 - 

5-10 12 18 124 - 
10-15 7 18 103 - 

S25 0- 2 50 239 393 - 
- 2-3 50 100 260 - 

3- 8 37 32 159 - 
8-12 64 142 800 - 

12-15 33 68 455 - 

Cruise I 
August 1972 

S36 0- 2 45 212 429 0.155 
2-4 62 236 477 - 
4- 6 48 161 382 - 
6-10 31 48 207 - 

10-15 30 45 180 - 

S39 0- 2 237 195 447 0.131 
2-. 	4 189 151 361 - 
4- 6 133 103 265 - 
6-10' 84 77 187 - 

10-15 88 71 190 - 
15-20 62 54 149 - 
20-25 55 52 134 - 
25-30 54 56 133 - 
30-35 58 52 139 - 
35-40 56 50 138 - 
40-45 68 54 149 - 
45-50 65 56 148 - 
50-55 69 51 157 - 
55-60 69 54 160 - 

S40 0- 2 174 148 340 0.102 
2- 4 123 108 253 - 
4-6 84 72 184 - 
6-10 73 62 160 - 

10-15 62 54 147 - 



171. 

Table D 3 continued 

Cruise,  
station 	

Depth 

and date 	
m 

Cu Pb Zn Mn 

Cruise I (continued) 
August 1972 

S41 0- 2 115 642 1068 0.146 
2- 4 128 652 1107 - 

4- 6 108 518 981 - 

6-10 48 193 477 - 

10-15 92 61 190 - 

S42 0- 2 307 199 567 0.191 
2- 4 224 150 421 - 

4- 6 181 114 342 - 

6-10 116 71 239 - 

10-15 68 53 150 - 

S43 0- 2 208 258 530 0.245 
2- 4 59 169 385 - 

4- 6 30 101 332 - 

6-10 31 45 223 - 

10-15 27 24 159 - 

H47 0- 2 7 64 172 0.081 
2-4 7 24 130 - 

4- 6 42 52 118 - 

H48 0- 2 79 69 177 0.190 
2-4 98 83 205 - 

4- 6 73 62 170 - 

6-10 113 100 236 - 

10-15 71 61 159 - 

H49 0- 2 138 140 269 0.101 
2- 75 67 163 - 

4- 6 55 52 136 - 

6-10 51 48 125 - 

10-15 50 49 126 - 

S51 0- 2 74 302 659 0.177 
2- 4 60 233 512 - 

4- 6 135 94 261 - 

6-10 24 12 138 - 

S52 0- 2 177 141 347 0.2-16 
2- 4 55 235 473 - 

4- 6 49 153 393 - 

6-10 21 21 168 - 

10-15 24 15 124 - 

S56 0- 2 91 747 953 0.141 
2- 4 99 512 1034 - 

4- 6 79 323 787 - 

6-10 22 189 297 - 

10-15 4 23 132 - 



172. 

Total suspended matter (TSM) ()ig/kg) 

(after removal of seasalt) 

Cruise, station Depth 	 I Cruise, station Depth 
TSM 

—A anddate 	 (m) 	
TSM and date 	 (m) 

Cruise B 
S26 	 0 2000 
August 1971 	 2 3300 

5 2400 
10 1300 
20 900 
30 900 
40 1200 

Cruise 12 
S41 0 3300 
August 1973 5 1000 

10 1900 
25 900 
50 900 
75 700. 

100 800 
125 900 
175 400 
200 600 
250 600 
275 400 

-------- 1-_. ----- 
Cruise 112 
S59 75 70 
September 1973 100 70 

150 60 
200 80 
250 80 
310 85 
330 80 
350 115 
385 115 

S29 0 2200 
August 1971 5 3200 

10 1700 
20 900 
50 800 

S32 0 2300 
August 1971 10 1900 

30 1000 
40 800 

H35 0 3200 
August 1972 5 1100 

10 800 
100 600 
350 400 
400 600 
550 700 
600 1900 
650 600 
700 900 

S58 	 0 500 
September 1973 	10 70 

20 120 
70 60 
90 50 

125 60 
150 55 
200 45 
225 90 
250 60 



173. 

Table D 4 continued 

Cruise, station Depth 	 Cruise, station Depth TSM 	 TSM and date 	 (m) 	 and date 	 (m) 

Cruise 111  
H68 	 0 140 H70 5 190 
April 1974 	 10 100 April 1974 25 425 

25 890 50 125 
50 70 100 70 

100 60 300 170 
150 30 400 40 
200 85 500 50 
350 15 550 35 
550 40 600 40 

700 170 
825 110 

1 Sartorius 0.45 membrane filters 

2 Nuclepore 0.41  membrane filters 



Thble D 5 

Suspended particulate mater and dissolved metal data 

station 

 

Suspended particulate matter 	g/kg) 	 Dissolved metals (/kg) 
Cruise, 

Depth 
(in)  

Ca K Fe Ti Si Al Mg P Mn S Cu Pb Zn Fe 	Mn 	Cu 	Pb 	Zn 
and date 

Cruise ]31 

S26 0 9.51 36.50 107.00 4.57 235.80 118.70 25.74 10.53 l;35 14.84 1.02 8.92 16.57 2540 
Aug 1971 2 17.05 24.07 47.40 1.97 116.40 49.50 17.08 28.24 2.10 36.20 0.37 3.59 11.12 2240 

5 21.60 12.30 47.40 0.93 54.Op 16.30 6.58 22.97 - - - - - 320 
10 48.20 8.01 79.90 0.82 53.5b 19.71 3.12 9.04 2.45 19.09 - - - 670 
20 69.50 3.60 17.84 0.31 21.77 8.21 2.23 5.89 1.30 6.19 - - - 330 
30 47.60 2.35 32.20 0.33 20,53 7.48 1.62 11.61 0.89 9.57 0.53 16.59 11.15 1120 
40 72.70 3.12 49.90 0.55 26.27 12.82 2.55 18.22 0.69 13.43 0.52 27.92 14.64 1180 

S27 0 9.56 31.60 71.50 3.54 191.00 82.40 21.35 14.64 1.10 14,38 0,68 4.18 6.21 1680 
Aug 1971 1 20.48 35.50 89.50 4.38 229.00 107.70 24.24 11.10 1.14 13.12 0.87 2.82 9.55 - 

5 41.10 11.62 48.00 0.98 57.90 24.90 6.47 24.51 13.21 28.07 1.00 14.46 41.40 290 
10 60.40 6.15 32,90 0.59 40.50 13.91 3,32 9.24 3.07 12.87 0.60 13.72 17.85 340 
20 103.80 3.89 31.70 0.42 28.89 11.88 6.92 13.00 2.37 18.67 1.89 11.14 36.30 390 
30 175.60 2.38 33.20 0.42 24.20 10.04 2,65 13,83 1.18 10.21 0.26 14.38 17.80 1125 

S28 0 7.59 38.90 120,30 4.49 245.80 146.40 25.20 10,98 1.35 17.38 1.32 14.14 25.68 4595 
Aug 1971 5 30.09 16.42 89.50 1.18 68.30 29.82 10.16 33.00 15.74 38.50 1.57 22.93 51.20 280 

10 51,40 12.28 87.60 1.11 69,80 29.10 6.67 18.91 8.58 30.30 2.04 32.00 - 445 
15 32.80 8.42 80.10 0.89 59,60 25.87 4.53 11.87 5.13 29.57 1.45 36.90 35.90 430 
20 48.50 6.94 86.20 0.62 43.60 16.79 3.38 7.41 2.39 37.10 1.14 42.60 30.80 360 

S29 0 12.44 31.10 71.40 3.50 182.90 88.10 21.83 14.03 1.83 14.16 0.25 4.79 8.66 1250 
Aug 1971 5 32.30 11.80 27.26 0.71 49.70 18.89 8.52 29.65 8.07 32.20 0.76 3.11 - 170 

10 53.00 9.48 30.60 0.90 56.90 22.31 6.49 10.81 4.46 13.48 0.66 9.99 14.02 160 
20 56,70 4,54 17,31 0.43 26.19 10.64 3,01 4.63 2.33 8.60 0.14 6.06 7.32 83 
50 12,99 2.38 30.20 0.25 18.03 5.82 1.36 7.54 0.42 11.33 0.41 14.93 9.23 690 

S30 0 10.57 21.58 52.50 2.49 134.00 63.40 13.71 12.25 2.66 20.76 0.84 7.33 10.79 820 
Aug 1971 5 21.97 9.72 25.62 0.94 65.80 18.76 5.63 18.66 4.00 22.54 0.58 2.99 - 120 

10 29.11 6.12 16.44 0,64 41.90 13.47 3.96 6.35 2.46 7.59 0.10 3.18 5.19 95 
30 63.00 3.41 5.93 0.28 21.91 5.49 1.95 4.64 1.34 4.38 n. d. 1.21 3.61 130 
80 2.94 2.78 10.07 0.25 14.15 4.20 1.44 3.51 1.07 3.82 0.15 3.55 2.85 280 

150 2.78 2.46 23.90 0.19 14.00 4.12 1.09 4.21 3.09 2,65 n. d. 4.39 1.67 450 

.4 



20.37 9.24 43.60 0.51 3.08 22.77 1060 
31.60 14.13 41.50 0.61 9.74 - 215 
10.18 5.48 20.34 0.47 18.40 21.26 300 
4.63 2.22 47.90 1.57 58.00 34.80 590 

13.54 2.51 19.44 0.11 6.32 20.34 - 

6.26 1.61 12.39 n. d. 0.70 3.66 450 
3.27 1.42 5.64 - - - 69 
1.19 1.85 2.06 n. d. 2.23 1.32 81 

6.91 1.40 17.07 0.13 3.65 - 200 
3.82 0.89 10.42 n. d. n. d. 2.07 4 50 
1.78 0.87 5.24 n. d. n. d. 1.41 <50 

12.13 0.74 53.00 n. d. 0.51 10.35 240 
5.00 1.38 27.32 1.54 n. d. 21.51 
2.01 0.83 6.10 0.57 n. d. 0.28 175 
3.00 1.46 7.93 2.21 n. d. 0.30 450 
2.63 1.45 6.80 1.06 n. d. 0.85 167 
1.95 1.27 4.73 0.60 0.18 0.27 71 
1.29 1.45 3.68 0.89 1.56 0.10 50 
0.98 1.61 2.34 0.63 1.94 0.18 70 
1.09 1.67 2.69 0.24 2.39 0.18 73 
1.23 1.82 3.02 n. d. 1.08 0.29 69 
1.65 1.55 2.72 n. d. n. d. 0.21 
1.06 1.06 2.12 0.62 n. d. 0.13 
0.72 1.04 1.29 0.21 n, d. 0.12 
0.83 1.73 2.13 0.59 n. d. 0.25 
1.04 1.89 1.91 0.65 n. d. 0.15 
0.72 1.98 1.70 0.67 n. d. 0.20 

'-I 

1 
Cruise B 	(continued) 

S31 0 21.49 14.84 26.95 1.08 61.80 30.50 11.75 
Aug 1971 5 47.80 14.32 43.26 0.83 48.20 18.19 8.88 

10 65.70 11.63 52.90 1.24 71.2 26.27 6.61 
20 75.00 7.41 144.50 0.69 41.50 14.19 3.45 

S32 0 15.41 26.61 55.10 2.68 166.20 54.50 17.75 
Aug 1971 10 32.50 7.11 13.70 0.70 43.10 9.65 4.55 

30 66.90 2.98 4.30 0.22 21.75 3.63 2.84 
80 8.35 1.07 4.54 0.15 14.81 2.83 1.09 

S33 0 10.28 13.83 30.50 1.49 163.70 31.80 9.16 
Aug 1971 10 47.40 3.83 4.41 0.26 22.14 4.25 2.88 

30 47.20 3.19 2.59 0.12 15.40 2.86 2.13 

534 	0 13.23 25.61 60.70 3.00 179.10 62.00 18.84 
Aug 1972 	5 4.69 1.96 6.51 0.28 20.04 3.94 1.51 

10 0.71 1.35 2.97 0.10 11.83 1.83 0.76 
15 0.80 1.67 2.82 0.11 9.59 1.78 0.96 
20 5.28 1.54 2.91 0.18 17.20 3.24 2.30 
30 1.21 1.19 3.27 0.16 12.56 2.37 1.08 
40 1.19 1.54 3.40 0.18 18.88 3.58 1.20 
50 0.77 0.66 2.26 0.11 9.41 1.74 0.56 
75 0.69 1.07 3.69 0.16 13.67 2.86 0.83 

100 0.64 0.99 7.15 0.18 16.63 3.88 1.39 
125 0.84 1.26 8.17 0.19 14.30 3.28 1.02 
150 0.58 0.93 6.46 0.13 10.14 2.50 0.82 
200 0.51 1.36 5.16 0.18 10.51 3.30 1.05 
225 1.14 3.23 10.79 0.42 22.21 7.86 2.83 
250 1.16 3.91 8.70 0.40 16.61 6.63 2.54 
275 1.06 2.69 7.85 0.31 18.82 6.85 2.12 

Table D 5 continued 	 2 

Suspended particulate matter (jig/kg) 
	

Dissolved metals (;g/kg) 
i .-I 	 I 	 I 

station 
Depth 	

Ca 	K 	Fe 	Ti 	St 	Al 	Mg 	P 	Mn 	S 	Cu 	Pb 	Zn 	Fe 	Mn Cu Pb 	Zn 
and date 	(in) 



Table D 5 continued 	 3 

Suspended particulate matter (pg/kg) 	 Dissolved metals (hg/kg) 
Cruise, 
station 
	

Depth 
(n) 	

Ca 	K 	Fe 	Ti 	Si 	Al 	Mg 	P 	Mn 	S 	Cu 	Pb 	Zn 	Fe 	Mn 	Cu 	Pb 	Zn 
and (late 

Cruise i2  (continued) 

S36 0 5.97 24.89 53.10 2.94 151.30 61.40 19.11 
Aug 1972 5 1.76 2.44 5.39 0.31 20.46 5.34 1.63 

10 3.46 4.09 10.45 0.36 35.93 	
( 

6.99 2.08 
15 1.27 1.76 5.10 0.32 18.47 4.13 1.24 
25 0.42 0.95 3.06 0.12 12.11 2.38 0.89 
50 0.69 0.92 5.39 0.17 14.13 2.76 0.84 
75 0.71 1.26 4.64 0.19 15.50 3.38 1.01 

100 0.32 1.00 4.88 0.14 13.48 2.89 0.96 
125 3.42 1.93 10.67 0.45 24.43 8.18 2.64 
150 0.51 1.08 8.13 0.18 10.92 3.11 0.89 
200 0.56 1.04 4.41 0.14 7.36 2.62 0.89 
250 0.26 1.37 4.92 0.14 10.02 3.48 1.42 
300 1.18 3.02 12.50 0.38 21.53 7.94 2.78 
325 1.13 3.42 10.06 0.40 21.59 8.06 2.60 
350 1.48 4.16 14.58 0.51 27.56 9.58 3.24 
375 1.44 3.92 12.26 0.46 25.54 9.48 3.69 

S37 0 11.10 30.43 65.70 3.54 191.70 73.60 24.85 
Aug 1972 5 4.30 8.04 23.81 1.05 59.96 19.14 6.65 

10 1.89 3.64 8.35 0.49 37.56 8.95 3.00 
50 0.54 1.12 3.51 0.15 16.41 3.03 1.01 

S38 0 12.33 40.15 88.30 4.76 267.10 97.80 30.60 
Aug 1972 5 2.33 4.11 17.40 0.60 33.60 9.93 3.36 

10 1.65 2.62 10.46 0.34 26.38 5.88 1.66 
50 0.70 0.95 3.37 0.18 13.59 2.70 0.82 

S39 0 9.54 32.90 72.30 3.93 189.10 79.20 24.11 
Aug 1972 5 2.74 5.41 16.47 0.72 37.80 12.49 4.17 

10 1.50 1.69 4.52 0.21 15.72 3.65 1.30 
50 0.25 0.86 3.26 0.13 14.26 2.47 0.77 

S40 0 5.97 19.00 42.70 2.23 104.20 43.70 13.07 
Aug 1972 5 4.35 4.76 10.86 0.61 44.50 10.50 3.24 

10 0.50 1.40 3.31 0.18 15.30 3.22 1.14 
50 0.53 0.93 4.24 0.17 13.46 2.50 0.68 

• 	 5.25 1.16 16.35 1.45 2.43 2.37 16.1 21.6 164k 
2.60 0.79 6.16 0.52 n. d. 1.14 2.0 2.0 126+ 
6.62 1.84 15.06 1.48 1.35 0.72 3.4 2.2 71 
4.42 1.16 9.40 1.13 1.89 0.32 1.6 0.6 135k  
2.20 1.68 4.94 0.57 1.44 0.23 8.6 2.3 197k 
1.35 2.31 3.19 0.59 4.83 0.24 5.4 0.4 96 
1.28 1.68 2.70 0.30 3.72 0.16 1.4 1.1 64 
1.23 1.20 2.07 0.40 1.24 0.45 0.6 0.5 49 

• 	 1.48 1.39 2.29 0.76 1.54 0.19 2.3 0.3 64 
1.13 1.22 1.84 0.48 0.50 0.13 2.4 0.4 29 
0.85 0.91 1.29 0.47 n. d. n. d. - - 

0.80 1.14 1.57 1.06 n. d. n. d. - - - 

0.74 2.64 2.09 1.12 1.32 0.14 1.7 0.8 10.5k  
0.84 2.45 1.91 0.46 0.99 0.17 - - - 

1.02 2.56 2.19 0.93 n. d. n. d. - - - 

1.31 2.84 3.75 1.01 0.49 0.18 2.1 1.5 13.4k 

9.04 1.49 29.60 3.25 n. d. 3.50 99 
5.85 0.87 14.53 2.52 n. d. 0.79 80 
5.26 1.17 11.40 1.46 1.82 0.61 71 
1.45 2.57 3.42 0.66 5.50 0.33 90 

11.13 1.55 33.50 5.45 0.63 4.14 162 
6.29 0.91 13.62 2.63 n. d. 0.97 84 
4.74 0.94 11.89 1.51 n. d. 0.60 91 
1.22 2.48 2.90 n. d. 3.80 0.35 98 

6.13 1.55 13.63 2.13 n. d. 3.06 176 
5.86 0.91 11.61 0.89 2.75 0.59 78 
3.48 0.94 9.44 0.41 1.96 0.30 86 
1.30 2.48 3.19 0.37 4.15 0.31 95 

2.98 0.58 7.40 3.55 n. d. 1.26 189 
6.01 1.20 10.90 1.32 n. d. 1.06 63 
3.13 0.88 7.93 0.83 n. d. 0.33 450 
1.15 1.91 2.52 0.52 4.82 0.19 84 



Cruise i2 (continued) 

S41 0 14.34 36.20 67.70 3.74 177.00 76.90 25.44 
Aug 1972 5 11.70 29.35 66.40 3.39 156.90 66.70 21.41 

10 2.18 2.50 5.12 0.31 16.35! 5.29 1.85 
15 2.94 3.46 12.90 0.51 33.78 8.13 2.87 
25 1.73 2.14 8.64 0.32 17.73 4.71 1.68 
50 0.37 0.90 3.32 0.14 11.00 2.31 0.60 
75 0.70 0.91 6.07 0.14 9.76 2.30 0.63 

100 0.71 0.93 8.11 0.16 11.23 2.53 0.69 
125 1.53 1.12 12.45 0.26 11.00 3.27 0.91 
150 0.86 1.34 17.15 0.22 11.96 3.50 1.08 
175 0.34 1.16 15.14 0.16 9.56 3.09 0.95 
200 0.51 1.82 13.05 0.24 14.89 4.69 1.61 
225 1.64 4.99 17.41 0.62 33.80 12.06 4.01 
250 1.10 4.39 14.11 0.51 30.30 10.34 3.71 
275 1.41 5.25 18.44 0.63 37.00 12.94 4.97 

S42 0 11.19 29.74 72.70 3.61 166.80 70.60 22.50 
Aug 1972 5 5.30 19.00 63.70 2.13 110.30 46.10 14.69 

10 3.57 3.60 8.70 0.47 35.40 7.91 2.60 
50 1.29 2.04 7.11 0.33 17.80 5.66 1.97 

S43 0 11.91 31.50 75.30 3.60 176.10 74.20 22.46 
Aug 1972 5 7.19 22.24 53.70 2.57 132.10 53.60 16.89 

10 5.23 2.11 4.65 0.24 23.99 	. 4.56 2.26 
50 0.91 0.78 5.58 0.13 10.73 3.00 0.71 

S45 0 11.22 34.90 69.30 3.83 174.90 77.70 26.19 
Aug 1972 10 4.96 14.41 36.80 1.69 99.70 33.90 11.05 

25 1.47 2.54 7.96 0.26 19.91 6.13 1.76 
50 1.51 1.34 17.20 0.25 16.86 4.54 0.91 
75 0.98 0.99 19.80 0.19 12.51 3.91 0.81 

100 0.65 0.95 17.58 0.15 10.57 2.61 0.71 
150 0.45 0.82 19.32 0.12 8.15 2.51 0.71 
225 1.59 4.03 20.29 0.47 26.72 9.65 3.87 

10.21 2.42 14.85 4.40 8.01 6.61 
8.74 2.83 14.20 2.08 2.95 4.30 
2.16 0.59 4.14 1.27 0.13 0.48 
6.46 2.46 13.53 1.80 n. d. 1.02 
3.31 1.44 7.69 1.35 2.24 0.80 
1.16 3.28 3.28 0.84 6.79 0.29 
1.97 - - 0.45 4.87 0.39 
1.96 2.20 3.03 0.55 4.36 0.38 
2.47 2.45 3.07 0.29 2.28 0.46 
2.63 - - 0.66 3.72 0.39 
2.34 - - 0.54 1.74 0.31 
1.81 2.33 2.47 0.70 2.80 0.19 
1.44 3.96 2.73 0.44 2.05 0.44 
1.29 4.28 2.11 0.44 0.29 0.37 
1.29 5.32 2.14 0.64 n. d. 0.37 

8.50 1.69 15.96 0.70 6.57 3.77 
5.37 1.88 10.52 1.83 n. d. 1.95 
7.60 1.54 15.11 1.65 2.08 0.98 
1.87 2.12 3.58 0.66 10.04 0.39 

8.33 2.71 16.49 1.94 n. d. 4.19 
6.72 2.00 14.12 1.46 3.17 2.78 
5.78 1.09 11.18 1.23 n. d. 0.89 
1.48 2.82 2.80 0.80 6.84 0.30 

7.40 2.21 16.86 1.02 9.35 2.60 
5.82 289 12.35 2.79 n. d. 1.61 
3.76 1.09 8.87 1.80 5.59 0.90 
4.69 1.37 8.10 1.12 6.90 1.33 
4.96 1.32 7.75 0.62 7.03 1.23 
1.94 1.99 2.78 0.47 3.72 0.36 
3.22 2.24 2.39 0.85 3.33 0.42 
2.16 4.51 4.03 0.54 0.82 0.52 

32.2 5.0 6:3 11:3 132k  
12.3 10.5 3.9 22.7 138k  

5.7 22.0 1.9 39.5 356'' 
2.7 2.8 2.3 16.7 194' 
3.6 8.0 2.0 22.3 168" 
3.5 1.6 2.0 9.0 110"' 
2.6 0.5 1.2 2.8 98 
4.1 0.6 1.2 4.9 63 
2.2 0.7 0.8 2.2 50"' 
3.0 0.6 1.4 4.2 65"' 
2.2 0.6 0.8 2.3 21" 
1.4 0.9 1.1 1.4 11.5" 
2.0 0.7 0.6 9.5 9.0"' 

156 
76 

59 

63.0 15.4 6.3 29.0 125" 
73.9 16.5 7.0 15.1 113" 
62.2 39.9 7.7 80.0 607"' 
29.3 25.2 5.7 34.5 492k  
15.6 11.0 3.2 31.7 242k 
7.0 2.9 4.1 8.8 110" 
9.2 2.2 2.3 8.5 29" 
2.8 2.8 1.8 4.2 13.5" 

Table D 5 continued 

Sus' 
Cruie 

station 	 Ca 	K 	Fe 	Ti 	Si 	Al 	Mg 
and date 	(m)  

4 

Dissolved metals (/k 

P 	Mn 	S 	Cu 	Pb 	Zn 	Fe 	Mn Cu Pb 	Zn 



Table D 5 continued 5 

Suspended particulate matter (p.g/kg)  Dissolved metals ().kg/kg) 
Cruise, 	

0 	h ePt station 
(ni) 

Ca K Fe Ti Si Al Mg P Mn S Cu Pb Zn Fe Mn tu Pb Zn and date 

Cruise i2 	(continued) 

S46 	0 21.25 92.00 177.00 9.87 452.20 204.60 63.80 14.21 2.54 17.70 4.37 5.92 4.56 105.0 28.6 9.5 52.5 124 Aug 1972 	5 10.04 35.30 77.40 4.00 179.60 80.40 24.54 7.47 1.38 10.39 1.84 n. d. 2.78 263.0 20.5 33.0 22.0 155 10 12.00 20.71 41.70 2.38 114.8ä 46.00 13.94 6.50 1.54 12.35 2.30 0.68 2.91 56.4 15.5 92.0 20.0 117 15 3.96 7.84 10.91 0.80 48.40 17.14 5.60 8.17 2.25 16.00 2.14 1.43 1.92 - - - - - 

25 3.30 2.22 17.49 0.32 24.20 7.18 2.03 6.43 1.11 14.66 2.87 4.48 2.70 58.0 44.0 5.6 65.2 1090 50 2.42 1.10 32.50 0.30 22.41 6.37 0.90 9.96 0.61 13.84 0.42 0.66 2.46 6.0 29.2 4.8 76.7 724 75 1.38 0.70 22.14 0.19 8.69 3.75 0.50 6.61 0.68 7.79 0.40 9.09 1.14 6.8 12.8 1.8 30.2 239 100 0.62 0.69 42.40 0.15 9.38 2.21 0.56 3.18 1.26 3.76 0.52 2.58 0.57 2.7 4.3 2.0 11.3 104 
River Ullensvang 231.80 135.90 677.20 36.50 1182.90 489.80 190.00 9.24 10.02 12.08 - 3.10 1.90 42.5 2.4 4.5 - 25.7k River Espe 4.70 3.16 11.26 0.73 24.85 11.81 3.80 1.51 0.20 5.96 - 0.10 '0.10 
River Fossa 26.53 51.70 173.70 12.34 358.30 152.50 61.70 3.80 1.86 5.16 - 0.30 0.40 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

Lake Ringdalsvann 2.23 11.77 24.75 1.68 66.50 40.40 6.29 1.45 1.14 6.21 - 0.40 0.30 5.2 5.6 2.2 - 15.3+ 
Lake Sandvcvann 60.10 231.50 602.00 32.60 1052.20 472.20 122.40 7.73 4.82 9.13 - - - - - - - - - 

River Opo (upper) 66.60 273.20 628.10 39.40 1137.60 517.00 127.80 8.69 6.76 9.84 - 3.20 1.80 32.5 7.1 3.4 - 15.0+ 
River Opo (lower) 63.70 251.90 550.80 34.50 1073.20 480.40 121.20 8.03 5.14 8.80 - - - - - - - - 

Cruise 11  2 

S58 	0 9.08 8.51 18.80 0.79 39.70 24.41 9.06 13.20 2.77 10.56 - 5.8 3.2 221 
Sep 1973 	5 7.55 3.18 8.18 0.24 19.58 6.49 3.64 4.64 1.44 5.53 - 3.8 0.7 51 

10 3.16 0.98 2.23 0.11 6.32 2.21 1.39 1.55 0.57 2.78 - 1.0 0.2 50 
20 7.03 1.56 3.80 0.23 12.51 4.12 1.98 1.82 0.89 3.32 - - - 59 
25 3.37 0.94 2.02 0.11 7.03 1.96 1.00 1.35 0.48 1.72 - 1.1 0.2 50 
30 2.54 0.34 0.86 0.05 3.35 0.75 0.50 0.77 0.39 1.53 - 0.6 0.1 50 
50 1.41 0.11 0.36 0.02 1.40 0.39 0.14 0.27 0.22 0.46 - '0.1 1-0.1 64 
70 3.26 0.38 1.03 0.05 2.85 0.91 0.47 0.59 0.52 0.95 - 0.4 0.2 64 
80 2.69 0.39 1.02 0.05 3.30 1.01 0.31 0.34 0.28 0.71 - 0.3 0.1 80 
90 4.62 0.63 1.97 0.08 5.19 1.92 0.74 0.67 0.55 0.97 - 0.7 0.2 78 

100 5.73 0.64 1.85 0.09 5.99 1.67 0.85 0.70 0.66 1.15 - 0.4 0.2 55 
125 5.40 0.95 2.80 0.10 6.65 2.11 1.56 0.69 0.63 1.36 - 0.4 0.2 55 
150 5.45 0.91 4.00 0.11 7.87 2.48 1.10 0.90 0.92 1.03 - 1.3 0.3 4 50 
200 4.75 1.50 4.41 0.17 10.12 4.02 1.53 0.68 1.02 1.03 - 0.6 0.2 4 50 
225 5.69 2.46 6.34 0.28 15.59 6.10 2.30 0.78 1.36 1.50 - 0.9 0.2 '50 
250 4.30 1.54 3.88 0.14 9.32 3.63 1.51 0.61 1.26 1.48 - 0.9 0.3 



Table D 5 continued 6 

Suspended particulate matter (,i.g/kg) Dissolved metals (vg/1,1g) 
Cruise, 
station 

(ni) 
Ca K Fe Ti Si Al Mg P Mn S Cu 	Pb Zn Fe Mn Cu 	Pb Zn 

and date 

Cruise 112 (continued) 

S 59 0 12.80 13.98 27.81 1.30 65.80 42.40 9.29 .16.84 1.75 9.19 - 	2.5 2.9 6.5 40.3 47 474k  Sep 1973 3 9.34 4.22 7.84 0.42 24.41 9.21 4.54 6.09 3.10 7.41 - 	0.6 1.0 5.8 1.9 2.2 	- 
8 3.69 2.00 5.27 0.30 15.49 4.78 2.35 2.86 1.00 4.31 - 	0.1 0.4 * - - 	- - 

22 0.76 0.30 0.62 0.03 2.12 0.66 0.29 0.41 0.28 0.67 - 	0.1 0.1 1.8 1.9 1.6 	- 25.4 k  50 4.95 0.35 1.70 0.08 3.95 1.60 0.86 1.37 1.20 1.89 - 	2.1 0.3 3.6 39.8 2.8 	13.3 319 
75 5.80 0.88 2.97 0.12 7.99 2.46 1.16 1.35 1.21 1.89 - 	2.0 0.3 3.3 12.7 2.4 	2.3 182 100 5.17 0.97 3.02 0.12 7.96 2.75 1.22 1.01 1.62 1.32 - 	1.8 0.3 2.0 1.1 1.6 	- 87 

150 3.95 0.39 4.39 0.07 3.55 1.67 0.66 1.17 1.26 1.11 - 	1.0 0.3 - - - 	- - 
200 3.06 0.92 2.97 0.09 4.43 1.81 1.21 0.62 0.91 1.38 - 	0.4 0.1 2.1 0.3 3.0 	- 23.9k  
250 4.84 2.28 8.44 0.23 13.96 5.87 3.39 1.18 4.11 1.48 - 	- 0.4 - - - 	- - 
300 5.89 3.09 8.90 0.42 22.33 8.50 2.84 0.84 4.95 1.16 - 	0.5 0.4 - - - 	- - 
310 4.85 0.57 2.15 0.09 5.16 1.68 0.98 1.22 1.67 1.52 - 	2.2 0.3 • - - - 	- - 
330 2.77 2.07 5.88 0.27 14.59 5.80 1.69 0.57 3.99 1.00 - 	0.3 0.3 - - - 	- - 
350 5.33 2.85 7.93 0.33 20.18 8.26 2.50 0.81 5.72 1.09 - 	0.9 0.5 - - - 	- - 
385 6.27 3.36 7.96 0.33 21.94 8.78 4.01 0.76 8.19 1.12 - 	0.3 0.8 0.8 0.3 0.9 	- 10.9 

S63 0 29.20 13.68 26.72 0.97 59.20 39.00 12.63 24.79 2.55 16.56 - 	4.2 3.4 436 Sep 1973 5 10.31 4.07 11.69 0.53 25.16 9.59 6,01 7.76 3.06 9.25 - 	0.6 0.8 65 10 3.53 2.82 6.94 0.30 18.31 5.77 4.21 4.67 1.89 5.88 - 	1.7 0.5 . <50 20 6.45 2.13 5.75 0.14 14.92 4.82 3 • 45 4.25 3.42 5.02 - 	1.1 1.0 58 30 10.39 2.21 14.03 0.35 23.94 9.72 4.39 11.26 6.13 5.37 - 	5.2 3.1 
. 

667 40 16.74 2.22 34.80 0.52 39.30 10.88 5.03 18.96 2.21 13.08 - 	11.7 4.4. 1146 50 61.50 1.86 46.20 0.87 48.20 17.46 5.01 25.49 0.99 29.04 - 	17.1 7.0 1437 60 52.40 1.46 38.30 0.64 35.20 14.10 2.74 17.59 0.93 27.27 - 	12.8 5.5 1000 70 91.60 2.45 55.50 1.36 41.10 28.86 6.28 38.40 0.69 40.20 - 	19.5 8.3 998 80 62.00 1.88 42.80 1.01 25.69 22.19 4.45 29.95 0.52 27.35 - 	15.5 5.6 746 90 34.00 1.01 27.39 0.58 15.28 12.27 2.78 16.40 0.45 15.99 - 	9.7 3.2 517 100 15.62 0.73 18.27 0.31 9.63 5.87 1.86 8.36 0.35 9.21 - 	5.7 1.8 347 
110 8.66 0.72 15.99 0.18 8.30 3.36 1.62 4.83 0.46 6.97 - 	4.2 1.3 226 
120 11.99 1.37 23.76 0.29 14.15 4.95 2.44 6.04 1.14 8.12 - 	6.4 1.7 144 
130 9.73 0.99 24.70 0.16 10.89 3.59 2.32 6.36 1.28 5.51 - 	5.9 1.7 103 



Table D 5 continued 

Suspended particulate matter (,ug/kg) 
Cruise, 
station Depth 

(m) Ca K Fe Ti Si Al Mg 
and date 

Cruise ii2  (continued) 

S64 0 35.40 21.59 60.80 1.42 95.90 47.60 14.33 
Sep 1973 5 22.48 5.49 17.01 0.53 40.80 15.42 4.11 

10 18.94 2.50 12.85 0.37 25.03 11.73 1.39 
20 109.50 3.39 17.63 0.50 28.43 13.09 6.37 
30 45.60 3.32 35.50 0.64 32.80 21.51 7.55 
40 95.30 4.66 91.80 2.05 76.70 33.80 6.85 

Cruise III 2 

7 

Dissolved metals (P9/kg) 

P 	Mn 	S 	Cu 	Pb 	Zn 
	

Fe 	Mn Cu Pb 	Zn 

75.70 1.67 30.60 - 	15.4 13.5 
19.74 3.79 11.71 - 	2.6 3.9 
11.32 5.11 6.78 - 	2.7 3.6 
15.90 5.63 12.53 - 	3.6 4.5 
35.40 2.80 9.03 - 	8.8 5.6 
64.40 1.25 40.70 - 	26.9 11.9 

1371 
656 
346 
577 

1552 
2697 

S69 0 5.00 0.57 6.48 0.17 17.56 2.05 0.34 4.26* 0.45* 1.83 	- 1.3* 0.7* 
Apr 1974 5 3.46 0.62 3.08 0.18 18.33 2.73 0.39 4.79 0.66 3.31 	- 1.7 0.8 

10 - - 2.09 0.07 16.82 2.00 - 5.57 1.09 - 	- 1.2 0.8 
25 0.56 0.36 1.06 0.06 46.45 1.78 0.19 4.98 3.12 1.99 	- 2.1 1.4 
50 2.19 1.10 4.04 0.11 58.28 3.10 0.81 3.85 2.09 1.30 	- 3.5 0.8 

100 1.66 0:58 3.34 0.15 13.84 1.18 0.34 1.34 0.91 0.95 	- 0.7 0.3 
200 - - 2.85 0.15 12.86 2.22 0.88 0.57 - 	- 0.4 0.2 
250 2.77 1.84 5.78 0.23 37.30 4.29 1.51 1.66 1.21 0.85 	- 0.6 0.3 
300 2.61 2.44 8.92 0.28 25.48 5.49 1.98 1.46 2.60 0.94 	- 0.9 0.4 
325 - - 8.88 0.22 17.45 5.02 1.06 3.20 - 	- 0.4 0.2 
340 .1.77 2.58 9.51 0.24 24.48 5.91 2.47 1.28 3.70 0.68 	- 0.6 0.3 

S71 0 8.06 3.71 43.30 0.87 111.10 20.34 2.57 33.90 0.38 5.86 	- 9.7 7.9 
Apr 1974 5 3.54 0.86 5.60 0.17 21.39 4.34 0.45 7.23 0.55 3.62 	- 1.4 1.1 

10 6.61 0.58 1.85 0.13 67.50 . 	2.26 0.60 5.92 1.35 4.23 	- 1.3 0.9 
25 5.54 0.84 3.26 0.16 70.10 3.79 1.32 8.57 3.66 7.05 	- 3.0 2.2 
50 5.62 1.01 7.50 0.21 77.80 4.20 0.92 6.82 1.52 2.00 	- 5.5 1.6 

100 2.83 1.36 8.40 0.19 26.28 3.90 0.87 2.45 1.69 1.17 	- 2.4 0.6 
150 3.52 1.81 6.89 0.23 24.84 4.48 1.72 1.77 1.23 1.02 	- 1.4 0.3 
200 3.03 3.17 11.65 0.35 34.70 7.49 2.74 1.87 1.94 0.89 	- 1.4 0.5 
250 3.55 3.14 14.08 0.34 30.90 7.46 2.70 1.85 4.13 0.78 	- 1.0 0.5 
300 3.23 3.46 12.25 0.38 26.24 8.22 3.16 1.39 4.47 0.66 	• 0.6 0.5 
350 4.62 5.43 16.34 0.51 42.40 12.11 5.15 1.82 8.46 0.81 	- 1.3 0.8 
375 5.95 8.50 24.39 0.81 62.50 19.58 8.00 2.18 12.00 0.82 	- 1.1 0.8 

154 
117 
80 

120 
154 

97 
51 

500 
109 

.77 
120 
266 

69 

54 

£50 

00 
C 



Table D 5 continued 8 

Suspended particulate matter (kg/kg) Dissolved metals 	/kg) 
Cruise, 

Depth 
station Ca K Fe Ti Si Al Mg P Mn S 	Cu Pb Zn Fe 	Mn 	Cu 	Pb 	Zn 
and date 

Cruise 111 2  (continued) 

S72 0 	18.74 10.89 148.70 3.48 108.70 87.40 7.34 80.00 0.86 7.48 	- 28.5 12.9 1050 Apr 1974 5 	13.96 1.27 27.83 0.31 66.10 9.56 1.56 19.39 0.74 8.82 	- 5.0 5.5 469 
10 	9.52 0.62 9.73 0.15 49.10 4.47 1.02 13.13 0.74 9.81 	- 2.2 2.2 - 

25 	5.34 0.99 5.95 0.12 80.40 3.94 0.41 10.66 2.49 6.48 	- 6.7 3.0 371 
50 	16.82 1.21 22.16 0.40 62.20 6.49 0.52 12.41 1.00 6.73 	- 7.8 3.0 500 
75 	- - 33.20 0.24 26.50 3.70 - 7.09 0.87 - 	 - 5.5 2.1 137 100 	3.39 0.82 23.69 0.14 10.53 2.80 0.52 4.96 1.43 1.37 	- 3.9 1.0 57 

110 	4.93 1.38 40.90 0.23 25.42 4.67 0.55 9.06 1.74 2.69 	- 5.0 1.7 50 
S73 0 	22.95 12.94 213.70 5.90 96.50 78.50 4.74 110.10 0.97 7.29 	- 47.1 14.8 1770 Apr 1974 

n.d. not detectable 	 i Sartorius membrane filters, 	 * All samples analysed before washing (P, Mn, Pb and Zn). 
0.4 	used. 	

+ Zn analysed after solvent-extraction procedure. 
2 Nucleopore membrane filters, 

0.4/A. used. 



182. 

Particulate non-silicate Si, Fe and Mn ( , g/kg) 

Cruise, 
station  
and date 

Depth 
(m) 

non-sil 
Si 

non-sil 
Fe 

non-sil 
Mn 

Cruise B 

S26 0 0.00 44.80 0.17 
Aug 1971 2 7.39 22.68 1.60 

5 18.17 39.20 - 

10 10.20 70.00 2.25 
20 3.71 13.73 1.22 
30 4.07 28.49 0.82 
40 0.00 43.50 0.56 

S27 0 9.63 30.30 0.28 
Aug 1971 1 0.00 35.60 0.06 

5 3.16 35.60 12.96 
10 9.92 26.01 2.93 
20 2.75 25.76 2.25 
30 2.11 28.24 1.08 

S28 0 0.00 49.10 0.00 
Aug 1971 5 2.76 74.60 15.44 

10 5.78 73.10 8.29 
15 2.78 67.20 - 

20 6.73 77.80 2.22 

S29 0 0.00 27.31 0.95 
Aug 1971 5 8.19 17.81 7.88 

10 7.87 19.50 4.24 
20 2.78 11.99 2.22 
50 5.23 27.39 0.36 

S30 0 0.00 20.87 2.03 
Aug 1971 5 24.19 16.24 3.81 

10 12.27 9.70 2.33 
30 9.83 3.18 1.29 
80 4.91 7.97 1.03 

150 4.94 21.84 3.05 

S31 0 0.00 11.67 8.93 
Aug 1971 5 8.22 34.10 13.95 

10 13.41 39.80 5.22 
20 10.30 137.40 2.08 

S32 0 46.30 27.91 1.96 
Aug 1971 10 21.93 8.87 1.51 

30 13.76 2.48 1.38 
80 8.58 3.12 1.82 



Table D 6 continued 183. 

Cruise, 
station Depth non-sd non-sd non-sd 

and date 
(m) Si Fe Mn 

Cruise B (continued) 

S33 0 93.70 14.62 1.10 
Aug 1971 10 12.79 2.28 0.85 

30 9.11 1.16 0.84 

Cruise I 

S34 0 42.70 29.78 0.12 
Aug 1972 5 11.37 4.54 1.34 

10 7.80 2.05 - 	 0.81 
15 5.67 1.93 1.44 
20 10.07 1.29 1.42 
30 7.35 2.08 1.25 
40 10.99 1.61 1.41 
50 5.58 1.39 1.59 

- 75 7.38 2.26 1.64 
100 8.09 5.21 1.78 
125 7.08 6.53 1.52 
150 4.64 5.21 1.03 
200 3.25 3.51 1.01 
225 4.92 6.86 1.65 
250 2.02 5.38 1.82 
275 3.75 4.43 1.91 

S36 0 16.20 22.48 0.55 
Aug 1972 5 8.71 2.72 0.74 

10 20.55 6.95 1.77 
15 9.38 3.03 1.12 
25 6.87 1.87 1.66 
50 8.06 4.01 2.28 
75 8.13 2.96 1.65 

100 7.12 3.43 1.17 
125 6.43 6.58 1.31 
150 4.08 6.57 1.19 
200 1.60 3.10 0.88 
250 2.36 3.18 1.11 
300 4.06 8.53 2.56 
325 3.86 6.03 2.37 
350 6.48 9.79 2.46 
375 4.68 7.52 2.75 

S37 0 29.63 29.81 0.75 
Aug 1972 5 17.85 14.24 0.68 

10 17.87 3.87 1.08 
50 9.74 1.99 2.54 

S38 0 51.90 39.40 0.57 
Aug 1972 5 11.82 12.43 0.90 

10 13.44 7.52 0.88 
50 7.65 1.82 2.45 



184. 
Table D 6 continued 

Cruise, 
station 

Depth non-sil non-sil non-sil 

and date 
(m) Si Fe Mn 

Cruise I (continued) 

S39 0 14.87 32.70 0.76 
Aug 1972 5 10.37 10.22 0.79 

10 7.69 2.69 0.90 
50 8.83 2.02 2.46 

S40 0 8.01 20.92 0.14 
Aug 1972 5 21.42 5.61 1.18 

10 8.22 1.70 0.85 
50 8.41 2.99 1.88 

S41 0 7.75 29.23 1.65 
Aug 1972 5 9.97 33.00 2.16 

10 4.71 2.47 0.54 
15 15.89 8.83 2.38 
25 7.37 6.28 1.39 
50 5.92 2.16 3.26 
75 4.72 4.92 - 

100 5.66 6.84 2.17 
125 3.81 10.81 2.42 
150 4.26 15.40 - 

175 2.76 13.59 - 

200 4.50 10.70 2.28 
225 7.31 11.38 3.84 
250 7.63 8.94 4.18 
275 8.60 11.97 5.19 

S42 0 11.48 37.40 0.99 
Aug 1972 5 8.84 40.70 1.42 

10 18.03 4.74 1.46 
50 5.35 4.28 2.06 

S43 0 12.53 38.20 1.97 
Aug 1972 5 14.08 26.95 1.46 

10 13.96 2.37 1.04 
50 4.13 4.08 2.79 

S45 0 3.78 30.40 1.43 
Aug 1972 10 25.03 19.83 2.55 

25 6.50 4.89 1.03 
50 6.87 14.93 1.32 
75 3.91 17.85 1.28 

100 4.53 16.27 1.96 
150 2.63 18.06 2.21 
225 5.50 15.46 4.41 



Table D 6 continued 

185. 

Cruise, 
Depth 

station 
non-sd non-sd non-sd 

and date 	
(m) Si Fe Mn 

Cruise I (continued) 

S46 	 0 2.05 74.70 0.49 
Aug 1972 	 5 2.54 37.20 0.58 

10 13.49 18.67 1.08 
15 10.77 8.34 2.08 
25 8.40 13.90 1.04 
50 8.40 29.35 0.55 
75 0.44 20.26 0.64 

100 4.52 41.30 1.24 

River lJllensvang 105.10 432.20 5.12 
River Espe 0.00 5.35 0.09 
River Fossâ 22.83 97.40 0.34 
Lake Ringdalsvann 0.00 4.50 0.74 
Lake Sandvevann 13.40 365.90 0.10 
River Opo (upper) 15.43 369.60 1.59 
River Opo (lower) 0.17 310.00 0.34 

Cruise II 

S58 0 0.00 6.59 2.53 
Sep 1973 5 5.30 4.93 1.38 

10 1.46 1.12 0.55 
20 3.45 1.74 0.85 
25 2.72 1.04 0.46 
30 1.70 0.48 0.38 
50 0.54 0.16 0.22 
70 0.85 0.57 0.51 
80 1.08 0.51 0.27 
90 0.97 1.01 0.53 

100 2.32 1.01 0.64 
125 2.01 1.74 0.61 
150 2.41 2.76 0.90 
200 1.28 2.40 0.98 
225 2.17 3.29 1.30 
250 1.33 2.06 1.22 

S59 0 0.00 6.59 1.33 
Sep 1973 3 4.15 3.23 3.01 

8 4.97 2.88 0.95 
22 0.67 0.29 0.27 
50 0.43 0.90 1.18 
75 2.58 1.74 1.19 

100 1.91 1.64 1.59 
150 0.00 3.55 1.24 
200 0.45 2.06 0.89 
250 1.05 5.50 4.05 
300 3.63 4.65 4.86 
310 1.46 1.31 1.65 
330 1.83 2.98 3.93 
350 2.01 3.80 5.64 
385 2.62 3.57 8.10 



136. 
Table D 6 continued 

Cruise 
station 	

Depth 	non-sil 	non-sil 	non-sil 

and date - 
	(m) 	 Si 	 Fe 	 Mn 

Cruise II (continued) 

S63 	 0 0.00 7.20 2.16 
Sep 1973 	 5 4.16 6.89 2.96 

10 5.62 4.05 1.83 
20 4.32 3.34 3.38 
30 2.56 9.17 6.03 
40 15.41 29.36 2.10 
50 9.82 37.50 0.82 
60 4.27 31.30 0.79 
70 0.00 40.70 0.40 
80 0.00 31.70 0.30 
90 0.00 21.25 0.32 

100 0.00 15.33 0.29 
110 0.91 14.31 0.43 
120 3.27 21.28 1.09 
130 2.99 22.90 1.24 

S64 	 0 0.00 37.00 1.19 
Sep 1973 	 5 6.95 9.30 3.64 

10 0.00 6.98 4.99 
20 0.00 11.09 5.50 
30 0.00 24.78 2.58 
40 2.35 74.90 0.91 

Cruise ITT 

S69 0 13.05 5.45 0.43 
Apr 1974 5 12.32 1.71 0.63 

10 12.42 1.09 1.07 
25 42.50 0.17 3.10 
50 51.40 2.49 2.09 

100 9.86 2.43 0.89 
200 7.98 1.74 0.55 
250 27.86 3.63 1.17 
300 13.40 6.17 2.55 
325 6.41 6.37 3.15 
340 11.48 6.55 3.64 

S71 0 71.40 33.21 0.18 
Apr 1974 5 11.84 3.43 0.51 

10 62.60 0.72 1.32 
25 61.60 1.39 3.62 
50 68.60 5.40 1.48 

100 17.70 6.45 1.65 
150 20.30 4.65 1.19 
200 18.29 7.90 1.87 
250 14.52 10.35 4.06 
300 8.16 8.14 4.39 
350 15.76 10.28 8.34 
375 19.43 14.60 11.80 



187. 

Table D 6 continued 

Cruise, 
station 	

Depth 	non-sil 	non-sil 	non-sil 

and date 	
(m) 	 Si 	 Fe 	 Mn 

Cruise III (continued) 

S72 0 0.00 105.00 0.00 
Apr 1974 5 45.00 4.95 0.64 

10 39.30 7.50 0.70 
25 71.70 3.98 2.45 
50 47.90 18.91 0.96 
75 18.36 31.40 0.83 

100 4.37 22.29 1.40 
110 15.15 38.60 1.69 

S73 0 0.00 174.40 0.18 
Apr 1974 



188. 

Table D 7 

Element/Al, K/Mg and P/S ratios in particulate matter 

Cruise, 
station 
and date 

Depth 
rn 

Ca/Al K/Al Fe/Al Ti/Al Si/Al Mg/Al Mn/Al K/Mg P/S 

Cruise B 

S26 0 0.08 0.31 0.88 0.039 1.99 0.22 0.011 1.42 0.71 
Aug 1971 2 0.34 0.49 0.96 0.040 2.35 0.34 0.042 1.41 0.78 

5 1.33 0.76 2.91 0.057 3.31 0.40 - 1.87 - 

10 2.45 0.41 4.06 0.042 2.72 0.16 0.124 2.57 0.47 
20 8.47 0.44 2.17 0.038 2.65 0.27 0.174 1.61 0.95 
30 6.37 0.31 4.31 0.044 2.75 0.27 0.119 1.45 1.21 
40 5.68 0.24 3.90 0.043 2.05 0.20 0.054 1.22 1.36 

S27 0 0.12 0.38 0.87 0.043 2.31 0.26 0.013 1.48 1.02 
Aug 1971 1 0.19 0.33 0.83 0.041 2.13 0.23 0.011 1.47 0.85 

5 1.65 0.47 1.93 0.039 2.33 0.26 0.531 1.80 0.87 
10 4.35 0.45 2.37 0.042 2.91 0.24 0.221 1.85 0.72 
20 8.74 0.33 2.67 0.035 2.43 0.20 0.199 0.56 0.70 
30 17.50 0.24 3.31 0.042 2.41 0.26 0.118 0.90 1.35 

S28 0 0.05 0.27 0.82 0.031 1.68 0.17 0.009 1.54 0.63 
Aug 1971 5 1.01 0.56 3.00 0.040 2.29 0.34 0.528 1.62 0.86 

10 1.77 0.43 3.01 0.038 2.40 0.23 0.295 1.84 0.62 
15 1.27 0.33 3.14 0.034 2.31 0.18 0.198 1.86 0.40 
20 2.89 0.43 5.14 0.037 2.60 0.20 0.142 2.05 0.20 

S29 0 0.14 0.35 0.81 0.040 2.07 0.25 0.021 1.43 0.99 
Aug 1971 5 1.71 0.62 1.44 0.038 2.63 0.45 0.427 1.39 0.92 

10 2.38 0.42 1.37 0.040 2.55 0.29 0.200 1.46 0.80 
20 5.34 0.43 1.63 0.040 2.46 0.23 0.219 1.51 0.54 
50 2.23 0.41 - 	5.19 0.043 3.10 0.23 0.072 1.75 0.67 

S30 0 0.17 0.34 0.83 0.039 2.12 0.22 0.042 1.57 0.59 
Aug 1971 5 1.17 0.52 1.37 0.050 3.51 0.30 0.213 1.73 0.83 

10 2.16 0.45 2.21 0.048 3.11 0.29 0.183 1.55 0.84 
30 11.48 0.62 1.08 0.051 3.99 0.35 0.244 1.75 1.06 
80 0.70 0.67 2.40 0.060 3.37 0.34 0.255 1.93 0.92 

150 0.70 0.62 5.80 0.046 3.40 0.26 0.750 2.26 1.59 

S31 0 0.70 0.49 0.88 0.035 2.02 0.38 0.302 1.26 0.47 
Aug 1971 5 2.63 0.79 2.38 0.046 2.65 0.49 0.777 1.61 0.76 

10 2.50 0.44 2.02 0.047 2.71 0.28 0.209 1.76 0.50 
20 5.29 0.52 10.19 0.049 2.93 0.24 0.156 2.15 0.10 

S32 0 0.28 0.49 1.01 0.049 3.05 0.33 0.046 1.50 0.70 
Aug 1971 10 3.37 0.77 1.42 0.073 4.47 0.47 0.167 1.56 0.51 

30 18.45 0.89 1.18 0.061 5.99 0.78 0.391 1.05 0.58 
80 2.95 0.38 1.60 0.053 5.23 0.38 0.654 0.98 0.58 

S33 0 0.32 0.43 0.96 0.047 5.14 0.29 0.044 1.51 0.40 
Aug 1971 10 11.16 0.90 1.04 0.061 5.21 0.68 0.209 1.33 0.37 

30 16.53 1.12 0.91 0.042 5.38 0.78 0.304 1.50 0.34 

Cruise i 

S34 	 0 0.21 0.41 0.89 0.048 2.89 0.30 0.012 1.36 0.23 
Aug 1972 	5 1.19 0.50 1.65 0.071 5.09 0.38 0.350 1.30 0.18 

10 0.39 0.74 1.62 0.055 6.46 0.42 0.454 1.78 0.33 
15 0.45 0.94 1.58 0.062 5.39 0.54 0.820 1.74 0.38 
20 1.63 0.48 0.90 0.056 5.30 0.71 0.448 0.67 0.39 
30 0.51 0.50 1.38 0.068 5.30 0.46 0.536 1.10 0.41 
40 0.33 0.43 0.95 0.050 5.27 0.34 0.405 1.27 0.35 
50 0.34 0.38 1.30 0.063 5.41 0.32 0.925 1.18 0.42 
75 0.24 0.37 1.29 0.056 4.78 0.29 0.584 1.29 0.41 

100 0.17 0.26 1.84 0.046 4.29 0.36 0.469 0.71 0.41 
125 0.26 0.38 2.49 0.058 4.36 0.31 0.473 1.24 0.61 
150 0.23 0.37 2.58 0.052 4.06 0.33 0.424 1.13 0.50 
200 0.16 0.41 1.56 0.055 3.19 0.32 0.315 1.30 0.56 
225 0.15 0.41 1.37 0.053 2.83 0.36 0.220 1.14 0.39 
250 0.18 0.59 1.31 0.060 2.51 0.38 0.285 1.54 0.54 
275 0.15 0.39 1.15 0.045 2.75 0.31 0.289 1.27 0.42 



189. 

Table D 7 continued 

C rui se 
station Depth Ca/Al K/Al Fe/Al Ti/Al Si/Al Mg/Al Mn/Al K/Mg P/S 
and date 

Cruise I (continued) 

S36 0 0.10 0.41 0.87 0.048 2.46 0.31 0.019 1.30 0.32 
Aug 1972 5 0.33 0.46 1.01 0.058 3.83 0.31 0.148 1.50 0.42 

10 0.50 0.59 1.49 0.052 5.14 0.30 0.263 1.97 0.44 
15 0.31 0.43 1.23 0.077 4.47 0.30 0.281 1.42 0.47 
25 0.18 0.40 1.29 0.050 5.09 0.38 0.706 1.07 0.45 
50 0.25 0.33 1.95 0.062 5.12 0.30 0.837 1.10 0.42 
75 0.21 0.38 1.39 0.057 4.63 0.30 0.501 1.24 0.47 

100 0.11 0.36 1.69 0.048 4.66 0.33 0.415 1.04 0.58 
125 0.42 0.24 1.30 0.055 2.99 0.32 0.110 0.73 0.65 
150 0.16 0.35 2.61 0.058 3.52 0.29 0.392 1.21 0.61 
200 0.21 0.40 1.68 0.053 2.81 0.34 0.347 1.17 0.66 
250 0.07 0.39 1.41 0.040 2.88 0.41 0.328 0.96 0.51 
300 0.15 0.38 1.58 0.048 2.71 0.35 0.332 1.09 0.35 
325 0.14 0.42 1.25 0.050 2.69 0.32 0.304 1.32 0.44 
350 0.15 0.43 1.52 0.053 2.68 0.34 0.267 1.27 0.47 

_375 0.15 0.41 1.29 0.049 2.69 0.34 0.300 1.23 0.35 

S37 0 0.15 0.41 0.89 0.048 2.60 0.34 0.020 1.23 0.31 
Aug 1972 5 0.23 0.42 1.24 0.055 3.13 0.35 0.045 1.21 0.40 

10 0.21 0.41 0.93 0.055 4.20 0.34 0.131 1.21 0.46 
50 0.18 0.37 1.16 0.050 5.42 0.33 0.848 1.11 0.46 

S38 0 0.13 0.41 0.90 0.049 2.73 0.31 0.016 1.31 0.33 
Aug 1972 5 0.24 0.41 1.75 0.060 3.38 0.34 0.092 1.22 0.46 

10 0.28 0.45 1.78 0.058 4.49 0.28 0.160 1.58 0.40 
50 0.26 0.35 1.25 0.067 5.03 0.30 0.919 1.16 0.42 

S39 	- 0 0.12 0.42 0.91 0.050 2.39 0.30 0.020 1.37 0.45 
Aug 1972 5 0.22 0.43 1.32 0.058 3.03 0.33 0.073 1.30 0.50 

10 0.41 0.46 1.24 0.058 4.31 0.36 0.258 1.30 0.37 
50 0.10 0.35 1.32 0.053 5.77 0.31 1.000 1.12 0.41 

S40 0 0.14 0.43 0.98 0.051 2.38 0.30 0.013 1.45 0.40 
Aug 1972 5 0.41 0.45 1.03 0.058 4.24 0.31 0.123 1.47 0.55 

10 0.16 0.43 1.03 0.056 4.75 0.36 0.273 1.23 0.39 
50 0.21 0.37 1.70 0.068 5.38 0.27 0.764 1.37 0.46 

S41 0 0.19 0.47 0.88 0.049 2.30 0.33 0.031 1.43 0.69 
Aug 1972 5 0.18 0.44 1.00 0.051 2.35 0.32 0.042 1.37 0.62 

10 0.41 0.47 0.97 0.059 3.09 0.35 0.112 1.35 0.52 
15 0.36 0.43 1.59 0.063 4.15 0.35 0.303 1.21 0.48 
25 0.37 0.45 1.83 0.068 3.76 0.36 0.306 1.27 0.43 
50 0.16 0.39 1.44 0.061 4.76 0.26 1.420 1.50 0.36 
75 0.31 0.40 2.64 0.061 4.24 0.27 - 1.44 - 

100 0.28 0.37 3.21 0.063 4.44 0.27 0.870 1.35 0.65 
125 0.47 0.34 3.81 0.079 3.36 0.28 0.749 1.23 0.80 
150 0.25 0.38 4.90 0.063 3.42 0.31 - 1.24 - 

175 0.11 0.38 4.90 0.052 3.09 0.31 0.497 1.22 - 

200 0.11 0.39 2.75 0.051 3.17 0.34 - 1.13 0.73 
225 0.14 0.41 1.44 0.051 2.81 0.33 0.328 1.24 0.53 
250 0.11 0.42 1.36 0.049 2.94 0.36 0.414 1.18 0.61 
275 0.11 0.41 1.43 0.049 2.86 0.39 0.411 1.06 0.60 

S42 0 0.16 0.42 1.03 0.051 2.36 0.32 0.024 1.32 0.52 
Aug 1972 5 0.12 0.41 1.38 0.046 2.38 0.32 0.041 1.29 0.64 

10 0.45 0.46 1.10 0.059 4.48 0.33 0.195 1.39 0.38 
50 0.23 0.36 1.26 0.058 3.14 0.34 0.375 1.05 0.41 

S43 0 0.16 0.43 1.02 0.048 2.37 0.30 0.037 1.41 0.51 
Aug 1972 5 0.13 0.41 1.00 0.048 2.46 0.31 0.037 1.32 0.48 

10 1.15 0.46 1.02 0.053 5.26 0.50 0.239 0.93 0.52 
50 0.30 0.26 1.86 0.043 3.58 0.24 0.940 1.06 0.53 



190. 

Table D 7 continued 

Cruise s  
station 
	

Depth 

and date 	
rn 

Ca/Al K/Al Fe/Al Ti/Al Si/Al Mg/Al Mn/Al K/Mg P/S 

Cruise I (continued) 

S45 	 0 0.14 0.45 0.89 0.049 2.25 0.34 0.028 1.33 0.44 
Aug 1972 	10 0.15 0.42 1.08 0.050 2.94 0.33 0.085 1.30 0.47 

25 0.24 0.41 1.30 0.042 3.24 0.29 0.178 1.44 0.42 
50 0.33 0.30 3.79 0.055 3.71 0.20 0.302 1.47 0.58 
75 0.25 0.25 5.06 0.049 3.20 0.21 0.338 1.22 0.64 

100 0.25 0.36 6,73 0.057 4.05 0.27 0.762 1.34 0.70 
150 0.18 0.33 7.70 0.048 3.25 0.28 0.892 1.16 1.35 
225 0.16 0.42 2.10 0.049 2.77 0.40 0.467 1.04 0.54 

S46 	 0 0.10 0.45 0.87 0.048 2.21 0.31 0.012 1.44 0.80 
Aug 1972 	5 0.13 0.44 0.96 0.050 2.23 0.31 0.017 1.44 0.72 

10 0.26 0.45 0.91 0.052 2.49 0.30 0.033 1.49 0.55 
15 0.23 0.46 0.99 0.049 2.83 0.33 0.131 1.40 0.51 
25 0.46 0.31 2.44 0.045 3.37 0.28 0.155 1.08 0.44 
50 0.38 0.17 5.11 0.047 3.52 0.14 0.096 1.22 0.72 
75 0.37 0.19 6.90 0.051 2.34 0.13 0.181 1.40 0.85 

100 0.28 0.31 19.20 0.068 4.24 0.25 0.570 1.23 0.85 

River Uliensvang 0.47 0.28 1.38 0.075 2.41 0.39 0.020 0.72 0.76 
River Espe 0.40 0.27 0.95 0.062 2.10 0.32 0.017 0.83 0.25 
River Foss 0.17 0.29 1.14 0.081 2.35 0.41 0.013 0.84 0.74 
RlverRingdalsvaan 0.06 0.29 0.61 0.041 1.64 0.16 0.028 1.87 0.23 
Lake Sandvevann 0.13 0.49 1.27 0.069 2.23 0.26 0.010 1.89 0.85 
River Opo (upper) 0.13 0.52 1.21 0.076 2.20 0.25 0.013 2.14 0.99 
River 0po (lower) 0.13 0.53 1.15 0.072 2.23 0.25 0.011 2.08 0.91 

Cruise II 

S58 	 0 0.37 0.35 0.77 0.032 1.63 0.37 0.11 0.94 1.25 
Sep 1973 	5 1.16 0.49 1.26 0.037 3.02 0.56 0.22 0.87 0.84 

10 1.43 0.44 1.01 0.050 2.86 0.63 0.26 0.71 0.56 
20 1.71 0.38 0.92 0.056 3.04 0.48 0.22 0.79 0.55 
25 1.72 0.48 1.03 0.056 3.59 0.51 0.25 0.94 0.79 
30 3.39 0.45 1.15 0.067 4.47 0.67 0.52 0.68 0.50 
50 3.62 0.28 0.92 0.051 3.59 0.36 0.56 0.79 0.59 
70 3.58 0.42 1.13 0.055 3.13 0.52 0.57 0.81 0.62 
80 2.66 0.39 1.01 0.050 3.27 0.31 0.28 1.26 0.48 
90 2.41 0.33 1.03 0.042 2.70 0.39 0.29 0.85 0.69 

100 3.43 0.38 1.16 0.054 3.59 0.51 0.40 0.75 0.61 
125 2.56 0.45 1.33 0.047 3.15 0.74 0.30 0.61 0.51 
150 2.20 0.37 1.61 0.044 3.17 0.44 0.37 0.83 0.66 
200 1.18 0.37 1.11 0.042 2.52 0.38 0.25 0.98 0.66 
225 0.93 0.40 1.04 0.046 2.56 0.38 0.22 1.07 0.52 
250 1.19 0.42 1.07 0.039 2.57 0.42 0.35 1.02 0.41 

S59 	 0 0.30 0.33 0.66 0.031 1.55 0.22 0.04 1.50 1.83 
Sep 1973 	3 1.01 0.45 0.85 0.046 2.65 0.49 0.34 0.93 0.82 

8 0.77 0.42 1.10 0.063 3.24 0.49 0.20 0.85 0.66 
22 1.15 0.46 0.94 0.045 3.21 0.44 0.42 1.03 0.61 
50 3.09 0.22 1.06 0.050 2.47 0.54 0.75 0.41 0.73 
75 2.36 0.36 1.21 0.049 3.25 0.47 0.56 0.76 0.71 

100 1.88 0.35 1.10 0.044 2.90 0.44 0.59 0.80 0.77 
150 2.37 0.23 2.63 0.042 2.13 0.40 0.75 0.59 1.05 
200 1.69 0.51 1.64 0.050 2.45 0.67 0.50 0.76 0.45 
250 0.83 0.39 1.44 0.039 2.38 0.58 0.70 0.67 0.80 
300 0.69 0.36 1.05 0.049 2.63 0.36 0.58 1.09 0.72 
310 2.89 0.34 1.28 0.054 3.07 0.58 0.98 0.58 0.80 
330 0.48 0.36 1.01 0.047 2.52 0.29 0.69 1.23 0.57 
350 0.65 0.39 0.96 0.040 2.44 0.30 0.69 1.14 0.74 
385 0.71 0.38 0.91 0.038 2.50 0.46 0.93 0.84 0.68 
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Table D 7 continted 

Crui Be. 
station 

Depth 
Ca/Al K/Al Fe/Al Ti/Al Si/Al Mg/Al Mn/Al K/Mg P/S 

and date 

Cruise II (continued, 

S63 0 0.75 0.35 0.68 0.025 1.51 0.32 0.07 1.08 1.50 

Sep 1973 5 1.08 0.42 1.22 0.055 2.62 0.63 0.32 0.68 0.84 

10 0.61 0.49 1.20 0.052 3.17 0.73 0.33 0.67 0.79 

20 1.34 0.44 1.19 0.029 3.10 0.72 0.71 0.62 0.85 

30 1.04 0.23 1.44 0.036 2.46 0.45 0.63 0.50 2.10 

40 1.54 0.20 3.20 0.080 3.62 0.46 0.20 0.44 1.45 

50 3.53 0.11 2.65 0.050 2.76 0.29 0.06 0.37 0.88 

60 3.72 0.10 2.72 0.045 2.50 0.19 0.07 0.53 0.65 

70 3.18 0.09 1.92 0.047 1.43 0.22 0.02 0.39 0.96 

80 2.80 0.09 1.93 0.046 1.16 0.20 0.02 0.42 1.10 

90 2.78 0.08 2.23 0.047 1.25 0.23 0.04 0.36 1.03 

100 2.66 0.12 3.11 0.053 1.64 0.32 0.06 0.39 0.91 

110 2.58 0.22 4.76 0.054 2.64 0.48 0.14 0.44 0.69 
120 2.42 0.28 4.80 0.059 2.86 0.49 0.23 0.56 0.74 

130 271 0.28 6.88 0.045 3.03 0.65 0.36 0.43 1.15 

S64 0 0.75 0.45 1.28 0.030 2.01 0.30 0.04 1.51 2.48 
Sep 1973 5 1.46 0.36 1.10 0.034 2.65 0.27 0.25 1.34 1.69 

10 1.62 0.21 1.10 0.032 2.13 0.12 0.44 1.80 1.67 

20 8.37 0.26 1.35 0.038 2.17 0.49 0.43 0.53 1.27 

30 2.13 0.15 1.65 0.030 1.53 0.35 0.13 0.44 3.92 

40 2.82 0.14 2.72 0.061 2.27 0.20 0.04 0.68 

. 	p 

1.58 

Cruise III 

S69 0 2.44 0.28 3.16 0.068 8.57 0.17 0.02 1.68 0.83 

Apr 1974 5 1.27 0.23 1.13 0.066 6.71 0.14 0.24 1.59 0.63 

10 - - 1.05 0.035 8.41 - 0.55 - - 

25 0.32 0.20 0.60 0.034 26.10 0.11 1.75 1.90 0.75 

50 0.71 0.36 1.30 0.035 18.80 0.26 0.67 1.36 1.45 

100 0.92 0.32 1.85 0.083 7.65 0.19 0.50 1.71 0.84 

200 - - 1.28 0.068 5.79 - 0.26 - - 

250 0.65 0.43 1.35 0.054 8.70 0.35 0.28 1.22 1.08 

300 0.48 0.44 1.63 0.051 4.64 0.36 0.47 1.23 1.06 

325 - - 1.77 0.044 3.48 - 0.64 - - 

340 0.30 0.44 1.61 0.041 4.14 0.42 0.63 1.05 1.37 

S71 0 0.40 0.18 2.13 0.043 5.47 0.13 0.02 1.44 4.01 

Apr 1974 5 0.82 0.20 1.29 0.039 4.93 0.10 0.13 1.91 0.83 

10 2.93 0.26 0.82 0.058 29.92 0.26 0.60 0.97 0.48 

25 1.48 0.23 0.87 0.043 18.77 0.35 0.98 0.67 0.45 

50 1.34 0.24 1.79 0.050 18.55 0.22 0.36 1.10 2.00 

100 0.73 0.35 2.15 0.049 6.74 0.22 0.43 1.56 1.39 

150 0.79 0.40 1.54 0.051 5.54 0.38 0.28 1.05 1.16 

200 0.41 0.42 1.56 0.047 4.64 0.37 0.26 1.16 1.27 

250 0.48 0.42 1.89 0.046 4.15 0.36 0.55 1.16 1.76 

300 0.39 0.42 1.49 0.046 3.19 0.38 0.54 1.10 1.56 

350 0.38 0.45 1.35 0.042 3.50 0.43 0.70 1.05 1.67 

375 0.25 0.43 1.25 0.041 3.19 0.41 0.61 1.06 1.79 

S72 0 0.21 0.13 1.70 0.040 1.24 0.08 0.01 1.48 9.14 

Apr 1974 5 1.46 0.13 2.91 0.032 6.91 0.16 0.08 0.81 1.67 

10 2.13 0.14 2.18 0.034 10.09 0.23 0.17 0.61 0.52 

25 1.36 0.25 1.51 0.030 20.42 0.10 0.63 2.42 0.58 

50 2.59 0.19 3.41 0.062 9.59 0.08 0.15 2.33 1.37 

75 - - 8.73 0.065 7.16 - 0.24 - - 

100 1.21 0.29 8.46 0.049 3.70 0.19 0.50 1.58 3.16 

110 1.10 0.30 8.77 0.049 5.44 0.12 0.37 2.51 2.69 

S73 0 0.29 0.17 2.72 0.075 1.23 0.06 0.01 2.73 12.43 

Apr 1974 
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Areal and seasonal studies of the major elements (Si, Al, Ti, Ca, Mg, Fe, 
Mn, K, P and S) and minor elements (Zn and Pb) in suspended particulate 
matter from five water profiles in Hardangerfjorden, Norway have been 
made to assess variations in productivity and the behaviour of elements 
associated with organic matter. Attempts have been made to partition these 
elements between the terrigenous, skeletal, organic and authigenic con-
stituents. Elements denoting terrigenous matter, especially Al, are situated 
at or above the pycnocline during times of high river runoff. In spring when 
runoff is minimal and the upper waters are essentially isohaline, alumino-
silicates occupy the zone of maximum biological productivity, as seen by 
high particulate P and S, and may be intimately associated with plankton. 
Ca and especially biogenous Si are also high in these upper waters. 

An assessment of the decomposition of the organic matter during drying 
and storage has been made by measuring differences in element concentra-
tions between distilled water washed and unwashed samples. Considerable 
differences in P, Mn, Zn and Pb have been noted, and element losses in 
the upper waters are considerably higher (40-90%) than in the deeper 
waters (0-30 0X0). These observations, together with the pronounced falloff 
in concentration of the same elements between the surface and underlying 
waters, suggests that organic P, Mn, Zn and Pb could be rapidly released 
into waters of the euphotic zone and only a small proportion of these 
organically bound elements will survive fallout to the seabed. 

Particulate Al is uniformly distributed in the deeper waters and gives the 
impression that little or no recent resuspension of bottom sediment alumino-
silicates has occurred. However, Mn concentrations increase below 40 
450 rn and can exceed Al concentrations. It is argued that much of this Mn 
represents the residuum of resuspended particulate matter, comprising 
both alum inosilicates and authigenic Mn. Preferential resettling of alumino-
silicates from the bottom nepheloid layers and the deposition of Mn in 
ocean sediments is discussed. 

Introduction 

In recent years there has been a grovin awareness of the importance of studies of suspended 

particulate matter in marine waters. While these studies have improved our understanding 

of sedimentation processes, unfortunately, the majority of investigations consider particulate 

matter only in terms of gravimetric variations of total particulate matter and as a consequence 
have limited application. Few workers investigate the mineralogy of particulate matter 
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and still less study its chemical composition and the partitioning of elements between its 
constituent parts. Hence it is difficult to realistically compare new and comprehensive data 
with limited information based perhaps on a knowledge of concentrations and behaviour 
of one or two elements. 

In the paper we intend to examine the composition of the various constituents of particulate 
matter, especially elements associated with organic matter of a deep and well stratified 
fjord—Hardangerfjorden, Norway. With a knowledge of hydrography we intent to study 
both the areal and seasonal changes in particulate matter in the upper waters. Not least 
amongst these will be a study of the chemistry of the particulate matter as it is influenced 
by variations in productivity. Water exchange between outlying and fjord waters is a common 
phenomenon in many fjords. The effects of this may affect bottom sediment resuspension 
in the lower waters. It is hoped that a study of the particulate matter with special reference 
to the resuspension of terrigenous and authigenic constituents, especially Mn,, will add to oi 
knowledge of sedimentation processes in marine basins. 
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Figure x. Location of sampling stations in Hardangerfjorden, Norway. 

Hardangerfjorden-__general situation 

Hardangerfjorden is situated in south west Norway some 6o km south of Bergen (Figure z). 
It is 135 km long and 5-Jo km wide and trends NE-SW. Most rivers entering the fjord 
do so near its head via a series of secondary fjords, and tend to drain a mountainous terrain 
composed largely of acid gneisses and altered siliceous sediments. 

While its maximum depth is recorded at 870 m, that is in its inner part, in reality the 
fjord can be subdivided into three basins, with intervening sills or thresholds, (Figure 
2) of increasing depth towards the northeast. The most noticeable of the thresholds is 
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the outer sill of iSo m which separates }Iardangerfjorden from coastal waters. The bottom 
sediments comprise fine grained silts and occasional sands which appear to have accumulated 
either as local rurbidites (Holtedahl, 1965) or from more normal sedimentation processes, 

The fjord is well stratified especially during the summer months when the runoff is 
highest (30 x 109  m3/month ') (Saelen, 1967). It is also known that the displacement of 
its lower waters can occur through periodic and partial flushings (Saelen, 1967). The water. 
circulation will be more fully described below. 
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Figure 2. A longitudinal bottom profile of Hardangerfjorden, Norway, drawn, 
along the deepest part of the fjord. Sampling depths are indicated by solid circles. 

Sampling and analysis 

Water was collected from five water profiles (Figure 2) with 7  1 N.I.O. polypropylene 
water bottles. About 4-5  1 of this water was immediately filtered through 04 j.t '  Nuclepore 
membrane filters using plexiglas filter holders and a totally enclosed N 2  gas pressure filtering 
system to prevent contamination. The samples were than air dried prior to their analysis. 
With particulate matter collected in 1972 and 2973 the filters were washed free of sea salt 
prior to their analysis. Analysis of material collected in 1974 was performed firstly on un-
washed filters and then repeated after the samples had been washed in membrane distilled 
water (- 200 ml). 

The samples were analysed by X-Ray emission analysis following the method of Price 
& Calvert and Price (194a, b). Zn and Pb were determined by referring their 
respective peak intensities (i.e. Zn K ai  and Pb L 1) tothoseof a seriesof synthetic standards 
of preweighed deposits of Zn 2Fe(CN) 6  and PbCrO4  diluted into an argillaceous base of 
i jim grain size. The precision of analysis for the various elements is given in Tables i and 3. 

The analysis of unwashed samples necessarily includes those elements held in evaporated 
sea salts. Unfortunately, due to some dissociation of some of these elements under X-rays 
(e.g. Cl) it was not possible to assess accurately the contribution that sea-salt K, Ca, Mg and 
S made to the analysis of the particulate matter. For this reason, these elements were analysed 
on washed filters and the resultant analyses for K, Ca, Mg and S are regarded as the con-
centration levels of particulate matter. Sea-salt Cl — was shown to be completely removed 
by washing. The repeated analysis of other elements after washing and the amounts of 
elements removed from the filters may provide some estimate of the degree of alteration 
that the particulate matter has suffered by degradation and other processes, especially on 
organic substances, during the drying and storage of material prior to its analysis. 
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hydrography 

It is convenient to describe the hydrography of Hardangerfjorden in terms of the upper 
waters (too m depth) where seasonal changes in salinity and temperature are likely to 
occur and deep waters which are not directly influenced by seasonal variations, but never-
theless may show periodic change (Saelen, 1967). Temperature and salinity measurements 
were taken only in the uppermost too m of water due to the limitations of the S-Tmeasuring 
bridge (N.I.O.). Dissolved O (ml!!) was determined at all depths. 

Variations with respect to depth of S-T measurements for stations H67, H68, H70, 
taken during April 1974 are small. In contrast, the hydrography of the upper too m of 
water of three inner stations H35, H65 and H70 (Figure 2) sampled during summer, 
autumn and spring, respectively, shows considerable change (Figure 3). While the tempera-
tures at different seasons can show much variation, especially in the surface waters (<10 rn), 
the change in salinity (Figure 3) usually dictates the density structure of waters and the 
position of the pycnocline. Seasonal variations In salinity for uppermost 40 m of water 
can be described in terms of dilution by river runoff. A near surface ha!ocline occurring at 
5-10  m is most marked in summer (1135), but becomes less prominent and slightly deeper 
in autumn when runoff is less (H65). In early spring (1170) the upper waters are essentially 
isohaline due to a negligible runoff before the melting of snow. The general increase of 
salinity in waters between 10-40 m during summer, which implies some further mixing of 
saline waters, is also paralleled in the S profile at other seasons. At zoo m the salinity is 
very similar to that observed by Saelen in 1955-56 (S=34.7%). 

Figure 3. Seasonal changes in salinity (S%), temperature (T C) and dissolved 
oxygen, (M' 0 2 ,11 ) in the inner parts of Hardangerfjorden, Norway. Note S-7 
S-T profiles represent only the upper 90 m of water. - - - - - - -, H35 
(August 1972); —A—A—, H6 (October 1 973); . . - x X , f1 (April 
1974). 
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The hydrographic features of the deeper waters have not been assessed. Nevcrthe1ess 
detailed observations by Saelen (1962, 1967) indicate that some intermediate or deep 
water renewal can take place. It appears that while flushing of water at different depths and 
at different times is a common feature of the fjord, it may not always extend into the deepest 

waters. 
Dissolved oxygen concentrations in the surface waters are higher in spring and summer-

than in autumn (Figure 3). The variation in dissolved oxygen in the midwaters are con-
siderable and appear quite irregular with respect to depth. Such changes may indicate. 
introduced water of different origins as demonstrated by Saelen (1967). Oxygen concentra-. 
tions between ioo m and 600 m in October 1973 are smaller than at other times. This 
feature of lower oxygen contents in the midwaters is characteristic of many fjords (Thompson 

& Barkey, 1938; Pickard, 1961, 10; Gade, 1973; Svendsen, 1973) and is thought to be due 

either to- a combination of runoff conditions and biological demand or to the upward dis-
placement of deeper lying oxygen poorer water by flushing. 

Profiles of dissolved 0, for stations H35, H65 and H70 show an abundance of 0 2  at 

depth (Figure 3) and there is no indication of bottom anoxic conditions as occurs in many 

other fjords (Strom, 1936). 

Results 
The concentrations (pg/kg) of the particulate major elements and minor elements, Pb 
and Zn are given in Tables i and 3. Table i represents analysis of Si, Al, Ti, Mg, Ca, K, 
Fe, Mn, S and P in particulate matter washed in distilled water to remove evaporated sea-
salt. However, the particulate matter collected in April 1974 (1167, H68, H70) had been 
previously analysed for major elements, Zn and Pb, prior to washing and Table 3 represents 
the analyses on these unwashed samples and the difference in composition between them and 

the same samples after they had been washed. 
Because concentrations of elements, usually regarded as representing terrigenous and bio-

genous skeletal matter, e.g. Si, Ti, Al and Fe (Price & Calvert, 1973; Price, 1974a) are 
unaffected by the washing, we assume in the first instance that K, Mg and Ca concentrations 
of washed filters are held in the same constituents and are also resistant to washing and hence 
are regarded as maximum concentrations. 

Terrigenous constituents 

Following Spencer & Sachs (1970); Feely et al. (ici) and Price & Calvert (973), the amount 

of terrigenous aluminosilicates at any level in water profiles can be assessed from-concentra-
tions of particulate Al. The areal distribution of Al in the upper waters during April 1 974 
(1167, H68 and H70) is not always well defined, except at 25 in where the three stations show 
marked enrichments and some westerly increase. Seasonal variations in particulate alumino-
silicates are very much more distinct and tend in the upper waters to closely follow the 
hydrography. Where a distinct pycnocline is developed as in Station 1135 (August 1972), 
Al concentrations are extremely high, with a surface value of 36.51 pg/kg, but decrease 

markedly between o in and 5  m. At other seasons when runoff is less, especially in spring 
(Saelen, 1967), the amounts of particulate Al are smaller and are not so confined to the 

uppermost waters. 
Particulate Ti in most samples closely follows Al and is in accordance with the concept 

that the two elements are closely associated in clay substances (Goldschmidt, 1954). Further, 
the mean Ti,--U ratio [0 . 04, (Table a)] approximates to the value of the bottom sediments 
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TABLE I. Concentrations (j.ig/kg)of major elements of washed particulate matter-
from Hardangerfjorden, Norway 

Depth (m) Si Al Ti Mg Ca K Fe Mn S 	P 

Station H35 (depth= 730 m) 
(,August 1972) 

0 122-69 36-51 1-83 10-46 8-89 14 - 27 3206 0-78 16-91 716 
5 11*92 2 - 54 012 1-01  3 -42 1 - 21 2-38 0- 33 313 1 - 25 

10 27-20 3 - 34 o-16 1-40  2 - 12 138 3 - 33 048 15-66 510 
25 13-38 2 - 15 o-x8 o-86 1- 72  0 - 97 500 063 578 2 - 43 
50 8-93 2x8 oi 058 0 - 92 o-88 208 056 1-97 076 

ZOO 534 159 008 1- 79 09 0 - 70 1 - 91 027 100. o48 
150 5 . 33 189 0- 12 0 -  o61 0-84 409 034 100 045 	- 
200 6-43 2 - 52 014 079 053 1-1 4 3 -00 047 096 040 
250 12 - 79 5-46 0- 23 10' o-80 2-00 537 1 - 21 098 o6, 
300 1-48  097 o-o6 031 031, 041 1-51 0- 23 038 0 - 19, 
350 7 - 21 3 . 17 ot6 1 - 02 015 1-42  371 0-89 110 039 
400 7 . 79 311 o16 0-87 0 - 57 1-24 475 0 - 71 o86 
430 788 3 .05 0 - 17 0 - 90 0 - 54 131 506 1 - 01 092 0 - 35 
50 8-07 311 0 - 14 102 046 1- 34 364 1-63 o82 036 
550 1012 3 - 90 020 1 - 09 096 1- 72  494 274 1-46  0-6 
575 480 203 010 0-67 075 093 2-96 1-56 o-86 o-z 
600 7 - 10 2 - 90 0 - a o-88 0 - 72 1-47 497 2 - 02 1 - 29 048 
625 8-86 328 015 1-19 0 - 59 145 437 2 - 77 1 - 53 039 	- 
60 7 . 75 3 - 23 o18 0-76 0-87 1-43 431 3 -40 1 - 72 0 - 47 
675 9 .11  3 . 55 019 1-07 076 1-43 5 . 93 412 1- 70  0-  50  700 766 3 . 34 015 1-1 7 046 158 4-86, 6-65 2 -07 053 

Station H65 (depth =740 m) 

(October 1973) 
0 1230 320 o16 1-68  3-36 1  *46 0-6 3-46 -62 
5 1379 396 0i17 217 6-03 1- 97 388 1-07 512 3.43 

10 1344 307 oj6 327 4-69 182  090 7-81 4 - 33 25 770 205 0i0 vx6 416 1-07 229 0-44 274 163 
so 5-56 1-46 008 0- 92 3-64 0-67 1-4 1  037 1-87 099 

100 215 078 005 0- 20 0-96 0 - 25 080 020 091 0 -39 
200 486 1- 55 007 078 209 074 1-63 0 - 30 o-62 0-36 
250 6-52 2-38 011 0-96 268 1 - 02 2-8 0 - 71 0 - 79 045 
300 2- 16 074 0 - 03 036 077 043 o-69 o-o8 047 016 
350 7 . 37 274 013 P25 213 116 278 078 117 0- 42 
400 387 1-48  0 - 07 052 1-04 o-61 1-46 0-6 0- 55 0 - 27 
500 2 -41 o-8 0 -03 040 0-87 0-35 1-00 046 0-58 o-16 
550 306 122 0 - 05 0-65 091 052 1- 33 090 08 0 - 23 
600 
6o 

p16 0- 45 0 - 02 o-18 0 - 45 0- 17 0 - 50 0 - 54 0 - 94 0 - 17 
209 073 0 - 04 0-40 0-93 0-31 1-07 148 1-28 0 - 20 

Station H70 (depth= 86o m) 
(April 1974) 

0 84-67 4-88 0 - 21 0-67 409 
5 8 16 -x o-z. o86 2-89 

25 13388 4- 02 0-23 1-1 5 485 
50 4226 2 - 50 0 - 09 0 - 49 08 

zoO 20- 48 2 -80 012 o-8i o-86 
200 1491 2-63 010 0-65 1-07 
300 10 - 99 2 - 15 0 -09 0- 53 0-68 
350 7-82 1 *92 019 110 2 - 40 
400 6-o8 139 015 034 043 
450 11- 3 6  2 - 72 014 n.a. n.a. 
500 1351 300 019 o81 1 -27 
550 1619 347 0- 25 075 244 

7 - 13 1-66 o-o6 0- 48 o61 
6o 8-92 1 - 99 0'lo o-68 094 

1 '40  425 044 6-21 351 
o-82 361 P11 4 - 91 3-68 
o-88 o-86 4-61 368 
013 2-58 0- 53 o-86 o-8o 

102 305 0 - 2r 0-69 0 -44 
1 - 02 318 025 059 0 - 41 
0 - 82 2-88 034 0-62 035 
0- 79 290 035 o-6r 035 
035 i-8o 0- 23 0 - 54 0 - 20 
n.a. 3-84 na. na. n.a. 
1 - 16 423 0-69 076 0 - 37 
111 434 08 t-o8 047 
o-6 2-96 r6 o-8 029 
0 - 81 3 0  1- 5 6  o-86 0-29 



Variation in particulate matter in a fjord 

TAnt i.—continued 

Depth (m) Si Al Ti Mg Ca K 	Fe Mn S 	P 

Station H70 (depth =86o m) 
(April 1974) 

700 1110 2 -43 	0-12 0-73 o-8o 091 396 0-87 0-59 0'39 
725 972 228 	0 - 14 0-69 096 093 343 2-67 oS '034 
750 11 - 31 3 - 23 	0 - 21 1.09 1 *07 31* 33 5 . 33 465 o - 62 0-41 
825 8-76 262 	012 1 - zo o'81 120 .-28 5-28 0 - 52 041 

Station H68 (depth =66o m) 
(April 1974) 

0 31-36 2 - 24 oxi 1 -o8 2 - 23 0 - 53 300 013 380 a-os 
5 26-75 1 - 70 010 0-43 1- 7 1  038 1 '6o 0 - 19 3-18 1-76 

10 3 1- 70  2 -08 011 1 - 26 3 - 02 0- 55 157 052 456 2-48 
25 249 - 50 8 - 12 0-55 4 . 44 8-40 209 581 0-83 988 6-37 
50 3864 2 - 53 oo8 099 1-57 o-8 254 027 099 07 

100 11-78 2-61 oo8 o-86 0-64 1 - 12 2-8 0 - 17 o'62 033 
1.50 I309 3 - 24 010 1-07 1-89 1- 37 2-98 027 073 044 
200 11 - 25 232 0 - 09 038 1 - 39 101 2-22 0'28 093 0 - 22 
300 7 - 21 176 0 - 07 064 1 - 12 0 - 77 2 - 54 046 0 - 55 0 - 29 
350 458 222 009 091 Ito 108  043 055 043 
400 564 276 0 - 09,  072 067 1 - 23 300 076 038 035 500 1047 3-83 o-16 110 227 1- 55 4- 00 0 -97 069 0-38 
55 7-64 2-86 o-o8 o'88 0-36 i-r6 3 - 02 o-6 0-28 0 - 24 
600 2042 7-58 0 - 26 214 273 344 8-70 1-56 046 0-51 
640 2183 8-04 029 251 399 362 780 88 053 051 

Station H67 (depth= 52o m) 
(April 1974) 

0 1453 212 020 1 - 00 2 -45 0 - 54 318 o-o8 1- 95 093 
87 567 064 2-98 16-0 1-26 5 -09 0 - 39 6-79 3-35 10 6z-0 293 009 1- 72  2 -47 062 262 040 409 321 

25 	44278 1 334 0-67 73 1  12 - 23 2 - 93 8-8 044 1357 744 50 32'!! 349 025 o-86 1- 3 8  103 478 0- 33 1 - 45 100 
100 12-41 375 014 1-11  1-47 146 444 031 053 055 
150 10 - 14 409 o'18 097 1-27 1-45 369 0- 30 0 - 49 0 - 35 
200 788 3 . 14 009 0- 77 0 - 92 1 - 06 2 - 53 0 - 24 0 - 49 0- 34 
250 593 2 - 90 0 - 13 o-8o pIa o6 318 0- 29 050 030 
300 6-76 229 011 o61 1 - 70 077 268 0 - 29 044 o-65 
350 553 274 011 078 091 1-07 3 . 77 077 046 035 
400 5-16 2-26 013 o-62 1 - 15 0 - 99 n.a. n.a. 050 041 
425 6-68 3-16 0 - 10 0 - 92 8o 1 - 23 4 - 28 1-49 047 0-46 
475 6-74 252 010 093 1-23 102 360 1-17 o-63 038 

• Analytical precision represents the percentage deviation of 6 replicate analyses. 
• Analytical 

precision: 6% z% 5% 3% z% z% 1-5% 4% 3% 4% 
na.: not analysed. 

(Ti/Al=0-07). However, some increase in ratio occurs especially in the upper 25 m of the 
water column (Ti/Al=0-03-0.113) and will be discussed in detail below. 

It is likely that the bulk of particulate K and Mg also resides in alumino silicates (Price & 
Calvert, 1973). Their respective ratios for most waters (Table 2) are similar to that seen 
in the underlying sediments (K/Al=0.38; Mg/Al=o-zô) and river water particulate matter 
entering the fjord (K/Al==0.38; Mg/Al=0-3o, Table 2). Table a clearly shows that K/Al 
ratios are lower and Mg/Al ratios higher in the uppermost 25 m of water collected in spring 
1974 with the exception of station 1-170 where Mg/Al ratios remain constant with depth 
and here conform to the pattern of Ti/Al ratios. However, there does not appear to be 
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TABLE 2. Ratios of particulate Ti, 'Mg, K, Fe and Si with respect to Al and the. 
concentrations of biogenous Si (jig/kg) in washed particulate matter from 
l-lardangerfjorden, Norway  

Depth (m) TiAl Mg/Al K/Al Fe/Al Si/Al Biogenous Si 

0 0-050 0-42 o -  0-88 336 424 

5 0047 0 -40 048 094 470 6-3 

io 0-048  o61 047 100 8-14 199 

25 0084 040 045 2 - 33 6-22 87 

50 0 - 069 027 0 -40 095 4- 10 4_ 1  

ioo o-oo i - so o-Sz 120 336 PS 

150 0-063 029 o.-. 2-16 282 P2 

200 0 - 056 0 - 31 045 119 255 0 - 9 

250 0042 030 0 - 37 098 2-34 0-8 

300 0062 0 - 32 042 1- 5 6  "53 0-0 

350 0 - 051 032 045 117 2 - 28 0 - 3 

400 0051 ozS 040 153 2 - 50 10 

450 oo6 030 0 -43 P66 2-58 1*2 

500 0045 0- 33 043 PIS 259 1*2 

550 0.031 028 0 -44 1 - 27 259 1-6 

575 0049 0 - 32 046 1-46 236 0- 3 

600 0- 052 0 - 30 051 137 2 - 45 0- 7 

625 0046 036 044 P33 270 p6 

650 o-o6 024 0 -44 133 246 o-6 

675 0- 054 0 - 30 040 1 -67 2 - 57 13 

700 004 03c 0 -47 146 2 - 29 0 - 3 

Station H6 
0 0.030 034 046 111 3 .47 53 

5 0043 0 - 55 050 098 348 51 

10 0 - 052 1 - 07 059 1-13 438 6-7 

25 0049 0-57 	- 0 - 52 1 1 12 376 3 - 2 

50 0 - 055 o-6 046 097 381 2 - 4 

100 0 - 064 0 - 26 032 1 - 03 276 0 - 4 

200 0 - 045 0'50 048 103 3 - 14 1- 5 

250 0046 0- 40 0 - 43 P08 2 - 74 13 

300 0041 0 - 49 058 0- 93 292 0 - 5 

350 0 - 047 046 0 - 42 1 - 01 2 - 69 13 

400 0 - 047 0 - 35 0 - 41 0 1 99 261 o-6 

500 0- 034 0 -47 0 -41 x-18 2-87 05 

550 0 - 041 0 - 53 0 - 43 1 -o8 2 - 51 04 

600 0044 0 -40 038 i-ri 258 0 - 2 

650 0 - 055 055 0 - 43 147 276 0 - 5 

Station H70 
0 0 - 020 013 0 - 27 087 1 7 . 35 739 

5 0 - 038 0- 23 022 0- 97 2258 756 

25 0057 026 020 0-84 3330 1250 

50 0 - 036 0 - 20 029 1 - 03 16 - 90 368 

100 0 - 032 0 - 29 036 1 - 09 7-31 143 

200 0- 038 024 038 1 - 21 567 91 

300 0042 0 - 24 0 - 37 134 511 6-3 

350 0099 0 - 57 0 - 37 151 4. 07 36 

400 0108 0- 34 015 1- 30  437 30 

450 0 - 051 - - P4! 418 54 

500 0 - 063 027 0 - 39 1 - 41 450 70 

550 0 - 072 0- 22 0 - 32 125 484 9 - 2 

600 0- 036 0 - 28 0 - 39 1-78 436 35 

6o 0050 0 - 30 0-36 1 - 53 448 45 

700 0049 029 036 1-63 457 5-8 

725 oo6i 0-28 039 1-50 426 41 

750 o-o68 0- 31 0-38 i-6 350 4- 2 

825 0046 039 0 - 42 163 334 30 
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TABLE 2.—continued 

Depth (m) Ti/Al Mg/Al K/Al Fe/Al Si/Al Biogenous Si 

Station 1-168 
0 0049 048 023 1  *34 1400 267 
5 0 . 059 025 022 094 1574 230 

JO 0053 o-61 026 0i6 1524 271 
25 o-o68 0 - 55 023 072 3013 2316 
50 0032 039 029 100 1530 33" 

TOO 0031 033 037 089 45 1  6o. 
150 0031 0 - 33 037 092 4•04 6-o 
200 0 - 039 o16 036 o96 485 6o 
300 0040 036 038 1- 44 4 -10  62, 
350 0041 041 037 I62 1•47 00 
400 0033 026 037 109 2 - 04 00 
500 0042 029 0 3 8  104 273 20 
550 0-028 031 039 o6 267 14 
600 0 - 034 028 0 - 41 115 269 37 
640 0035 031 042 097 272 42 

Station 1-167 
0 0 - 094 047 028 i8 6-86 919 
5 0 - 113 053 0 1 21 0'94 1456 701 

10 0031 059 0 . 21 156 2118 556 
25 0050 055 020 013 3319 413 .4 
50 0072 0 - 25 030 1-4 1  9 - 20 24'4 

100 0037 030 035 1-2 4 331 42 
150 0044 023 034 090 2-48 I - I 
200 0 - 029 023 032 o81 251 10 
250 0- 045 0-28 034 1-1 4 204 00 
300 0 - 048 0 - 27 0 - 33 118 295 1.7 
350 0040 028 034 1- 3 2  202 00 
400 oo8 027 036 I39 P55 00 
425 0032 029 036 132 211 00 
475 0 - 040 0 - 37 039 1-46  267 12 

River water (mean) 
0 - 072 0 - 30 038 110 225 - 

Sediments (mean) 
0070 026 038 054 30 - 

any systematic seasonal trend in these ratios except that some near surface water (e.g. 
station H35, 10-50 m) show higher Ti/Al and Mg/Al values. Normal ratios are encountered 
in the alurninosilicate rich surface waters of this Station. 

These changes in elemental ratios, e.g. Mg/Al, K/Al ratios between the upper and lower 
waters and also between the inner and outer parts of the fjord may relate to differences 
in the composition of terrigenous minerals in the particulate matter. 

Within the bottom waters some enrichment of Al occurs, particularly in station H68. 
Enrichment of Al close to the seabed is likely to imply resuspension of aluminosilicates from 
the seabed. The constant value of Al in the lower water profiles of all other stations suggests 
little disturbance and resuspension of aluminosilicates by currents induced by flushing or 
other means. During flushing Haakstad (170) has recorded current measurements of 20 CM/ 
s' near the outer sill of Hardangerfjorden. The ratios of Ti/Al, Mg/Al and K/Al are no 
different in the deepest waters than in most overlying waters. There is however some increase 
in Ti1 Al ratios in station 1170 between 400-550 in where the mean Ti/Al is o-o8. 
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Variations in biogenous silicon and calcium 

Terrigenous silicates in the surface sediments of the fjord have been measured and show Si/ 
Al ratios of 3-5  which indicates a considerable amount of quartz in the samples; this has 
been confirmed by mineralogical investigations. However, Si/Al ratios of particulate 
aluminosilicates in fjord waters from the same region as llardangcrfjorden are generally 
lower, i.e. Si/Al=25 (Taylor, and are similar to the Si/Al ratios for river particulate 
matter entering Hardangerfjorden (Si!Al2.2). We consider that any Si concentrations 
occurring in particulate matter in excess of a Si/Al ratio of 22 occurs as hiogenous silicon 
(Table 2). 

The results in Table a for the upper waters of the fjord show a marked enrichment in 
the excess or biogenous silica, as defined above. The content of quartz in this particulate 
matter was found to be very small in relation to the amounts of clay minerals present. 
During April 1974 the maximum concentration of biogenous Si rather than occurring in 
surface waters, is well developed at 25 m. Its areal trend here in contrast to the more constant 
Si/Al ratios clearly increases westwards. Further, the upper So in of water contains much 
greater concentrations of biogenous Si than the underlying waters. This is most evident 
when seasonal changes in biogenous Si are examined (Figure 4). The results show that a 
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Figure .. Seasonal change in concentrations of particulate biogenous Si ig(kg) 
in the inner part of Hardangerfjorden, Norway. - - 0 - - 0 -, H35 (August 
1972); — A—A—, 1165 (October 1973); . . . x 	x 	, 1170  (April 1974). 

considerable standing crop exists during April 1974 with biogenous Si concentrations 
approximately an order of magnitude more abundant than at other times. Microscopic 
examination shows that diatoms are plentiful in these horizons. During summer (FL35) 
maximum biogerious Si concentrations seem to occur in surface waters while in early autumn 
(October, H65) there is little siliceous skeletal matter. In the deeper waters biogenous Si 
is also higher in spring than at other times, especially between 400 m and 550 m where 
anomalously hih Ti/Al ratios exist. This feature is clearly seen in the inner station (1170) 
and to a lesser degree in H35 and can be interpreted as due either to an unusual concentration 
of plankton which has been observed at this time of the year at the same locality and in 
similar water depths (Lie, 1967), or to plankton remains. 



Variatio'i in particulate ,natter in a fjord 

Aluminosilicates derived from a terrain of acid gneisscs and siliceous sediments are 
generally low in Ca. Hence, particulate Ca concentrations (Table i) are due largely to the 
presence of bicgcnous carbonate. Surface and near surface Ca concentrations are con-
siderably higher than at depth especially where biogenous Si is also at a maximum, e.g. 
at z-rn depth (Stations 1-167, 1168, H7o). Although no linear correlation exists between 
these two constituents, in the surface water both increase westwards. The results of both 
areal and seasonal investigations clearly show that siliceous rather than calcareous organisms 
form the bulk of the standing crop in the upper waters. However, seasonal differences in 
biogenous Si concentrations, which may relate to changes in productivity, are not mirrored 
by the change in biogenous carbonate. For example, while biogenous Si is more concentrated 
in spring than at other times, particulate carbonate appears to be at least as abundant in the 
autumn (H65). 

The-increase of Ca in some near bottom waters, that is in station FIGS, follows particulate-
aluminosiicate concentrations and shows as well unusualy high Ca/Al ratios (0.4). This 
feature almost certainly implies resuspension of both particulate carbonate and terrigenous 
constituents. It is interesting to note that there is no corresponding defined increase in 
biogenic Si in these waters. 

Some increase in particulate Ca is seen in the midwaters (400-550 m) of station 1-170, 
and broadly follows the pattern of high biogerious Si concentrations and Ti/Al ratios. 

Distribution of Fe and jli,z 

In particulate matter iron is almost certainly partitioned between aluminosilicates and other 
Constituents, notably oxides and Fe associated with organic matter (Spencer & Sachs, 
1970; Price & Calvert, x'). In previous publications some attempts have been made to 
see variations in non-silicate Fe from studies of the distribution of excess' Fe over that 
held in silicates (Spencer & Sachs, xo; Price & Calvert, iç; Price, 1974a), based on an 
adopted but arbitary Fe/Al ratio for aluminosilicates. The value of this ratio has been quoted 
between 05-07. However, because of considerable areal and seasonal variations in the 
amount of particulate matter in Hardangerfjorden and the lack of an accurate knowledge of 
the Fe/.M ratio of silicates, to adopt a specific value for this ratio may produce erroneous 
results and conclusions. Instead, variations in the Fe/Al for total particulate matter are quoted 
in Table 2. However, as the mean Fe/Al ratio for particulate matter in river waters entering 
Hardangerfjorden is close to unity (Table 2), deviations in Fe/Al ratios from this value, in 
respect of the particulate matter in the fjord, provide some general guide to changes in the 
amount of non-silicate particulate Fe in the waters. 

The Fe/Al ratio of particulate matter in the upper waters do not show any obvious areal 
or seasonal change. However, for the water column as a whole, Fe/Al ratios are substantially 
higher below 600 m. This particularly applies in the case of samples collected from the 
inner basin (1135, H65 and H7o). There is no obvious increase in Fe/Al ratios in the surface 
waters as found in other studies (Price & Calvert, 1973; Price, 1974b) where Fe oxide or 
biogenous matter containing Fe is thought to occur. 

Unlike Fe, nearly all the particulate Mn is likely to be confined to non-silicate constituents 
as sediments (e.g. shales) display very low Mn/Al ratios (e.g. oOr, Krauskopf, 1965). 
Hence, we attribute the total particulate Mn (Tables i and 3)  to non-silicate Mn. The con-
centration of Mn in the upper water (<25 m) is considerably greater than those situated 
immediately below. Moreover, higher concentrations are seen in spring in the inner parts 
of the fjord (H7o) than elsewhere (H67, 1468). This is even more obvious when the s-In 
concentrations of unwashed filters are examined (see Table 3). 
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TABLE 3 .  Concentrations of Mn andi P (jig/kg) in unwashed and Zn and Pb 

(jig/kg) in unwashed and washed particulate matter from FIurdingerfjorden, 
Norway 

Depth 
(m) Mn &Mn rem. P AP 

% 	Zn 
rem, unwashed 

Zn 
washed 

% 	Pb 
rrem. unwashed 

Pb 	% 
washed rem.. 

Station 1170 

0 2-98 2 - 34 85 11 - 93 915 71 2-4 0-5 - 210 o-6 7 

5 237 146 57 io 665 64 1'6 o-8 50 1'2 0'5 58  

25 2 - 24 1'38 6z 1147 79 68 2.1 13 38 o-6 50 

o 1-64 iii 68 2 - 19 139 63 o-6 0! 1 83 18 0 - 5 7a 

100 0'47 026 55 098 054 55 0 - 3 QL 67 01 02 71 

200 0'53 0-30 55 o-68 027 40 <Ot <01 - 0 - 2 02 01 

300 064 0 - 30 47 o'63 0-28 44 Orz <c-i - o'. 02 50, 

330 049 0'14 2.9 049 0'14 2.9 011 75 04 01 75 

400 049 o-26 53 o-6 o-16 44L 01 1 <oi - 0 - 3 o'I 67 

450 I'15 - - 060 - - 02 - - 03 - - 

500 1-35 o-66 51 o-6z 0 - 25 40 02 <c-I >50 o-6 0 1 1 

550 148 0-63 43 072 0- 25 35 c-I <01 - 0 - 2 0'2 0 

600 151 0- 35 23 0 - 43 0-14 33 01 <01 - 0 - 3 0 - 1 67 

650 200 044 22 0'30 0'21 42 0'2 <01 >50 0'4 0'2 5 

700 1 - 32 0'45 34 0 - 39 0'20 34 02 <O'i >50 03 c-I 67 

725 332 o'68 20 0 - 47 0'13 28 02 <0 - 1 >50 02 02 0, 

750 533 o-68 13 0'59 o-z8 31 04 02 50 0 - 5 02 6o 

825 6 - 59 1-31 20 0-49 0 '08  16 0 - 3 0- 1 >67 0 - 3 0 1 2 33 

Station H68 

0 1 - 25 1'12 90 5 - 17 3 - 12 6o 10 05 50 0 - 9 0'4 56 

1 - 03 0-84 82 4'11 235 57 o-8 03 63 t'l <c-I >91 

10 1-20 o68 57  4-86 238 49 09 o-8 xi 0 -  0 - 2 78 

25 1'90 1 - 07 56 1317 7.40 54 3 - 0 2 - 3 23 1-3 0 -4 69 

50 069 042 6i 2 - 09 1 - 30 62 0 - 3 0-2 33 o-8 <01 >88 

100 0 - 29 0 - 12 41 0-64 0- 31 48 01 <01 04 <c-I >75 

150 041 0-14 34 0'59 015 23 0 1 1 <oi - 0 - 5 <c-i >8o 

200 0 - 37 0 - 09 24 0'29 0-07 24 c-i <01 - c- 0- 4 20 

300 0-64 o-z8 28 0'34 oo6 18 <o1 <or - 0. 3 c-i 67 

350 1 - 00 0- 57 57 0 - 41 002 5 02 <c-i >50 0-4 -01 >75 

400 104 0-28 27 0-38 0 - 03 8 <oi <0-i - 0 - 3 -0 - 1 

500 1 - 27 0 - 30 24 0- 45 0 -07 16 c-i <o-, - o-6 <0 1 1 >83 

550 097 0- 41 42 0-35 0-11 31 <01 <OX - 02 02 0 

600 i'8 031 17 o'6o 0 -09 15 c-i <c - i - o6 02 67 

640 2 - 01 0 - 13 6 0-8 o-o8 14 O'I <01 - 0'4 012 50 

Station H67 

0 029 021 72 245 1'52 62 0'4 03 25 10 <01 >90 

5 iIl 0 - 72 65 906 5 - 71 63 rS 1'0 44 17 0 - 3 8z 

10 0-64 0 - 27 37 8-61 5 , 40 63 0 - 7 0 - 3 57 i6 0 -4 75 

25 1 - 59 1 - 15 72 25 - 30 1806 71 44 2'4 45 1-6 0 - 4 75 

50 0 - 50 0-27 54 1 . 33 0'33 25 02 0 ,  I >50 o'6 0 - 2 67 

100 041 0 - 10 24 0- 94 0'39 41 0 - 2 <0-i >o o-6 0 - 2 67 

150 0 - 42 0 - 12 29 o-61 026 43 <0 - 1 <o-, - o-6 0 - 2 67 

200 0- 43 0-19 44 0- 50 o-16 32 c-i <01 - 0'3 01 67 

250 045 016 36 0 - 42 0 - 12 29 0 1 1 <01 - o-6 -0 . 1 >83 

300 0 - 62 033 53 085 0'20 24 <0 - 1 <0 - 1 - 0 - 7 oi 86 

350 1 - 03 026 25 0 - 50 0 - 15 30 0 1 1 <0! - 01 01 0 

400 114 - - 0- 41 0100 0 <01 - - 0 - 7 - - 

425 154 003 3 0 - 57 0 - 11 19 01 <c-I - 0 - 4 -0 . 1 >75 

475 1 - 30 0 - 13 10 048 0'10 21 <0! 1,011 i:0 - 1 >80 

P and ANIn represent the respective losses of these elements for unwashed and washed samples as 
given in Table I. Analytical precision for Zn and Pb is 15%. 
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A more pronounced increase of Mn is seen in the deep waters where concentrations 
increase with depth to levels an order of magnitude higher than in the midwaters (Figure 5); 
an increase also occurs in Mn/Al ratios which may show values greater than unity. This 
increase in Mn in waters below 400-540 m is also apparent from the analyses of washed 
samples collected at different seasons (H35, H65, 1 -170). These changes at depth and their. 
relationship to other particulate constituents are discussed more fully below. 
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Figure 5.  Profiles of particulate Mn (pg/kg) in samples analysed after washing in 
distilled water for the inner station of Hardangerfjorden, Norway, collected at 
different seasons. - - - - 0 - -, L-I (August 1974); —A—A—, H6 (October 
1973); x x , Ho (April 1974). 

Particulate organic matter 

Recent observations on variations in particulate P in marine waters have been used to 
describe change in particulate organic matter concentrations (Spencer & Sachs, 1970; 
Copin-Montegut & Copin-Montegut, 1972; Price, 1974a, b) on the assumption that little 
P is held in other constituents, except iron oxides (Price & Calvert, 5973; Price, 1974a) 
which are considered on the basis of low Fe/Al ratios, not likely to be plentiful in the waters 
of Hardangerfjorden. 

The profiles of particulate P on unwashed material collected in April 5974 (H67, H68 and 
H70) (Table 3 and Figure 6) show clearly a seaward increase in P in the upper waters, 
especially at 25 in depth. Phosphorus concentrations at this depth are usually higher than 
those in surface waters. There is no obvious trend in particulate P variations in the deeper 
waters except in station H70 where there is a slight P increase between 400 m and 550rfl 
(Table 3, Figure 6). These trends parallel those of biogenous Si (Table 2). Seasonal variations 
in P on washed particulate matter (1135, H65, H70) (Table i) are also consistent with the 
variations in productivity but are noticeably lower in their concentrations indicating some 
loss of phosphorus during the washing of dried samples. 
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Figure 6. Areal variations of particulate P (pg/kg) on unwashed particulate matter 
samples for three stations in Hardangerfjorden, Norway, collected during April, 
5974. Note change of depth scale at too m. x - x , 1167;— - - 0--, 
H68; —0-0—, Hyo. 

Particulate S and Mg concentrations were only calculated on washed fitters because of 
contributions from sea-salt sulphate and Mg in unwashed samples. As with particulate P 
the concentrations of S (Table i) are likely to be held in organic matter (Price & Calvert, 
1973). Its variation arcally and seasonally closely follows P being enriched in the upper 
waters, particularly at 25 m depth (H67, H68, H70) during the spring and in the midwaters 
of H7o between 400 m and 550 m. While much of the Mg (Table i) is likely to be held 
within silicates, which may vary compositionally in different waters as suggested above, 
the increase of Mg relative to Fe and the very high Mg/Al ratios in the uppermost 25 m of 
each profile, indicates, that a proportion of the total Mg content of the particulate matter 
may be bound in organic matter. 

Both Zn and Pb are thought to be associated with organic matter as their abundances 
with respect to Al on unwashed samples exceed that observed in aluminosilicates by two 
orders of magnitude (Table 3).  A similar argument can be made for much of the Mn in 
these upper waters (Table 3).  In most surface waters Zn occurs in slightly higher concentra-
tions than Pb with maximum values of 44  pg/I and vo pg'l, respectively. The data in 
Table 3  show that this level of concentration occurs only in the uppermost So m of each 
profile and generally peaks at 25 m where particulate P, biogenic Si and Ca are also high. 
Below, there is a threefold decrease in Pb concentrations while Zn in the mid and deep 
waters is usually close to or below the limit of its analytical detection (o-z pg/I). Close 
inspection of the Zn and Pb data and the levels of P and biogenic Si suggests that these 
metals more closely correlate with the particulate P of unwashed material than Si. Vino-
gradova & Kovalskiy (1962), Bowden (1966) and Martin & Knauer (5973) quote enrichments 
of either Zn or Pb or both elements in siiiceous and non-siliceous organisms. 

Element losses of biological constituents upon washing 

As washing of the particulate matter in distilled water has a deleterious effect on the quality 
and chemistry of particulate organic substances, as noted above, data for P, Zn, Pb and Mn 
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for stations H67, H68 and 1170 are quoted as concentration levels on unwashed (Table 3) 
as well as washed samples. Any loss of elements by this treatment implies breakdown and 
removal of constituents, especially organic substances. In the case of Al, Si, Ti and probably-
Fe too, no loss of element concentration occurred, indicating that they are firmly fixed in 
the non-organic constituents of the particulate matter. In this context it is interesting to 
note that differences in Ti/Al ratios of both washed and unwashed filters between the near 
surface, some midwaters (H70, 400-550 m) and the deep waters may indicate either some 
change in mineralogy of the terrigenous constituents or variation in the mode of fixation of 
Ti. Closer inspection of data from station H67, 1-168 and H70 (Table x) suggests that while 
Ti concentrations are usually linked with aluminosilicates, this is not always the case. 
Price (i964b) has noted very high Ti concentrations relative to Al (Ti/Al— 03) in surface 
waters over the East Pacific Rise and has attributed this trend to either uptake onto organic 
matter or more likely to incorporation into siliceous skeletal remains which are very abundant 
relative to aluminosilicates (e.g. Si/Al=5o). In Hardangerfjorden it is not easy to demonstrate 
these relationships because skeletal Si is nearly always coincident with high concentrations 
of aluminosilicates. Further, the presence of high concentrations of Al, especially in relation 
to the amounts of Al in ocean particulate matter, tends to mask changes in Ti/Al ratios caused 
by contributions from sources other than aluminosilicates. 

Results of analysis of particulate P before and after washing show very considerable 
differences for nearly all samples (Table 3).  In surface and near surface waters (<25 m) 
this loss of P (AP) represents some 50-700'0'  of the original P concentrations; at depth the 
percentage loss is considerably less (

0-
300/'0) but is somewhat higher in station H70 than H67 

and H68. It would appear that degradatidn of organic P, presumably helped by micro-
biological agents, took place during and after the drying of the samples. It is not known what 
effects would have taken place had the particulate matter been washed immediately after 
collection. 

This behaviour of particulate P between the upper and lower waters suggests some 
variation in the quality of the organic matter, that is, in the deep waters it appears more 
refractory than that occurring at shallow depths. Data on the disribution of particulate P 
in relation to other organic constituents is scarce. Menzel & Ryther (1964) found essentially 
no phosphorus in deep water particulate matter. Holm-Hansen et at. (1966) found that the 
C/P ratios of particulate matter changed with depth in the waters off California and suggested 
that much of the P in deep waters occurs as nucleic acid. The conclusion reached by Riley 
(1970) is that deep-water particulate matter is poor in P compared with plankton because 
much of the P in living organisms is regenerated quickly after their death. If we assume that 
the degradation of organic matter induced by the drying and storage of the samples follows 
the same general pathway of decomposition of plankton seston under marine conditions the 
evidence presented in Table 3  for the upper and lower waters supports the concept of a 
rapid release of P from plankton in sea water. 

Table 3 also shows concentrations of particulate Zn and Pb in different waters, analysed 
before and after treatment. in the upper waters the percentage losses of Zn and Pb approxi-
mate to that seen by particulate P, that is 40-60% and 50-90%, respectively. However, 
because of the low levels of concentration of both elements in the deeper waters, it is not 
possible to assess the change in concentrations with the same reliability as in the upper 
waters. Flow-ever, percentage losses of Zn and Pb at depth do appear to be similar to those 
seen in the shallow waters. 

If we confine our attention to the concentration losses of Zn and Pb to the upper waters, 
they do not appear to be strongly correlated with the amounts of P lost by the same treatment. 
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Rather, total zinc and lead concentrations relate more to the loss of P (AP). This is illustrated 
in Figure 7 for Zn and AP in the three profiles studied during spring. The ratio of total Zn 
concentration to AP for samples in the uppermost 25 m of water varies between 024 and 
0415, but shows no systematic areal or depth trend. 

Manganese also shows a marked change in concentration before and after washing. This is 
most noticeable in the upper 25 m of water where 60-9o% of Mn is lost (Table 3). At depth 
the difference is considerably less and percentage wise becomes quite small in bottom waters 
(- 20%) where total Mn concentrations are high. At station 147o, between 400-550 m, the 
loss percentage as well as Mn is higher (Table 3) and conforms to the pattern of higher 
particulate P and other elements. 

LQ Zn/kQ 
o 	1 	2 	3 	4 	5 
I 	I 	I 	I 	I 	I 

g AP/kg 
D 	 JO 	 20 

0- x 00 

20- 

30- 

40– 
E 
-c 
a 50-s 

60 

70 

so- 

90 -  

100 - 

Figure 7. Changes in concentration of Zn (jig/kg) on unwashed particulate matter 
and the loss of P upon washing (P) of samples collected in April, 1 974 in the 
upper ioo m of water from Hardangerfjorden, Norway. H67: - X - X -, AP; -- x -- x --, Zn. 1168: —0-0—, AP; --  o - - o - -, Zn. H70: 
—.--,AP; - - a-   ---  

Geochemistry of particulate matter in the bottom waters 

Terrigenous element concentrations as denoted by Al and Ti usually show an increase 
in deeper waters where bottom sediment resuspension occurs. For instance, sediment re-
suspension in the Gulf of Maine (Spencer & Sachs, 1970) can cause a 50-fold increase in 
particulate Al concentrations with respect to surface waters. Similar trends have also been 
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noted by Price & Calvert (1973) in coastal waters. Only in station H68 and to a lesser extent 
H70 is there any clear evidence of some increase in terrigenous constituents in the bottom 
waters (Table a) lying 30-40 m above the bottom sediment. It is evident that if we also 
consider the other stations, bottom sediment resuspension of terrigenous and biogenous 
constituents is small or non-existent. It would appear therefore that bottom flushing is not a 
recent event with respect to the times of sampling. Nevertheless, the high dissolved 0 2  
contents of the bottom waters imply that bottom water renewal is a frequent mechanism. 

In contrast to the distribution of terrigenous constituents, total particulate Mn and Mn/ 
Al ratios, show'a remarkably high and increasing concentration at all stations below about 
400 in (Tables a and 3 ,  Figure ). The position of the initial increase in Mn concentration 
appears to deepen eastwards and occurs at 450 m in the inner basin. At depth, little Mn is 
removed by washing compared with that observed and thought to be organic Mn in surface 
waters (Figure 8). Because of its high concentrations with respect to elements associated 
with organic matter, we assume that the bulk of the deep water Mn is inorganic and probably 
occurs as oxide. Non-silicate iron, denoted by Fe/Al ratios (Table 2), may also occur in the 
bottom waters and is similarly interpreted as iron oxides. However, it is not possible to 
correlate the amounts of dispersed Mn and Fe because of difficulties in assessing the specifie 
amount of non-silicate Fe in samples as we have discussed above, 

F&9 Mn/hg 

0. 
5 
a 

Figure 8. Concentrations of Mn (rig/kg) in particulate matter representing both 
unwashed and washed samples from Station H70 in Hardangerfjorden, Norway. 
- - x - - x - -, unwashed samples; - x - x -, washed samples. 

A feature noted by us in neighbouring fjords is that the increasing trend of Mn concentra-
tions with depth is interrupted by a decrease at a specific depth above the seabed. In stations 
H35, H65 and H70 this decrease occurs at i6o m (Figure ). Any attempt to understand 
the source and mechanism of emplacement of Mn in the lower waters must consider this 
feature and the others described above. 
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High particulate Mn concentrations are known in certain waters of restricted basins and 
occur as a result of redox changes and a mechanism involving both advection and diffusion 
of Mn about a redox boundary either in the water or at the sediment—water interface 
(Spencer et al., 1972; Price, 1974a; Price & Calvert, 1973). 

The chemical characters of the waters and sediments of Hardangerfjorden nowhere 
conforms to these conditions. It shows high dissolved 0 contents at all water depths (Figure 
3). Also, the surface sediments are thoroughly oxic in character and while some redistribution 
of Mn may occur from diagenesis through burial, any upward migration of Mn by this 
process is much more likely to be reoxidized and reprecipitated in the surface sediments, 
or even below it, than be released into the overlying water. The extent of particulate Ma 
enrichment in the waters of the fjord is also very different to that seen in restricted basins. 
Although it may be largely a feature of the intensity of density stratification in the water, 
Mn anomalies are not seen more than a few tens of metres above its redox boundary in 
restricted basins. In Hardangerfjorden particulate Mn enrichment extends - 400 above the 
sediment. Moreover, within restricted basins dissolved Mn (II) concentrations in bottom. 
waters are much greater (Price & Calvert, 1973) than observed in Hardangerfjorden (o i-
0.5 pg/kg). It would appear that little particulate Mn in the fjord results from a direct 
release of Mn2  + from bottom waters. Instead, we believe that the enrichment of particulate 
Mn is the result of resuspension of bottom sediment during periods of flushing or similar 
disturbances, even though the composition of the particulate matter is quite dissimilar from 
that of bottom sediments. Mn constitutes about 20-30% of the inorganic elements in the partic-
ulate matter in contrast to that measured in the surface sediments (0-2 cm), i.e. 0.15-025 

%. 
Alternative mechanisms of sediment resuspension must be considered in evaluating these 

trends of particulate Mn and other constituents. It is possible that preferential resuspension 
of particulate Mn and aluminosilicates occurs during periods of bottom water disturbances. 
However, to our knowledge, preferential resuspension of one component to the almost 
exclusion of others has never been demonstrated. Furthermore, the particulate matter 
in the lower waters does not appear to have been recently introduced by flushing. With 
such an event the displacing water would have properties similar to surface waters, that 
is it should display concentrations of elements commensurate with that seen in particulate 
organic matter and biogenic components. Instead, particulate matter occurring between 
400 m and 5o m in spring (H7o) rather than the bottom waters appears to have most of 
these properties. It has higher particulate F, leachable P and Mn, biogenous Si and Ti/Al 
ratios and appears to have been recently introduced into the inner parts of the fjord. It is 
more probable that the features of high particulate Mn and low aluminosilicates in the deep 
waters represent the residuum of a previous bottom water flushing which caused resuspension 
of both sediment Mn and aluminosilicates. Resettling of coarser grained aluminosilicates 
occurred, leaving the remaining particulate matter enriched in Mn to appear as a quasi-
conservative property of the lower waters. The profiles of Mn below 400-450 m showing an 
interrupted trend of increasing Mn with depth, as described above, suggest that two periods 
of bottom water flushing have occurred in the past. The latter caused renewal of the deepest 
i6o m of water and displaced water from an earlier event which is represented by the upper 
portion of the Mn anomaly. 

General discussion 

Concentration patterns of inorganic particulate matter, especially aluminosilicates in the 
upper waters of fjords as described above, appear to be related to season and in particular to 
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the development of the pycnocline. During periods of high runoff (H35) as occurs in summer, 
most of the inorganic particulate matter resides in the surface waters. The marked change in 
concentration of aluminosilicates above the pycnodine, in contrast to that seen below, 
indicates that intense density stratification in the surface waters provides an effective barrier 
to particle settling. During periods of low runoff (spring, H70) when the near surface 
pycnocline is virtually absent, concentrations of surface particulate matter are lower. Under 
these circumstances highest levels of inorganic particulate matter reside in waters containing 
maximum concentrations of organic P and skeletal constituents. It is possible that this 
occurrence of high concentrations of biogenous matter and aluminosilicates at a specific 
level, for example 25 m, may be coincidental. However, as there is little evidence of any 
density stratification at this depth, it would seem that the inorganic and biogenic constituents 
are intimately associated. This association appears to effectively prevent fallout of particulate 
aluminosilicates from the near surface waters. The occurrence of inorganic substances and 
organic aggregates as particulate matter has been known for some time and may be the result 
either of adsorption of ions or scavenging of solid materials (Riley, 1970). The intimate 
association of particulate Al and organic P implies some attachment of aluminosilicates to 
microplankton or its debris. However, little information is available on the amount and type 
of aluminosilicates that can be held in this way. 

Little is known on the sorption of ions onto deep water particulate matter, although 
organic aggregates in deep waters can contain manganous ion in small concentrations (ooi-
ooô jig/I; \Vangersky & Gordon, 1965). More information has been accumulated for the 
trace element assemblages of various groups of plankton (Bowen, 1966; Martin & Knauer, 
1973). Martin & Knauer attempted to assess the patterns and types of association of trace 
elements in plankton believing that many elements are held by adsorption and by the 
development of hydroxy complexes as well as being possibly associated with inorganic 
particulate matter. In nearly all cases they show that Zn preponderates over Pb as observed 
in the organic matter of upper waters of Hardangerfjorden. 

While the concentrations of particulate Zn, Pb and Mn appear to be associated with 
organic matter, it is not known if these metals reside at the surface or are incorporated within 
the organisms. Certainly, their losses during drying and washing contrast to that of Ti which 
is thought to accumulate in skeletal remains. However, the reason for the interrrelationship 
of total Zn before treatment with the loss of P (P) from the organic matter is unclear. 
The removal of a considerable proportion of Zn in the organic matter of the deeper waters 
may imply surface sorption effects. The same may be true for much of the Mn lost in washing. 

It has been suggested that the release of phosphorus from plankton upon death and its 
regeneration into new organisms is rapid (Riley, 1970; Stumm & Morgan, 1970). As Zn, 
Pb and Mn are in some way associated with the release of P from organisms, we consider 
that release and regeneration of these and probably other metals will also be rapid. The 
result of these processes will be a recycling of much of the trace metals within the euphotic 
layer of marine waters and only a small proportion of the constituent elements of plankton 
will be transported through this layer towards the seafloor. 

Within stratified estuaries, especially fjords, displaying strong inward moving com-
pensating currents to counteract surface flow, it is possible that release of organic elements 
there will be transported towards the head of a fjord. The landward increase of dissolved P 
in compensating currents (Sturrim & Morgan, 1970) has been attributed to this mechanism. 

The presence of i\In in bottom water nepheloid layers is important especially in relation 
to the sedimentation of Mn in oceans. It would appear that bottom water nepheloid layers 
can either contain high aluminosilicate (or biogenous) concentrations with very subordinate 
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Mn oxides or display compositions where Mn is abundant. Following the observations made 
in this study, it is possible to assess the extent of recent or more correctly contemporary 
bottom sediment disturbances by studying the amounts of resuspended aluminosilicates (or 
biogenous matter) in the bottom waters. In addition, it would seem that the relative amounts. 
of Mn to aluminosilicates etc. compared with that of bottom sediments can provide some 
estimates of the time delay between resuspension and sampling; higher Mn indicating a 
greater lapse of time. It follows from this that studies comparing the composition of the 
nepheloid layer and the sediments with regard to Mn are irrelevant when attempts are being 
made to understand its origin in sediments. 
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Abstract. The bottom sediments of Sortjord, West Norway, contain unusually high concentrations 
of Ag, Ba, Bi, Cd, Cu, In, Pb, Sb, Sn. and Zn. The concentrations of Zn and Pb reach 10% by 
weight in some sediments. The concentrations of most of the elements are positively correlated, those 
of Pb, Cd, and Cu with Zn being particularly well developed; correlations also exist between Sb and 
Zn, and Ag and Cu. The concentrations of the metals in the bottom sediments decrease southwards 
and northwards from a locality close to a source of industrial waste. 

Introduction 

In the last two decades contamination by metals in marine and non-marine environ-
ments has attracted considerable attention. Following the disaster in Minimata Bay, 
Japan (Irukaynia etal., 1961) the efforts leading to the understanding of the cycling of 
certain contaminating metals in aqueous and biological systems have intensified 
(Jernlöv and Lann, 1971). Such studies have tended to center on the behavior of Hg 
and Cd (Haya etal., 1963: Mullin and Riley, 1956). However while harmful effects by 
other metals are known, their toxicity to biological systems is less certain (Jones, 1938). 

Most investigations concern the level of metals in inorganic and organic form in 
water and their consequent uptake by certain organisms. Considerably less attention 
has been paid to contaminating metals in bottom sediments, and little is known of 
their chemical behavior there, or their uptake by the benthos. 

This paper reports an examination of the sediments of Sorfjord in West Norway 
into which many industrial effluents enter. It is hoped to show from the levels and 
distribution of heavy metals in the bottom sediments the extent of contamination 
about the source or sources of industrial wastes. 

2. Location 

Sorf)ord is a north-south trending extension of Hardarigerfjord. I to 2 km wide and 
40 km long (Figure 1). The fjord has a step-like but generally flat bottom with a 
maximum depth of 390 m, shaliowing towards the south towards Odda, where the 
water is approximately 50 m deep. Most of the run off enters the fjord close to Odda 
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via the River Opo while smaller amounts are supplied from the sides, especially from 
the west where streams drain the Folgefommi glacier. 

Circulation in the fjord is estuarine. Salinity values of the surface 3 m of water are 
generally low (<15%), increasing with depth to 35%. These values are similar to 
those found in Hardangert]ord (Saelem, 1967). 

Three industrial plants are situated about Odda (Figure 1) producing a variety of 
products (Table 1). Industrial waste as solids and solutions is currently led into the 
fjord at depths of 0 to 25 m; daily amounts of various metals discharged are shown 
in Table 11. The history of smelting extends some 50 yr: that of the other industries 
is less. There is no evidence that the type and composition of effluents have remained 
constant with time. 

TABLE I 
Types of production 

Industry Products 

D.N.Z. Zn, AIF3, H3PO4 
D.N.N. . 	 Al 
O.S. Ca(CN)2, H4C2N.1, CaC2 

(See Figure I for locations) 

TABLE 11 
Discharge of metals in waste from industry about Odda 

(kg day -1 ) 

Element Amount Soluble/ insoluble 

Pb 4500 solid 
Zn 6000 soluble/solid 
Cu 300 solid 
Cd 30 solid 
Ag 30 solid 
Hg 3 solid 

3. Sampling and Analysis 

Sediment cores, sampled with a 6 c diameter gravity corer, were collected from 16 
stations in the southern parts of Sorfjord. Most cores, especially those collected from 
the extreme south have at their surfaces a distinct layer of red to yellow-brown sedi-
ment. Below, the sediment is mid-grey in color, this being the same as surface sedi-
ments found in the northern parts of the fjord. The thickness of the red layer is variable 
and reaches a maximum of 11 cm at station 12. It thins northwards to 3 cm at station 
21, and in the most northern station shown (Figure I) the red color is not discernible. 

Immediately after collection the sediment cores were frozen and surface 2 cm sec-
tions were sampled, dried, and ground for chemical analysis. 

The concentrations of Ag, Ba. Bi, Cd, Cu, En, Pb, Sb, Sri, and Zn in the surface 
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sediments were determined by X-ray fluorescence analysis, using a tungsten anode, a 
LIF analysing crystal and a scintillation detector. The method used was similar to that 
of Reynolds (1963) where mass absorption differences in samples and standards were 
assessed by measuring variation in the Compton scatter intensity of a Mo Kor radia-
tion source. Internationally accepted rock standards and synthetic standards mixed 
with a series of highly variable matrices (e.g. Fe 2 0 3  5 to 50%) were used. Working 
curves were linear, and the precision of analysis was ± 5% of the values recorded for 
most elements. 

4. Results 

The analyses of the surface sediments of Sörord are shown in Table Ill. These values 
can be better assessed when they are compared with metal concentrations in sediments 
accumulating in uncontaminated eivironments. Although the latter do show varia-
tions, it can be seen that the Sörfjord sediments have metal contents which are some-
times several orders of magnitude higher. This is most clearly seen with Zn and Pb 
where maximal values of 11.8% and 7.0% respectively are found and might be present 
as undiluted solid waste. 

The metal contents are generally interrelated; those of Pb, Cu, Cd to Zn (Figures 
2, 3 and 4) are particularly well defined. Good positive correlations also exist between 
Sb—Zn (Figure 5) and Ag—Cu (Figure 6). Contributions of the same elements made by 
that fraction of the surface sediments coming from natural sources are small. If we 
assume that the natural sediment contains 100 ppm Zn (Table IV) the intercepts of the 
above graphs indicate that this fraction of the sediment contains only 60 ppm Pb, 30 
ppm Cu, and 2 ppm Cd. 
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Fig. 2. Correlation of Pb and Zn in surface sediments of Sdrt)ord. 



TABLE III 

Chemical analysis of surface sediments from Sorflord 

Station No. Ba Sb Cd Pb Zn Cu Sn In Ag Ri 

S12 6500 1080 850 30500 118000 12000 1350 81 190 3 
S 7 480 280 61 6430 8300 970 390 8 42 21 
S19 680 229 50 5800 7600 1040 265 14 35 17 
S 6 580 103 32 210() 3000 450 118 4 19 23 
S22 503 36 17 720 830 210 23 B.D. 16 20 
S14 760 970 lOS 14300 17000 1920 1600 14 64 4 
S20 443 147 50 5900 9800 1520 81 15 36 20 
SlO 600 90 74 8600 12950 2000 110 21 45 4 
SlI 778 270 84 8700 15800 2230 180 28 44 7 
S15 950 150 54 6200 9850 1400 29 22 27 17 
S 8 761 235 64 7500 11100 1600 218 21 42 II 
S16 10500 760 330 70000 81000 10000 210 140 112 B.D. 
S23 600 10 16 1030 1080 240 15 B.D. 13 23 
S21 660 128 39 3600 5400 700 142 9 19 18 
S 2 343 53 27 2250 2750 510 19 B.D. 19 16 
S17 741 223 80 8250 15800 2000 110 22 35 12 
Total range 343-10500 10-1080 16-850 720-70000 830-118000 210-12000 15-1600 B.D.-140 13-190 B.D.-23 

B.D.: Below detection. 
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The extent of metal contamination of the surface sediments is clearly seen from the 
distribution of metals along a longitudinal section of the fjord (Figure 7). Most 
elements decrease in concentration both southwards towards Odda and northwards 
from station 16, which is close to the source of effluents from a Zn smelting plant 
(D.N.Z. Figure 1). It is probable that the fall off in element concentrations away from 
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Fig. 3. Correlation of Cu and Zn in surface sediments of Sorfjord. 
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Fig. 4. Correlation of Cd and Zn in surface sediments of Sorfjord. 
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this Station IS a result of dilution by metal-poor natural sediment. However, at a 
distance of 10 km from D.N.Z., although the surface sediments are visually indisting-
uishable from natural sediments, their metal levels are far higher. Clearly the full 
extent of metal contamination in the sediments of the fjord is considerably greater 
than that shown here. 

I.. 
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KI 

1000 	 10000 	 100000 

Zn (ppm) 

Fig. S. Correlation of Sb and Zn in surface sediments of SorOord. 
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Fig. 6. Correlation of Ag and Cu in surface sediments of SorOord. 
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Fig. 7. Distribution of metals in the surface sediments on a longitudinal 

profile of Sorf)ord, W. Norway. 

The distribution of Bi is different from the other elements; it shows an increase in 
concentration away from station 16. Moreover, measurements of Bi in vertical profiles 
of some cores show higher values in the immediate sub-surface samples rather than at 
the surface. In view of the high Bi values compared with that expected in natural 
sediment (Table IV) it is certain that Bi is also a contaminant from an unknown source. 

S.. 

(ppm) 
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TABLE IV 

Chemical analysis of naturally occurring marine sediments from various environments 

Environment 	 Ba 	Sb Cd 	Pb Zn Cu 	Sn 	In 	Ag 	Bi 

Mofjord, Vest Nor%%:ay& 56 130 25 
Osloijord, East Norwayb 158 265 35 
Equatorial Atlantice 36 130 180 
Gulf of Pariad 	 418 26 19 	075 	 0.02 
Aver. Shalee 	 580 	1.5 0.3 	20 80 57 	6 	0.05 	0.1 	0.01 

aTaylor, (1972). 

Price (1967) (Some contamination of sediments is likely). 
'Nicholls (1967). 

'Hirst (1962). 
CKrauskopf (1965). 

It may have been more prevalent as a waste product during the early years of industrial 
activity in SörfJord. 

If the high metal concentrations in the sediments of the southern parts of Sörfjord 
originate as a simple dispersal of waste (solid) matter from a specific source, certain 
element ratios in the sediment should be similar to those in the effluents. Elemental 
ratios in the sediment have been calculated from least squares regressions of the plot-
ted data shown in Figures 2, 3 and 4. Table V shows that while the Zn/Pb ratios of 
sediment and effluent are very similar, the Cd/Zn .  and Cu/Zn ratios are different. Rel-
ative to Zn the surface sediments have a threefold increase in Cd and Cu over that in 
the effluent. 

TABLE V 

Element relationships in surface sediment and effluent 

Element 	 Effluent 	 Surface sediment 

Cu/Zn 	 0.05 	 0.175 
Cd/Zn 	 0.005 	 0.013 
Pb/Zn 	 0.75 	 0.77 

The reason for this change is not known, but may be the result of: 

Change in the composition of waste residues with time, or differences in the 
relative amounts of soluble to insoluble residues discharged into the fjord. 

Variations in the particle size of specific metallic residues which will facilitate a 
greater dispersal of some metals over others. 

Differential solubilization of certain metals in what must be regarded as a most 
unusual marine environment, where pH values of 3.7 were recorded in the surface water. 

Selective fixation of certain metals like Cd and Cu onto the surface of the sedi-
ment. 

In view of the association of certain metals in biological systems (Nicholls et al. 
1959: Bowen, 1966) the last suggestion is of considerable interest as fixation of metals 
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at the surface may involve some uptake by organic substances. Also since specific 
metals (e.g., Hg) can be complexed with organic substances (Jensen and Jernlöv, 1967) 
and taken up in food chains (JernlOv and Lann, 1971) we think it will be important to 
study the association of metals in the SorfJord sediments with the level and type of 
organic matter present. 

In view of the preliminary results presented here we are resolved to measure metal 
concentrations in the water, in the suspended matter and also in various organisms that 
occur in the fjord, so that a better understanding of the pathways of contaminating 
metals in marine systems can be gained. 
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Particu'ate Metals 
in Waters of Sörfjord West Norway 
By J M Skei, N B Price and S E Calvert, 

Grant Institute of Geology. University of Edinburgh. 

West Mains Road, Edinburgh EH9 3JW, Great Britain. 

The purpose of the present investigation was to determine the levels of 

suspended particulate copper (Cu). zinc (Zn) and lead (Pb) in the waters 
of Sorfjord, West Norway. and to use this information to trace the dispersal 

pattern of metal-containing industrial waste which is discharged into the 
fjord at its southern extremity, near the town of Odda. The investigation has 

shown that concentrations of these metals in the fjord, especially Zn and Pb. 
are UP to two or three times higher than in natural sea water. Metals have 

been detected in both surface and subsurface waters 40 km away from the 
area of metal discharge. Considering the hydrography and the relationship 

of Zn and Pb in different waters, it seems possible to draw the conclusion 
that two distinct bodies of contaminated water outflow from the fjord. 

However, during periods of high river runoff, the dispersal of metals in 

subsurface waters will be different, and at such times we predict that pol-
lution of the inner fjord will be greatest 

We have investigated the chemical com-

position of suspended particulate matter 

in a number of uncontaminated marine 
environments. This report concerns our 

study of the composition of sea water in 
S.3rljord. West Nor. which is heasily 
contaminated by metals at its northern end 
(I). This investigation is intended to show. 

from the concentration of Zn. Pb and Cu 

in suspended particulate matter, the 

effect of metal pollution within the entire 
fjord and the dispersal of these metals in 

the fjord's surface and subsurface waters. 

Sorijord is a north-south trending ex-

tension of Hardaneertjord. 1-2 km wide 

and 40 km lone 1 Figure h. The fjord has 

a step-like profile with several Flat areas. 

with a maximum depth of 390 m shaikiw-
ing southwards towards Odda where the 

water is approximatcl% 50 m deep. Mos t 
runoff enters the Ijord close to Odda ia 

the River Opo while smaller amounts are 
supplied from the sides. especiall from 
the west where streams drain the Folge-
fonni glacier. 

Three industrial plants are situated near 

Odda and produce a variety of products 

(1). Industrial waste. as solids and solu-
tions from a zinc smelting plant, is led into 
the fjord at depths of 0 to 25 m: the re-

spectise daily amounts of discharge of 

Cu. Pb and Zn are 300. 4.500 and 6.000 
kg/day. 

The salinit IS) and temperature IT) 

of the water were measured for the Sta-
tions ih Figure I during Aueust. 1971. 

Profiles of S and 1 for three of these sta-
tions 126. 29 and 321 are shown in Figure 
2. Surface salinities are low everssshere  

but rapidly increase with depth to 
within the upper 4 m or S m of 

water. A small but distinct increase of 
temperature is seen from 0 ni to 4 m, be-

low which there is a gradual decrease un-

til fairl constant values are reached be-

low 70 m. The temperatures of subsurface 
waters in the north are lower than in 

waters of cquisaknt depth in the south. 

Samples of particulate matter in the 

water were collected during August. 1971, 
from eight stations in S.irtjord which 

were positioned along a median line ex- 
tending from Odda northwards to the en- 

trance or the fjord. Sample', of about 5 1 o 
water were collected in pol vin I chloride/ 

nylon water bottles. After transfer to pre-

washed po(seth lenc containers the water 

was suction littered in air through pre-
weighed. 47 mm diameter. 0.45 Sartorius 

membrane litters (2). Quantities of Zn and 
Cu and Pb in the particulate matter ex- 
pressed as pg metal/1 water were deter - 
mined b X-ray emission anaksis (3(. 

Standards were prepared using water in-
soluble salts of C u , Zn and Pb and cali-
bration curses weec obtained from the net 
peak intensities of the Cu la. Zn Ka and 
Pb La radiations against a series of syn-

thetic standards. The precision of the 

Figure 1. Sórfjord is 40 km long and 1-2 km 
wide. Industrial waste containing Cu. Zn and 
Pb enters the fjord about the town of Odda 
Water sampling stations are shown Main 
water influence is Opo river In addition water 
inflow by several streams from Foigefonni 
glacier west of Sorfjord 
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Figure 2. Vertical profiles of temperature and method was estimated to be Cu= 13 per- 
aalinrty, sampled at three water stations in cent. Pb=8 percent and Zn 3 percent. 
Sórfjord, West Norway. Density structuring Of 	

The content of Zn. Pb and Cu in the Water (a if is primarily controlled by salinity. 
particulate matter of different waters in 

the fjord (Table I) show that the con-

centration range for these elements is very 
great, that is 1.32-51.29 AigA Zn. 0.7-
58.051ig/lPband <0.1-2.044g/lCu. Most 
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water in the fjord show concentrations 

that are far higher (I—S X 10) than those 

occurring in normal sea water. For in-

stance, concentrations of 0.1 to 0.2 jzg/I 

Zn and 0.1 to 0.25 AgIl Cu base been 

quoted for particulate matter in the Gull 
of Maine (2). A similar value of Cu lie 
0.3 1&iz/I) has been determined in water 

of the English Channel (4). Particulate Pb 

in other uncontaminated Norssegian 

fjords is below 0.1 Ito 151 and this figure 

is taken as an estimate for normal waters. 

Contributions of Cu from terrigenous 

and biological sources to the total par-

ticulate matter measured are likely to be 
much more important than contributions 

of Zn and Ph from the same sources. 
Natural contributions of Zn and Pb as a 
proportion of the total particulate matter 

measured are insignificant. 

In the inner fjord stations (26. 27. 28. 

29 and 31) maximum values of Zn and 

Pb occur at variable depths below the 

surface, although surface values are much 

in excess of those found in natural waters. 

Stations in the north (30. 32 and 33) 
show higher values tr these metals in 

the surface water 10-5 ml while at depth 

the values can decrease to near-natural 

levels. In the case of Cu. although con-

centrations are much lower than (or Ph 

and Zn. some high values are present at 

intermediate satcr depths in the southern-

most part of the fjord. In the northern 

stations the highest Cu concentrations 

occur at the surface. 

The high concentration -at diflrnt 

depths in the southern parts of the (lord 

probably results from the proximity of 

water sampling to points of industrial 

discharge of metal ettluents. One may 

therefore expect some lateral dispersal of 

this material in the fjord. Horizontal 
variations i metal concentrations. es-

pecially in the northern parts ol the Ijord, 
suggest that the fjord is persaded by 

metal waste throughout. Metal concentra-

tions both In the surface 1(1-5 nu and 
subsurface ssaters down to at least 30 m 

depth. show a general northward decrease. 

A similar pattern of decreasing metal 

concentration in waters sampled at pro-
gressively greater distances from the 

southern California coast has also been 

observed (6) and is likewise thought to 

be due to the dispersal of effluent ma-

terials. 
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Table 1 . Concentrations of particulate Cu. Pb 
and Zn in the waters of Sorfjord. West Norway 
(/49/I) 

Station 

Depth 

m Cu 
Zn/Pb 

Ph 	Zn 	ratio 

26 0 1.02 8.92 16.57 1.86 
2 0.37 3.59 	11.12 	3.10 

30 0.53 1659 11.15 0.67 
40 0.52 27.92 14.64 0.52 

27 0 0.68 4.18 	6.21 	1.49 
I 0.87 2.82 	

9., 
5 5 3.39 

5 1.00 14.64 41.5 2.83 
10 0.60 13.72 17.85 130 
20 1.89 11.14 36.36 3.26 
30 0.26 14.38 17.80 1.24 

28 0 1.32 14.14 25.68 1.82 
5 1.57 22.93 51.29 2.24 

10 204 32.06 	- 	 - 

15 1.45 36.98 35.91 0.97 
20 1.14 42.66 30.80 0.72 

31 0 0.51 3.08 22.77 7.39 
5 0.61 9.74 	- 	 - 

10 0.47 18.40 21.26 1.16 
20 1.57 58.05 34.82 0.60 

29 0 0.2 4.79 	$.hb 1.81 
5 0.76 3.11 	- 

10 0.66 9.99 14.02 1.40 
20 0.14 6.06 	7.32 1.21 
50 0.41 14.93 	9.23 0.62 

30 0 0.84 7.3310.79 1.47 
5 0.5s 2.99 	- 	 - 

10 0.10 3.16 	5.19 1.64 
30 Es] 1.21 	3.61 	2.98 
80 0.15 3.55 	2.85 1)80 

ISO bd 4.39. 	1.67 0.38 

32 0 0.11 6.32 20.34 3.22 
10 bd 070 	3.66 5.23 
80 Es] 2.23 	1,32 058 

33 0 0.13 3.65 	- 

10 he Es) 	2.07- 
30 hd bd 	1.41- 

be) = beToi dc)echjn 
Lktcetion limits arc: Cu 0.1 ;oJl 
Pb =0.1 /:iJ, 711=0.1p.iJi 

The relationship of Zn to Pb is shown 
in Figure 3 and Table I and is different 

in surface and subsurface particulate 
matter. Zn/Pb ratios at the surface are 

distinctly higher than in the effluent 

(Figure 3), while in most subsurface 
waters they are lower. This is especially 

seen in particulate matter from samples 
taken at the northern stations. The reason 

for this chance in ratio is not known. 

Possibly, solid effluents introduced into 

surface waters differ in composition from 

those discharged at depth. Alternatively. 

there may be preferential solution of 
either particulate Zn or Pb in waters of 

different physicochemical character. 

The pattern of dispersal or particulate 
metals in the waters of fjord depends 

essentially on its circulation. Water 
circulation an fjords is of a modified 

estuarine type, and is distinguished by 
the primary circulation taking place in 

the upper layers of water because 
river runoff dominates over that of tidal 

mixing (7. 8). The salinity distribution 
for &rIjord shown in Figure 2 is typical 
for fjords in general. Howcscr. mean 

circulation under conditions of large and 

small runoff is different 17L During 
periods when high runoff exerts a greater 
influence than tidal mixing t',i/ May-
June). surface outflow is restricted to the 
uppermost few meters of water: a com-

pensating strong inflow occurs immedi-

ately bencach 17i. In periods of low run-

off. similar to that occurring during 

August. 1971. temperature/salinity pro-
files assume a trend as seen in Figure 2 

(7). Now outflow can occur within water 

extending doss n to several tens of meters. 
although a marked velocity shear may 

occur in the upper few meters of water. 

The norhward decrease in concentra- 
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