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Introduction 
 

Botany Bay, located 15 km south of central Sydney, has a roughly circular shape of 6-7 

km diameter and natural water depths that generally are less than 5 m but reach 10 m at 

the entrance and locally have been enhanced by dredging to 20 m.b.s.l. (metres below 

sea level).  The entrance to Botany Bay is a narrow (1 km) gap between the rocky 

headlands of La Perouse and Inscription Point so Botany Bay is largely protected from sea 

storms. 

Two major rivers enter Botany Bay: Georges River (103 km in length) in the southwest 

and, in the northwest,  Cooks River (21 km long), which has an artificial entrance (about 

1.5 km to the south of the original) that was created in 1947 for the development of 

Sydney Airport. 

 

This study aims to determine the distribution of the unconsolidated sediments, to assess 

their geochemical characteristics and to identify and define the ecology of the benthic 

foraminifera (protozoa) within the Bay 

The potential use of foraminifera assemblages as biological indicators will assist the 

decision making process and the monitoring programs of the Australian estuaries. As the 

benthic foraminifera offer an integrated view of all the physical-chemical parameters they 

are well suited to long term environmental monitoring. 

 

During the last few decades the human impact on the marine environment and, in 

particular on the coastal zone, has increased substantially. One of the difficulties in 

establishing the level of environmental stress is the lack of reference base levels and 

suitable methodology for the treatment of long-term data. Any attempt to evaluate physio-

chemical parameters of the water masses is, by the very nature of the measurement 

methodology, time related; it gives only a snapshot of the environment. While this 

approach is valid for an immediate response to environmental potential disasters, either for 

a punitive action or/and for a remedial action, it fails to detect and monitor subtle changes 

in the water qualities. 

A permanent record of these events is, however, available in the seabed; the distribution 

of benthic organisms and sediment geochemistry reflect very closely the behaviour and 

quality of the water masses. 

The effects of quality changes, even slight but persistent in time, have cumulative effects 

on the seabed. Some benthic life is affected by the concentrations of the heavy metals in 

the sediments and, in turn, humans are also affected via the food chain. 
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Once a complete baseline is available, then the methodology has long term monitoring 

capabilities; by repeating the study after 10-20 years a clear assessment of the changes 

that have occurred between the two surveys is obtained. To be effective a baseline must 

be established within a short period of time.   

The methodology here described has been applied with success to several Australian 

estuaries: Broken Bay, Cowan Creek, Brisbane Waters, Port Hacking. Within the Botany 

Bay Catchment, recent studies conducted with this methodology have been completed for 

Cooks River, Scarborough Ponds and Kyle Bay. Other studies have been conducted in 

Kogarah Bay, Oatley Bay and Woronora River, although they are not suitable to be 

included as part of this baseline as they have been completed several years ago. 

However, they can still be used as a possible term of comparison with present fauna. 

The Cooks River Study was conducted with a financial support of the Environmental Unit 

of the Marrickville Council and the evaluation of Kyle Bay was supported by the 

Environmental Unit of Kogarah Council. 

In Appendix 9 an example of the use of foraminifera as ecological indicators is illustrated. 

 

 

Research description. 
 

 

A - Sediments - grain size characteristics. 

 

Detailed sedimentological investigations have been used to recognise sedimentary 

provinces; in addition, sediment data can also be used to estimate the rate of siltation and 

provenance of the sediment, and to give an indication of the energy levels affecting the 

seabed. Traditionally the approach has been to evaluate the sediment characteristics 

based on summarising the size distributions using statistical parameters only, the 

methodology here adopted in evaluating the laboratory data is based on a complex 

statistical analysis using the totality of the data. This has been found to reveal a number of 

details much greater than by the traditional method and to obtain a more comprehensive 

understanding of the sedimentary environment (Albani, 1974; Albani and Brown, 1976; 

Albani et al., 1998, 2001). 

In addition, the approach of grain size determination using sieves, thus based on the 

physical dimensions of the particles, does not consider those other characteristics such as 

shape and specific gravity, which play an important role in the hydrodynamic behaviour of 

each particle. The methodology adopted in this methodology is based on the 

hydrodynamic size of the particles, which also allows a more rigorous and detailed 

assessment of the size distributions. 
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B - Sediments - geochemical characteristics. 

 

A standard set of 11 major elements (SiO2, TiO2, Al2O3, Fe2O3, MnO, MgO, CaO, Na2O, 

K2O, P2O5, SO3) and 20 trace elements (Pb, Sr, Rb, Y, Zr, Cu, Zn, Ni, Ga, U, Sn, As, Sb, 

Mo, Cd, Cr, V, Nb, Th, Ce) have been selected for these investigations.  Many of these are 

suspected to be toxic to life forms and are likely to be introduced into the area by human 

activities.  This was largely guided by the experience with a similar set of samples from 

Broken Bay, New South Wales (Rickwood, 1983; Rickwood et al., 1983) and from the 

Adriatic Sea and the Lagoon of Venice (Albani et al., 1995; Rickwood et al., 1992). Using 

these data, geochemical provinces are delineated and an assessment of potential sources 

of specific elements obtained. 

While most of the determinations are carried out on a selected portion of the sediment, 

mainly the fine fraction, the technique here adopted examines the totality of the sample 

including the interstitial water present in the sediment at the time of the collection. This 

approach allows for an understanding of the amounts of the heavy metals, which may be 

affecting the benthic fauna (Albani et al., 1998). 

 

 

C - Benthic foraminifera. 

 

Foraminifera are marine unicellular protozoa that secrete a shell (test) of calcium 

carbonate; their size generally ranges from 0.1 to 2 mm (Plate 1). They are very sensitive 

to variations in 

a Plate 1 - Typical benthic foraminifera 
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the physical-chemical characteristics of their environment such as salinity, temperature, 

food availability and water depth. The high abundance of individuals of the same species 

(population) and the considerable variety of species (assemblage) present in a  

small sample of the bottom sediment, even in a restricted environment, make it possible to 

recognise any slight changes in the total assemblage, as well as in the various 

populations. Often the differences are not in the presence or absence of various species, 

i.e. at the assemblage level, but in the relative abundance of the various species. 

Because of their short life span (generally 9-12 months) and the fact that they secrete a 

shell, the occurrence of foraminifera is not restricted to the time of the sampling and it 

offers a time-integrated view of the water qualities. 

The main aim is to recognise ecologically similar environments, therefore it is desirable to 

adopt a technique, which would tend to minimise the seasonal variations. Both living and 

dead individuals are considered, thus eliminating the problem of repetitive sampling due to 

seasonal variations; an integrated view, i.e. a view that includes seasonal variations, is 

obtained.  Temporary changes in conditions, which although may produce drastic but short 

lived effects on the benthic population, have little impact on the overall data base as the 

span of time of the sampled population may be of a few years. Only those persistent 

conditions that affect permanently the overall assemblage can be recognised. Because of 

these capabilities, the benthic foraminifera are an ideal group of organisms for long term 

monitoring purposes.  

 

In recent years numerous studies conducted along the eastern coast of Australia and 

overseas have shown that benthic foraminifera can be very effectively used to delineate 

ecological provinces (biotopes). The level at which the various stations link together to 

form the biotope, is an expression of faunal similarity.  In coastal environments 

characterised by industrial pressures, such as the Lagoon of Venice, it has been possible 

to identify areas with significant ecological abnormality (Albani, 1993; Albani et al., 1984; 

Albani et al., 1991; Albani et al., 1989; Johnson and Albani, 1973; Serandrei Barbero et al., 

2003). 

In addition the methodology here adopted has made it possible to monitor time-related 

environmental changes (Albani et al., 2006; Armynot du Chatelet et al., 2004; Serandrei 

Barbero et al., 2004, 2006). 
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Results 

 

The results are discussed under three main headings: sediments, total sediment 

geochemistry and benthic foraminifera. 

They are presented graphically using a series of thematic maps; the geochemical 

concentration maps of selected trace elements were computer generated. 

 

Sediments 

 

Eighty-four bottom samples were collected in 2002 using a small grab; the sample was 

normally taken from the top 10 cm of surface material and covers an area of seabed less 

than 1 metre (Fig. 1). The field work as well as the analytical procedures were not 

supported by an external grant. 

 
Figure 1 - Location of samples 

A 500 gr aliquot was homogenised and a sub portion of 50 - 60 gr was wet sieved through 

a 63µm nylon mesh to separate sand from silt and clay. The sand fraction was then 
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processed using a specially designed sedimentation balance with variable sampling rate, 

up to 1/20 F interval (F = -log mm/log 2), and the silt/clay fraction analysed using a 

Malvern Laser Analyser.  

 

The % values of each fraction was calculated and these data form the basis for the various 

correlations. The grainsizes are shown as F values; in Appendix 1 the correlation between 

these values and the millimetre size is indicated together with the main classification. 

The complete data set was statistically evaluated using a correlation matrix based on the 

Euclidean coefficient (Sneath and Sokal, 1981) and displayed as a dendrogram . 

A number of sediment groups was recognised and their composition and simplified 

relationships are shown in figure 2. The predominant character of each group is also 

shown  

 

 
Figure 2 - Composition and relationships of sediment groups 

 

as principal modes that identify the main sediment populations present. The geographic 

extent of each group is shown in figure 3. 

The sand present throughout the Bay consists of medium sand (1.25 - 2.00 F) although 

additional sediment populations may be superimposed and thus indicating localised inputs 

and energy conditions. 

 

Group A - It consists of up to 46% of very coarse sand (0.00, -050  and -1.25 F ) together 

with the basic sediment of medium sand. It indicates the areas of relatively higher energy 

such as Yarra and Frenchmans bays. It is also present off Dolls Point and in the narrow 

channel close downstream from Captains Cook Bridge. 
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Group B - It occurs in a few locations close to the entrance to Botany Bay, in the Port area 

and in the channel off Dolls Point. It consists of coarse sand (0.75 - 1.25 F ) with minor 

content of the very coarse sand as in Group A. 

 

 
Figure 3 - Sediments distribution. See figure 2 for details of the sediment groups. 

 

Group C - This group represents the most common sediment type in the Bay. It consists, 

for 16-22%, of medium sand (1.25 - 1.75 F ) with few patchy occurrences of fine silt up to 

8%. The silt is generally occurring in the eastern and south eastern side of the Bay. The 

samples circled show slightly coarser sediments (1.00 - 1.50 F ) for 18-20% of the content. 

 

Group D - Three samples show a medium to fine sand composition. They are located at 

the tip of Bonna Point to the south of the Bay and at the end of the canal to the east of the 

third runway. This last occurrence seems to indicate a limited sediment input from the Mill 

Ponds. 
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Groups E and F - They represent the deposition of fine sediment, mainly silt (6 - 8 F). 

Group E made up by the common sediment (medium sand) with some input of silt while 

Group F is primarily silt with some input of medium sand. 

 

While the sediment distribution reflects the energies of the bottom waters present in 

Botany Bay some occurrences may be attributed to the engineering works associated with 

the increased Airport facilities and the development of Port Botany. 
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Sediment Geochemistry 

 

In the geochemical study, 250 gr of sample was dried at 105
C prior to thorough mixing 

and subdividing. The sample was grounded in a tungsten carbide ring mill to ensure 

particles are < 50 µ in diameter and the resultant powder was remixed. 

Finally 4-5 gr aliquots were taken from the dried, crushed sample and pressed in a 

hydraulic ram to produce firm pellets suitable for X-ray fluorescence spectrometry 

analyses. 

 

Major elements 

 

The concentrations of the major elements (Appendix 3) have been analysed using the 

same methodology adopted for the sediments. A correlation matrix based on the 

Euclidean coefficient and graphically displayed as a dendrogram identified the presence of 

5 major groups (Fig. 4). 

 

Generally the distribution of the major element follows the pattern seen in the sediment 

distribution. 

 

Group 1 - It represents the most common sediment and it is composed of quartz sand with 

little or no fine silt and clay. 

 

Group 2 - The composition of the sediment shows the presence of some silt and clay 

indicated by the aluminium and iron. While the occurrences in Woolooware and Quibray 

Bays are linked to the bottom topography, those off the older Airport runway may be 

related to the tidal flow of the Cooks River. The occurrence off the newer runway may be 

in part related to the various dredging for the Port development and thus exposing older 

underlying fine sediment. 

 

Groups 3, 4 - They show the presence of abundant shell material both in the sandy 

environment (Group 4) and in the silty sand sediment (Group 3). In particular, the 

occurrence 

around Monterey may be related to the effluent from the Scarborough Ponds. 

Group 5 - The relatively deeper waters favours the presence of benthic life reflected in the 

presence of calcium carbonate. 
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Among the major elements, TiO2 may be related to anthropogenic inputs. It is used in 

white paints and its highest concentrations (0.63-0.95%) were found in Woolooware Bay 

and off Cooks River (0.59-0.74%). 

 
Figure 4 - The distribution and major composition of the 5 geochemical groups. 

Trace elements 

The concentrations vary considerably between the different trace elements and therefore 

in order to use the same statistical approach the data set was normalised by dividing each 



 

 Environmental Assessment of Botany Bay, 13 
 

 

concentration value by the median of the element concerned. The normalised data set was 

then evaluated by cluster analysis using the Euclidean correlation coefficient. Four groups 

were recognised (Fig. 5) and the relative abundance of each element in each group is 

shown in figure 6.  

 

 
Figure 5 – The distribution of the 4 groups of trace elements. 
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Figure 6 – The average composition of each element in each group. The 
vertical scale represents the normalised value (1 = median, 5 = 5 time 
the median) 
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The distribution of the trace elements (Fig. 5) indicates noticeable concentrations in only 

35% of the samples (groups 2-4), while in Group 1 (65% of the samples) the 

concentrations of the various elements are close to their median value (Fig. 6). 

Group 2 shows an increase of chromium up to 5 times the median value, and enhanced 

values of yttrium, zinc, lead and strontium. The distribution of this group suggests an 

anthropogenic origin linked to inputs from Cooks River into a low energy area near the 

runway and to discharges from the Scarborough Ponds south of Monterey.  

Groups 3 and 4 show increased concentrations of the same elements noted in the group 2 

with the addition of antimony, arsenic, copper and nickel. 

 

In order to evaluate the distribution of the key elements a series of contour maps are 

presented. These are based on the concentrations (ppm) of the various elements and, 

while all are below the “HIGH” ANZECC guidelines (2002), few are above the “LOW” value 

(Pb, Zn and Sb). The concentrations distribution maps are computer generated and the 

contours are based either on the ANZECC guideline values or on the median value and its 

multiples.  

 
            Figure 7 – Distribution of lead concentrations. 

 

Lead (Pb) (Fig. 7); Zinc (Zn) (Fig. 8) – The concentrations are above the “LOW” ANZECC 

recommended values in the vicinity of Cooks River. 
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            Figure 8 – Distribution of zinc concentrations. 

 
           Figure 9 - Distribution of antimony concentrations 

 

In case of antimony (Fig. 9) its general concentration is above the LOW level and it 

reaches values higher than half the LOW-HIGH range off Kurnell.  
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The concentrations of arsenic (As) (Fig. 10) are generally below the median value, except 

off Cooks River Woolooware Bay, Quibray Bay and, to a lesser extent, off Scarborough 

Ponds (south of Monterey). 

 
              Figure 10 – Distribution of arsenic concentrations. 

 
           Figure 11 – Distribution of copper concentrations. 
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            Figure 12 – Distribution of nickel concentrations. 

 

 
            Figure 13 – Distribution of chromium concentrations. 
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             Figure 14 – Distribution of strontium concentrations. 

 

 
            Figure 15 – Distribution of yttrium concentrations. 
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        Figure 16 - Distribution of zirconium concentrations. 

 

 

While no attempt was made to identify the primary source of the high concentrations, 

some general comments can be made. 

As, Ni, Y and Cu are present in inflated concentration off Cooks River, Quibray Bay, 

Woolooware Bay, off Georges River and around the Port Development.  

In particular chromium and zirconium show a high concentration off the oil terminal at 

Kurnell, while strontium shows a very high concentration (greater than 10 times the 

median) off Inscription Point.  

The input from the Scarborough Ponds is significant for As and Y, although much less than 

the values measured in the Ponds (Appendix 8).  

It is interesting to note the similar occurrences of higher concentrations of As, Cu and Cr in 

Woolooware and Quibray bays as these three elements have been used as treatment to 

give less-durable timbers a longer life in any applications, both in the ground and under 

water, such as marinas, piers and oyster farms. 

The input from Georges River is not clearly identified and it would be highly desirable to 

assess the environmental conditions of this important estuary in order to obtain a complete 

baseline of Botany Bay catchment.  
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Benthic foraminifera 

 

A subset of samples were selected, three portions of 20 cm2 each were taken from the 

original sample, mixed and wet sieved through a 63µm nylon mesh to eliminate silt and 

clay. The residue was dried and the foraminifera concentrated using a floatation method. 

The concentrate generally contains an average of 10,000-20,000 individuals; this 

assemblage is subdivided using a micro splitter to obtain a representative assemblage of 

about 1,000 individuals. All the individuals were identified through microscopic 

examination, their number recorded and expressed as percentage species population of 

the total assemblage present in the sample. 

 
Figure 17 - Distribution of total population in each sample. 

One hundred and eight species were recorded and 14 species were found to have 

abundance greater than 10% in at least one sample. These 14 species have been used to 

define the composition of the various biotopes. 
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The total number of individuals vary from 10 at BB36 to 20,850 at BB4; the overall 

distribution (Fig. 17) shows the greatest abundance been in the central portion of the Bay. 

The number of species present in each sample (Figure 18) shows a similar distribution. 

 

 
Figure 18 - Distribution of total number of species in each sample 

 

To assess the distribution of the various benthic fauna, the numeric data set was 

evaluated by cluster analysis using the Pearson coefficient. Samples with similar faunal 

composition (Biotopes) indicate similar environmental conditions. The biotopes 

terminology here adopted is descriptive and limited to this study. 

Eight biotopes (Fig. 19) have been identified and the controlling factors appear to be the 

water qualities, the predominant circulation energy, the inputs from Georges and Cooks 

rivers and some anthropogenic and localised inputs. 
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Figure 19 - Distribution of foraminiferal biotopes. 

 

The main composition of each Biotope is shown in figure 20; the species were selected on 

the basis of their average abundance throughout the biotope being greater than 10%. 
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Figure 20 - Average composition of the biotopes based on selected species. 

 

 

Marine Biotope  – It is located at the entrance to Botany Bay. It is composed by 11 

species capable to withstand the strong tidal flow, such as Textularia pseudogramen, 

Triloculina trigonula and Trochulina dimidiata.  
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Outer Bay Biotope  - It occupies the entrance portion of the Bay and it is composed by the 

second richest assemblage (77 species) with Rosalina bradyi and Elphidium depressulum 

predominating.  

 

Inner Bay Biotope  - It is the most widespread biotope occupying most of the bay and 

composed by the largest assemblage (87 species) with Elphidium depressulum and 

Ammonia aoteana predominating. The fauna is largely typical of an estuary along the east 

coast of New South Wales and the variability of the total population within the biotope 

reflects the level of sediment reworking, as the sample analysed consists of a constant 

volume of sediment.  

 

Mixing Biotope  - Its faunal content is very similar to that of the Outer Bay Biotope but with 

a reduced assemblage. It is interpreted as the area of mixing between Outer and Inner 

Bay biotopes. 

 

Shore Biotope  - It is located along the western shores of Botany Bay. The assemblage, 

although similar to the fauna of the Inner Bay Biotope, shows a reduction in the number of 

the species with the most fragile shell (Glabratella) and an increase in the more robust 

species (Quinqueloculina). 

 

Fluvial Biotope  – The name here adopted is location controlled and it is only used to 

identify the assemblage located at the downstream of the Captain Cook Bridge, taken here 

as the boundary between Georges River and Botany Bay. A more comprehensive 

sampling along the Georges River would necessarily change such terminology. The genus 

Spiroloculina (robust shell) predominates while Elphidium depressulum (fragile shell) is 

greatly reduced indicating a stronger tidal and fluvial flow. 

 

Deep Biotope  – This Biotope is restricted to the deep section of the Bay off Port Botany. 

While the presence of transported material cannot be discounted, the assemblage 

contains Pseudorotalia inflata that is usually present in the deep sections of the 

metropolitan estuaries and Eggerella australis, an arenaceous species that favours a more 

restricted water circulation. 

 

Anthropogenic Biotope  – The assemblage is affected by the flow from Cooks River with 

several species common in both environments (Ammonia aoteana). It is named as 

“anthropogenic” in view of the anthropogenic impact in Cooks River. This Biotope is also 
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found off Inscription Point at Kurnell and further investigation is needed to identify the 

cause in this location 

 

 

Pelagic foraminifera 

 

Pelagic foraminifera are species that are part of the zooplankton; they are transported by 

currents, including tidal currents, and are deposited at the end of the flow. 

In Botany Bay the distribution of pelagic foraminifera is illustrated in figure 21 and it may 

give an indication of the initial direction of water flows in the estuary during flood tide. 

 
Figure 21 – Distribution of pelagic foraminifera as % of total population in each sample. 
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Recommendations 

 

The present study offers an overall view of the distributions of the sedimentary and 

geochemical provinces and of the foraminiferal biotopes in Botany Bay. 

The data sets were processed using a number of statistical approaches, including cluster 

analyses and the results were plotted on thematic maps to indicate the distributions of the 

various parameters. These maps reflect the conditions of the seabed at the time of 

sampling and when compared with the results from similar future studies will reveal time-

related changes (environmental improvements or/and deteriorations) that form the basis 

for long term monitoring programs. 

To be fully effective, however, and, at the same time, to create a comprehensive and 

uniform baseline the investigation should be expanded and applied to the totality of the 

waterways of the Botany Bay catchment. 

While some portion of the catchment has been recently investigated, such as Cooks River 

and Kyle Bay, the main waterway, Georges River, is largely unknown it its totality. 

The value of any baseline consists in offering a time-based comparison between 

subsequent assessments. Therefore there is a strong need for this investigation to be 

extended to the totality of the catchment within a very short period of time, a year or less, 

in order to maintain the validity and effectiveness of the total database. 

 

To support and facilitate any future assessment of Australian estuaries, and as partial part 

of this study, a computer-based interactive catalogue of recent foraminifera will be made 

available through the WEB.  
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Appendix 1 
 
Distribution of sediment type based on the size of the particles (grain-sizes) 
 
F  = -log (mm) / log 2 
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Appendix 2 
 

Sediment data 
 

sediment type BB01 BB02 BB03 BB04 BB05 BB06 BB07 BB08 

very coarse sand 44.95 0.93 0.28 0.53 49.74 21.35 0.36 13.14 

coarse sand 33.56 33.77 7.17 1.73 13.42 28.21 5.13 4.21 

medium sand 20.52 59.28 82.26 25.49 27.81 47.05 82.80 65.28 

fine sand 0.97 6.02 10.29 49.53 5.29 3.39 11.71 17.37 

very fine sand 0.00 0.00 0.00 11.52 0.58 0.00 0.00 0.00 

silt 0.00 0.00 0.00 6.23 2.91 0.00 0.00 0.00 

clay 0.00 0.00 0.00 0.00 0.18 0.00 0.00 0.00 
                  

sediment type BB09 BB10 BB11 BB12 BB13 BB14 BB15 BB16 

very coarse sand 8.74 0.72 3.06 0.44 0.36 1.01 0.26 0.25 

coarse sand 49.28 8.46 2.37 6.84 3.58 19.40 5.99 1.92 

medium sand 38.41 50.25 54.11 79.61 49.67 63.85 69.55 64.04 

fine sand 3.57 24.15 29.16 13.12 22.53 10.92 18.09 21.75 

very fine sand 0.00 2.18 2.10 0.00 7.68 0.21 0.51 2.39 

silt 0.00 11.78 7.98 0.00 13.35 4.16 4.81 8.43 

clay 0.00 1.82 0.91 0.00 1.27 0.45 0.72 0.83 
                  

sediment type BB17 BB18 BB19 BB20 BB21 BB22 BB23 BB24 

very coarse sand 12.21 6.88 1.18 0.51 0.17 0.35 0.78 0.22 

coarse sand 12.72 5.90 8.50 3.84 1.97 12.29 8.40 1.13 

medium sand 49.12 54.35 67.27 64.59 44.21 67.14 77.96 40.28 

fine sand 18.00 22.28 18.22 19.02 26.91 15.26 12.86 9.53 

very fine sand 0.37 1.80 0.66 2.22 4.25 0.40 0.00 3.34 

silt 6.45 6.77 3.39 7.46 18.21 3.14 0.00 41.90 

clay 1.06 0.93 0.55 1.26 1.97 1.05 0.00 3.48 
                  

sediment type BB25 BB26 BB27 BB28 BB29 BB30 BB31 BB32 

very coarse sand 0.34 0.26 0.52 1.00 0.48 0.18 0.19 0.00 

coarse sand 2.60 1.69 4.09 4.06 3.00 1.13 1.57 1.02 

medium sand 39.51 80.57 53.81 59.05 71.03 54.43 47.62 65.16 

fine sand 6.93 17.48 36.52 24.90 23.62 14.67 10.24 13.13 

very fine sand 2.31 0.00 0.53 1.10 0.98 2.36 3.22 1.28 

silt 38.26 0.00 3.85 7.56 0.00 19.48 25.64 13.41 

clay 9.52 0.00 0.47 1.46 0.00 7.22 10.89 5.78 
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sediment type BB33 BB34 BB35 BB36 BB37 BB38 BB39 BB40 

very coarse sand 0.25 0.29 0.41 3.80 0.36 0.18 0.33 0.22 

coarse sand 3.65 11.89 4.83 5.43 1.71 0.67 50.95 0.98 

medium sand 66.07 62.20 80.50 72.31 56.30 38.38 45.62 61.95 

fine sand 11.33 9.13 12.89 17.41 35.46 6.02 3.10 19.79 

very fine sand 2.19 0.80 0.84 0.42 1.12 3.29 0.00 1.20 

silt 11.83 10.71 0.00 0.00 3.71 32.94 0.00 9.17 

clay 4.18 4.81 0.00 0.00 0.96 17.95 0.00 6.36 
                  

sediment type BB41 BB42 BB43 BB44 BB45 BB46 BB47 BB48 

very coarse sand 0.24 0.00 0.20 0.14 0.44 1.76 24.90 0.59 

coarse sand 0.84 0.00 1.62 1.96 1.62 22.24 4.19 4.10 

medium sand 61.23 13.51 27.30 47.84 65.20 54.70 28.34 62.93 

fine sand 11.55 1.62 7.85 9.04 16.81 20.03 13.69 31.40 

very fine sand 1.00 3.89 3.36 2.83 0.94 0.57 5.14 0.28 

silt 16.22 56.74 44.24 27.98 10.03 0.00 19.12 0.00 

clay 8.74 23.62 15.22 9.70 4.67 0.00 2.22 0.00 
                  

sediment type BB49 BB50 BB51 BB52 BB53 BB54 BB55 BB56 

very coarse sand 1.84 1.96 0.17 0.60 23.17 9.24 0.00 53.84 

coarse sand 3.24 6.06 1.63 1.92 3.73 3.89 0.00 13.26 

medium sand 67.39 70.54 71.69 29.97 5.62 6.24 0.45 22.44 

fine sand 26.45 21.44 10.55 11.21 2.78 3.11 3.54 2.78 

very fine sand 0.60 0.00 0.46 3.16 5.04 5.73 8.62 0.47 

silt 0.00 0.00 10.00 39.57 44.25 52.17 66.25 4.98 

clay 0.00 0.00 5.46 13.02 14.37 18.57 19.24 2.12 
                  

sediment type BB58 BB59 BB60 BB61 BB62 BB63 BB64 BB65 

very coarse sand 38.39 8.12 1.21 2.46 0.00 0.14 0.60 0.91 

coarse sand 9.21 44.93 10.84 16.81 1.12 1.21 17.77 2.87 

medium sand 38.87 43.92 65.25 72.27 86.79 74.10 63.31 59.15 

fine sand 7.79 3.03 22.70 8.46 12.09 23.57 13.78 32.72 

very fine sand 0.24 0.00 0.00 0.00 0.00 0.28 0.22 0.47 

silt 4.34 0.00 0.00 0.00 0.00 0.00 2.91 2.61 

clay 1.09 0.00 0.00 0.00 0.00 0.00 1.28 1.04 
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sediment type BB66 BB67 BB69 BB70 BB71 BB72 BB73 BB74 

very coarse sand 2.71 0.41 0.30 1.24 0.27 0.84 0.37 0.85 

coarse sand 5.22 3.65 3.52 18.42 8.98 3.30 9.01 32.75 

medium sand 80.90 77.01 81.45 68.78 58.28 41.76 61.89 60.19 

fine sand 11.17 17.35 14.73 6.59 8.19 23.53 7.95 6.21 

very fine sand 0.00 0.63 0.00 0.39 2.88 4.85 2.44 0.00 

silt 0.00 0.00 0.00 3.86 18.58 21.55 15.99 0.00 

clay 0.00 0.00 0.00 0.63 2.25 2.95 1.79 0.00 
                  

sediment type BB75 BB76 BB77 BB78 BB79 BB80 BB81 BB82 

very coarse sand 1.97 0.18 0.34 0.44 0.39 0.18 1.48 0.53 

coarse sand 3.82 2.29 3.21 3.53 8.71 28.12 2.04 19.47 

medium sand 57.84 59.04 63.03 76.43 72.37 57.78 51.31 65.06 

fine sand 22.13 30.20 26.66 15.23 11.14 5.13 36.94 12.92 

very fine sand 2.52 0.67 0.36 0.69 0.38 0.57 0.41 1.33 

silt 6.89 5.73 4.04 2.02 6.51 7.30 6.84 0.00 

clay 3.22 1.41 2.25 1.15 0.45 0.83 0.84 0.00 
                  

sediment type BB83 BB84 BB85 BB86 BB95 CR04A   

very coarse sand 1.01 1.44 10.31 0.25 0.27 0.19   

coarse sand 4.08 3.41 5.22 10.55 2.66 3.18   

medium sand 52.60 75.55 13.55 79.04 52.55 65.62   

fine sand 13.86 13.27 5.25 10.17 10.82 27.59   

very fine sand 6.53 0.55 4.66 0.00 2.19 0.22   

silt 14.03 4.66 43.44 0.00 24.10 2.10   

clay 6.31 1.03 16.58 0.00 8.71 1.06   
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Appendix 3 

 
Concentrations of major elements (%) 
� � � � � � �

� � � � � � � � � � �

� BB01� BB02� BB03� BB04� BB05� BB06� BB07� BB08� BB09� BB10�

SiO2� 1.04� 1.03� 1.04� 0.73� 1.01� 1.00� 1.04� 1.00� 0.85� 0.67�

TiO2� 1.18� 0.07� 0.63� 2.28� 0.85� 0.79� 1.55� 2.35� 0.55� 1.30�

Al2O3� 0.51� 0.47� 0.83� 4.75� 0.92� 0.65� 0.63� 0.84� 0.32� 1.64�

Fe2O3� 0.42� 0.56� 0.51� 4.61� 1.04� 0.91� 0.65� 1.11� 1.23� 2.96�

MnO� 0.97� 0.99� 0.98� 2.36� 0.99� 1.00� 0.99� 1.00� 1.10� 2.43�

MgO� 0.60� 0.75� 0.65� 4.69� 0.80� 1.00� 0.75� 0.95� 2.58� 5.28�

CaO� 0.61� 0.86� 0.31� 10.07� 1.39� 2.35� 0.09� 1.71� 9.87� 16.63�

Na2O� 0.70� 0.80� 0.74� 2.23� 0.86� 0.80� 0.75� 0.96� 1.05� 1.72�

K2O� 0.32� 0.49� 0.66� 3.08� 0.90� 0.60� 0.59� 1.00� 0.58� 1.46�

P2O5� 0.79� 0.80� 0.59� 3.82� 1.00� 0.81� 0.80� 1.01� 1.33� 2.69�

SO3� 0.64� 0.65� 0.51� 5.09� 0.85� 0.95� 0.65� 0.71� 1.97� 4.59�

� � � � � � � � � � �

� BB11� BB12� BB13� BB14� BB15� BB16� BB17� BB18� BB19� BB20�

SiO2� 0.95� 1.04� 0.89� 1.00� 0.96� 0.96� 1.01� 1.03� 1.03� 1.00�

TiO2� 1.90� 0.49� 1.38� 1.01� 0.80� 0.87� 3.64� 1.18� 1.05� 1.13�

Al2O3� 1.65� 0.65� 2.39� 0.98� 0.78� 1.84� 1.23� 0.98� 0.81� 0.98�

Fe2O3� 1.40� 0.65� 1.93� 1.09� 0.93� 1.30� 1.43� 0.73� 0.63� 0.79�

MnO� 1.02� 0.98� 1.07� 0.98� 1.02� 1.01� 1.96� 0.97� 0.98� 0.99�

MgO� 1.70� 0.63� 2.68� 1.00� 1.70� 1.52� 0.79� 0.65� 0.63� 1.11�

CaO� 3.35� 0.39� 5.36� 1.91� 3.92� 2.79� 0.80� 0.43� 0.45� 1.79�

Na2O� 1.45� 0.75� 1.46� 0.80� 0.86� 1.19� 0.78� 0.80� 0.73� 1.13�

K2O� 1.61� 0.69� 2.25� 0.76� 0.90� 1.47� 1.06� 0.90� 0.79� 1.04�

P2O5� 1.24� 0.79� 1.73� 0.98� 1.03� 1.43� 0.79� 0.79� 0.79� 1.00�

SO3� 1.59� 0.56� 2.79� 0.90� 1.26� 1.68� 0.74� 0.64� 0.70� 1.12�

� � � � � � � � � � �

� BB21� BB22� BB23� BB24� BB25� BB26� BB27� BB28� BB29� BB30�

SiO2� 0.96� 0.98� 1.02� 0.89� 0.87� 1.03� 1.04� 0.99� 1.02� 0.95�

TiO2� 1.16� 0.87� 0.85� 2.55� 2.67� 0.49� 0.84� 0.77� 0.71� 1.68�

Al2O3� 1.43� 0.68� 0.70� 5.97� 6.40� 0.85� 0.84� 1.76� 1.07� 4.37�

Fe2O3� 1.09� 0.91� 0.82� 4.70� 5.40� 0.52� 0.58� 0.80� 0.92� 3.13�

MnO� 1.02� 1.02� 0.99� 1.05� 1.07� 0.96� 0.99� 0.98� 0.99� 1.02�

MgO� 1.60� 1.38� 0.90� 2.15� 2.39� 0.68� 0.61� 1.16� 0.87� 1.51�

CaO� 3.06� 3.20� 1.47� 1.65� 1.83� 0.70� 0.36� 1.66� 0.91� 0.92�

Na2O� 1.16� 0.82� 0.70� 1.54� 1.87� 0.82� 0.64� 1.17� 0.95� 1.29�

K2O� 1.50� 0.79� 0.70� 2.58� 2.44� 0.96� 0.89� 1.10� 1.01� 2.38�

P2O5� 1.44� 1.03� 0.80� 2.55� 2.59� 0.60� 0.60� 0.99� 0.80� 1.65�

SO3� 1.40� 1.16� 0.70� 3.68� 5.62� 0.74� 0.93� 1.11� 0.75� 2.71�
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� BB31� BB32� BB33� BB34� BB35� BB36� BB37� BB38� BB39� BB40�

SiO2� 0.92� 0.98� 0.99� 1.00� 1.04� 1.04� 1.02� 0.83� 1.05 0.99 

TiO2 2.22 1.58 1.58 1.07 1.18 1.44 1.04 3.10 0.28 1.15 

Al2O3 4.97 3.26 2.82 2.41 0.80 0.85 1.50 8.27 0.43 2.25 

Fe2O3 4.29 2.43 2.09 1.85 0.53 0.51 0.80 6.88 0.37 1.86 

MnO 1.04 1.00 1.01 1.00 0.97 0.96 0.97 2.17 0.97 1.01 

MgO 1.75 1.22 1.13 1.00 0.58 0.57 1.11 2.76 0.55 1.15 

CaO 1.01 0.53 0.36 0.21 0.03 0.03 0.19 1.86 0.07 1.17 

Na2O 1.49 1.10 1.10 0.96 0.64 0.69 1.38 2.24 0.72 0.94 

K2O 2.08 1.68 1.46 1.08 0.80 0.79 1.34 2.90 0.39 1.29 

P2O5 2.30 1.62 1.42 1.42 0.59 0.58 0.98 3.28 0.59 1.22 

SO3 4.62 2.14 1.62 1.61 0.51 0.50 1.33 5.64 0.64 1.14 

           

 BB41 BB42 BB43 BB44 BB45 BB46 BB47 BB48 BB49 BB50 

SiO2 0.96 0.73 0.80 0.91 0.98 0.99 0.85 1.03 1.03 1.03 

TiO2 1.88 5.11 4.04 2.52 1.33 0.72 1.71 1.12 0.85 0.84 

Al2O3 3.99 13.55 10.71 6.09 2.75 1.00 2.23 0.82 0.96 0.81 

Fe2O3 3.41 11.66 9.49 5.54 2.20 0.95 3.22 0.63 0.68 0.63 

MnO 1.01 2.27 2.18 1.04 0.98 1.01 2.17 0.98 0.99 0.98 

MgO 1.49 3.78 3.03 1.97 1.19 1.18 2.14 0.67 0.66 0.65 

CaO 0.88 1.77 0.72 0.45 0.95 2.52 7.42 0.55 0.50 0.43 

Na2O 1.30 2.71 2.59 1.65 1.25 1.01 1.26 1.06 0.94 0.95 

K2O 1.57 3.75 3.05 2.05 1.30 1.14 1.63 0.91 1.01 0.86 

P2O5 1.63 4.81 4.17 2.72 1.39 1.02 1.75 0.79 0.80 0.79 

SO3 1.58 6.07 6.08 4.81 1.21 0.91 2.36 0.69 0.75 0.70 

           

 BB51 BB52 BB53 BB54 BB55 BB56 BB57 BB58 BB59 BB60 

SiO2 1.00 0.84 0.58 0.60 0.61 0.92 1.01 1.01 0.90 1.05 

TiO2 1.00 3.46 4.33 5.09 6.51 0.68 0.71 0.65 0.38 0.42 

Al2O3 2.36 8.71 10.43 12.95 18.48 1.29 1.09 1.18 0.38 0.52 

Fe2O3 2.12 8.18 11.09 13.34 17.41 1.98 0.96 1.16 1.69 0.49 

MnO 1.00 2.15 3.79 3.68 3.64 2.11 1.00 1.01 3.22 0.48 

MgO 0.98 2.84 3.84 4.35 5.26 1.36 0.78 0.95 1.25 0.58 

CaO 0.55 0.58 11.94 7.97 1.87 5.75 1.16 1.06 7.71 0.08 

Na2O 1.01 2.37 3.16 3.30 3.68 0.98 1.05 1.31 0.83 0.69 

K2O 1.15 2.53 2.91 3.35 4.50 0.87 0.90 1.00 0.51 0.51 

P2O5 1.21 3.48 5.35 5.95 6.37 1.28 1.01 0.92 1.30 0.59 

SO3 0.99 5.40 6.21 6.68 6.95 1.40 0.80 1.01 1.37 0.55 
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� BB61� BB62� BB63� BB64� BB65� BB66� BB67� BB68� BB69� BB70�

SiO2� 1.00� 1.04� 1.04� 1.03� 1.00� 1.03� 1.03� 1.03� 1.03� 1.04�

TiO2� 0.50 0.56 0.63 0.70 0.92 0.76 0.70 0.76 0.63 0.63 

Al2O3 0.90 0.60 0.69 0.79 0.94 0.84 0.83 1.00 0.90 0.63 

Fe2O3 0.81 0.51 0.74 0.76 0.90 0.73 0.79 0.79 0.76 0.51 

MnO 0.99 0.48 0.98 0.98 0.99 0.96 0.99 0.97 0.98 0.97 

MgO 0.90 0.56 0.61 0.77 0.99 0.80 0.70 0.74 0.77 0.60 

CaO 1.65 0.26 0.60 0.76 1.68 0.51 0.69 0.30 0.22 0.22 

Na2O 1.20 0.62 0.57 0.80 1.23 1.27 0.63 1.14 1.14 0.77 

K2O 0.62 0.71 0.71 0.81 1.21 0.84 0.84 0.99 0.88 0.66 

P2O5 0.80 0.59 0.79 0.79 1.19 0.97 0.80 0.98 0.79 0.79 

SO3 1.17 0.55 0.51 0.65 0.93 0.77 0.56 0.73 1.35 0.69 

           

 BB71 BB72 BB73 BB74 BB75 BB76 BB77 BB78 BB79 BB80 

SiO2 0.92 0.74 0.84 1.04 0.95 1.01 1.04 1.00 1.00 1.03 

TiO2 1.63 3.28 2.48 0.76 0.95 1.06 0.98 0.65 0.79 0.77 

Al2O3 4.05 8.06 6.24 0.63 1.33 0.98 0.92 0.67 0.92 1.31 

Fe2O3 3.33 6.90 5.45 0.55 1.15 0.75 0.62 0.80 0.94 1.15 

MnO 1.06 2.42 1.12 0.97 1.02 0.99 0.98 1.01 1.00 0.98 

MgO 1.99 4.29 3.04 0.60 1.78 0.85 0.60 1.05 1.07 0.75 

CaO 1.58 4.42 2.28 0.23 3.84 1.27 0.19 2.27 1.99 0.27 

Na2O 2.12 4.66 3.40 0.78 1.26 0.79 0.70 0.77 0.73 0.75 

K2O 1.60 3.15 2.19 0.49 1.26 1.07 0.95 0.78 0.93 0.71 

P2O5 2.47 4.88 3.39 0.78 0.21 1.00 0.79 0.81 0.81 0.79 

SO3 7.75 9.55 9.39 0.69 1.55 0.75 0.51 0.86 0.81 0.93 

           

 BB81 BB82 BB83 BB84 BB85 BB86 BB95 CR04A   

SiO2 1.00 1.02 0.93 1.03 0.67 1.03 0.96 1.04   

TiO2 1.00 0.70 1.48 0.64 4.46 0.42 1.73 0.43   

Al2O3 1.26 0.94 1.98 1.28 10.87 0.58 4.46 0.63   

Fe2O3 1.10 0.88 3.70 0.95 11.56 0.79 3.18 2.18   

MnO 1.00 0.99 2.08 1.00 3.60 0.99 1.01 1.08   

MgO 1.06 0.87 1.65 0.69 3.82 0.68 1.42 0.34   

CaO 1.52 1.22 3.87 0.17 7.00 0.99 0.37 0.21   

Na2O 1.00 0.69 1.00 0.77 2.87 0.77 1.37 0.69   

K2O 1.34 0.94 1.07 0.90 3.12 0.52 1.95 0.61   

P2O5 1.01 0.80 1.68 0.80 5.09 0.80 2.24 0.61   

SO3 0.90 0.75 2.21 1.22 5.73 0.66 2.48 0.49   
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Appendix 4 
 

Concentrations of trace elements (ppm) 
 
� BB01� BB02� BB03� BB04� BB05� BB06� BB07� BB08� BB09� BB10 
Sb� 3.2� 7.7� 3.6� 1.5� 13.3� 4.0� 4.5� 1.5� 1.5� 1.5�
Sn� 2.0� 2.0� 2.0� 2.0� 2.0� 2.0� 2.0� 2.0� 2.0� 2.0�
Cd� 1.5� 1.5� 1.5� 1.5� 1.5� 1.5� 1.5� 1.5� 1.5� 1.5�
Mo� 0.9� 0.9� 0.9� 0.9� 0.9� 0.9� 0.9� 0.9� 0.9� 0.9�
Nb� 3.9� 2.3� 2.6� 4.7� 3.0� 2.4� 5.2� 6.3� 1.9� 3.5�
Zr� 253.9� 76.9� 82.5� 104.7� 87.3� 86.8� 207.9� 314.3� 68.2� 84.4�
Y� 1.4� 1.4� 1.4� 8.9� 1.4� 1.4� 1.4� 5.7� 1.4� 1.4�
Sr� 55.2� 64.8� 40.1� 683.2� 109.9� 226.1� 74.9� 164.3� 801.7� 1170.1�
U� 1.5� 1.5� 1.5� 1.5� 1.5� 1.5� 3.3� 1.5� 1.5� 1.5�
Rb� 11.7� 12.6� 14.3� 27.1� 16.0� 13.0� 14.4� 16.2� 13.0� 17.7�
Th� 1.4� 1.4� 1.4� 1.4� 1.4� 1.4� 1.4� 1.4� 1.4� 1.4�
Pb� 4.2� 5.1� 6.1� 32.5� 9.2� 6.6� 5.9� 5.6� 6.1� 17.2�
As� 1.3� 1.3� 1.3� 4.7� 1.3� 1.3� 1.3� 3.1� 1.3� 2.7�
Ga� 0.5� 0.5� 1.3� 4.1� 1.0� 1.6� 1.1� 1.4� 1.6� 1.5�
Zn� 6.9� 5.4� 4.4� 42.0� 12.3� 10.0� 4.9� 7.0� 7.1� 24.5�
Cu� 17.9� 13.6� 14.7� 17.1� 29.8� 12.2� 8.5� 9.3� 10.7� 12.1�
Ni� 1.0� 3.1� 1.0� 8.9� 2.4� 3.6� 2.2� 3.4� 6.0� 9.0�
Cr� 1.5� 1.5� 1.5� 5.3� 3.1� 1.5� 1.5� 7.8� 1.5� 1.5�
Ce� 37.0� 34.5� 34.1� 43.7� 33.3� 39.7� 33.6� 52.8� 35.4� 38.5�
V� 22.9� 17.7� 18.8� 19.9� 22.6� 20.9� 23.6� 27.8� 15.9� 17.1�
� � � � � � � � � � �
� � � � � � � � � � �
� � � � � � � � � � �
� BB11� BB12� BB13� BB14� BB15� BB16� BB17� BB18� BB19� BB20�
Sb� 3.8� 5.1� 1.5� 1.5� 3.9� 15.6� 4.1� 16.4� 4.6� 4.1�
Sn� 2.0� 2.0� 2.0� 2.0� 2.0� 2.0� 2.0� 2.0� 2.0� 2.0�
Cd� 1.5� 1.5� 1.5� 1.5� 1.5� 1.5� 1.5� 1.5� 1.5� 1.5�
Mo� 0.9� 0.9� 0.9� 0.9� 0.9� 0.9� 2.0� 0.9� 0.9� 0.9 
Nb� 4.4� 2.3� 3.2� 3.1� 2.9� 2.0� 8.3� 3.0� 3.2� 3.4�
Zr� 174.3� 62.4� 97.2� 104.7� 79.6� 59.1� 541.8� 96.7� 96.1� 122.6�
Y� 5.1� 1.4� 4.3� 2.8� 1.4� 1.4� 8.9� 2.8� 1.4� 3.0�
Sr� 288.8� 50.4� 415.5� 187.2� 347.6� 246.6� 79.2� 45.3� 47.8� 146.3�
U� 1.5� 3.6� 1.5� 3.1� 1.5� 1.5� 3.1� 1.5� 1.5� 1.5�
Rb� 21.8� 14.6� 25.6� 14.9� 16.9� 22.5� 20.0� 18.5� 15.6� 18.4�
Th� 1.4� 1.4� 1.4� 1.4� 1.4� 1.4� 1.4� 1.4� 1.4� 1.4�
Pb� 9.2� 7.4� 18.6� 9.0� 6.8� 10.2� 8.6� 6.5� 5.9� 6.7�
As� 1.3� 1.3� 2.5� 3.3� 1.3� 2.5� 1.3� 1.3� 1.3� 1.3�
Ga� 1.8� 1.0� 1.9� 1.1� 1.0� 2.0� 1.6� 1.4� 1.2� 1.1�
Zn� 16.8� 9.9� 20.5� 11.6� 7.9� 16.3� 12.5� 10.8� 9.7� 8.6�
Cu� 11.2� 9.7� 11.7� 10.2� 9.8� 11.4� 10.7� 14.2� 10.3� 8.8�
Ni� 3.2� 2.2� 4.6� 2.3� 3.0� 4.2� 2.0� 2.7� 2.6� 3.0�
Cr� 1.5� 1.5� 1.5� 5.7� 1.5� 1.5� 37.0� 3.8� 1.5� 1.5�
Ce� 43.7� 34.3� 47.5� 41.2� 40.2� 38.0� 60.1� 41.0� 39.8� 32.4�
V� 22.8� 16.1� 20.1� 23.2� 20.0� 23.3� 39.0� 24.2� 21.7� 20.0�
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� BB21� BB22� BB23� BB24� BB25� BB26� BB27� BB28� BB29� BB30�
Sb� 1.5� 6.0� 1.5� 1.5� 3.1� 5.3� 5.5� 5.3 1.5 4.2 
Sn 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 
Cd 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 
Mo 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 
Nb 3.2 2.6 2.5 5.4 5.3 2.0 2.1 2.2 2.7 3.3 
Zr 90.2 97.5 86.8 114.3 113.3 47.8 67.5 65.0 67.4 81.3 
Y 3.7 1.4 1.4 10.2 10.5 1.4 1.4 1.4 1.4 7.3 
Sr 239.5 289.0 145.2 157.7 159.2 72.8 42.1 150.3 89.5 97.2 
U 1.5 1.5 1.5 4.3 1.5 2.9 2.9 1.5 3.4 1.5 
Rb 21.6 15.7 14.9 34.4 30.6 18.2 17.6 18.1 18.2 35.0 
Th 1.4 1.4 1.4 3.1 4.3 1.4 1.4 1.4 1.4 1.4 
Pb 8.6 6.7 7.0 40.2 43.3 5.2 6.0 7.4 9.9 26.7 
As 2.6 1.3 1.3 6.5 6.9 1.3 1.3 2.8 1.3 6.4 
Ga 2.0 1.5 1.6 5.4 4.3 1.0 1.2 1.3 1.2 3.8 
Zn 12.7 7.1 8.6 61.8 50.5 9.3 8.3 9.7 9.9 42.3 
Cu 11.2 9.3 8.4 18.7 15.8 9.2 8.9 10.7 9.8 12.4 
Ni 4.2 2.8 2.8 7.5 5.9 3.0 2.9 2.5 1.0 5.1 
Cr 1.5 1.5 1.5 13.9 3.5 1.5 1.5 1.5 1.5 8.2 
Ce 32.3 37.4 41.0 48.2 48.6 37.6 38.3 32.1 39.9 44.8 
V 19.6 17.4 20.3 29.9 20.5 16.2 20.2 18.5 22.5 27.7 
           
           
 BB31 BB32 BB33 BB34 BB35 BB36 BB37 BB38 BB39 BB40 
Sb 3.2 4.8 5.5 5.6 3.8 1.5 4.8 1.5 4.5 1.5 
Sn 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 
Cd 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 
Mo 2.1 0.9 0.9 0.9 0.9 0.9 0.9 2.4 0.9 0.9 
Nb 5.2 4.2 3.5 3.2 3.8 3.3 2.8 6.1 1.2 3.1 
Zr 113.2 98.7 111.5 70.2 167.3 197.1 95.3 103.5 40.7 68.9 
Y 7.9 5.6 6.1 4.3 1.4 3.3 1.4 12.4 1.4 4.7 
Sr 123.3 69.0 62.7 46.7 17.9 28.0 42.1 161.0 15.1 102.4 
U 1.5 4.1 1.5 3.5 1.5 1.5 1.5 1.5 1.5 1.5 
Rb 33.2 26.7 22.8 20.4 17.1 17.0 19.5 36.7 11.4 22.0 
Th 1.4 1.4 1.4 1.4 1.4 1.4 1.4 3.6 1.4 1.4 
Pb 32.4 22.2 22.6 22.5 6.3 7.0 13.5 51.7 5.2 18.1 
As 9.3 4.8 5.6 3.7 1.3 1.3 1.3 9.6 1.3 2.8 
Ga 4.9 3.1 2.9 2.8 1.1 1.0 1.6 5.6 1.1 2.7 
Zn 58.3 35.2 44.7 41.6 8.6 8.7 24.6 70.2 5.0 30.2 
Cu 16.8 13.8 21.6 15.7 9.9 10.0 13.0 16.8 9.2 12.6 
Ni 7.2 3.6 4.8 4.7 1.0 2.3 4.0 7.1 1.0 4.9 
Cr 15.7 7.9 11.6 13.7 6.5 6.6 3.8 8.4 1.5 5.2 
Ce 45.3 41.5 40.6 43.6 45.3 47.7 40.2 45.6 35.6 34.8 
V 31.4 25.1 30.5 25.8 21.6 24.7 20.5 27.8 15.1 25.4 
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� BB41� BB42� BB43� BB44� BB45� BB46� BB47� BB48� BB49� BB50�
Sb� 4.4� 1.5� 4.1� 5.3� 4.5� 3.5� 5.0� 5.4� 1.5� 3.8�
Sn� 2.0 10.5 14.0 4.9 2.0 2.0 2.0 2.0 2.0 2.0 
Cd 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 
Mo 0.9 2.1 1.8 0.9 0.9 0.9 0.9 0.9 0.9 0.9 
Nb 4.8 9.7 8.5 5.7 3.4 3.7 3.6 3.7 2.7 3.0 
Zr 109.0 134.1 122.9 102.7 88.0 74.9 137.4 120.7 87.2 82.0 
Y 8.3 22.1 19.1 12.9 5.0 1.4 6.1 1.4 2.8 1.4 
Sr 85.1 169.6 115.4 71.5 86.8 202.5 394.1 55.7 48.3 42.8 
U 4.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 
Rb 23.9 54.4 38.2 24.5 23.3 19.4 22.6 16.9 17.8 15.9 
Th 1.4 9.2 7.3 5.7 1.4 1.4 3.1 1.4 1.4 1.4 
Pb 34.1 94.4 179.7 148.6 22.3 8.7 19.5 6.4 6.3 5.8 
As 6.9 20.5 20.2 13.3 4.8 2.8 6.5 1.3 1.3 1.3 
Ga 4.0 12.0 9.5 6.1 3.1 1.2 2.4 1.0 1.4 1.0 
Zn 52.3 207.3 253.0 305.1 38.7 11.0 34.1 6.7 8.3 8.0 
Cu 15.1 34.5 45.3 55.4 14.3 9.8 12.5 9.5 11.0 10.5 
Ni 4.4 18.2 10.9 10.5 5.2 3.9 6.9 1.0 1.0 2.2 
Cr 6.6 45.5 24.0 26.1 7.7 1.5 4.6 1.5 1.5 1.5 
Ce 46.5 63.5 65.6 54.6 42.1 33.4 52.1 39.7 32.3 37.0 
V 26.2 55.1 37.2 35.6 27.7 20.3 23.5 20.3 20.6 16.7 
           
           
           
 BB51 BB52 BB53 BB54 BB55 BB56 BB57 BB58 BB59 BB60 
Sb 1.5 1.5 1.5 1.5 1.5 3.4 5.2 3.0 3.1 5.2 
Sn 2.0 2.0 2.0 6.1 6.1 2.0 2.0 2.0 2.0 2.0 
Cd 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 
Mo 0.9 0.9 2.0 2.1 1.9 0.9 0.9 0.9 0.9 0.9 
Nb 2.8 6.8 7.0 8.6 11.0 1.8 2.4 2.3 2.0 1.6 
Zr 54.8 101.4 117.9 126.0 147.1 49.2 85.1 64.7 45.3 45.7 
Y 5.0 14.4 17.1 18.9 25.9 1.4 2.8 2.8 1.4 1.4 
Sr 52.6 83.1 479.2 335.2 174.1 357.3 82.6 66.9 325.0 19.3 
U 3.9 1.5 1.5 1.5 2.9 1.5 1.5 1.5 1.5 1.5 
Rb 19.7 39.3 35.6 41.5 61.1 15.1 15.8 14.7 10.6 13.1 
Th 1.4 3.5 7.3 8.1 10.0 1.4 1.4 1.4 1.4 1.4 
Pb 19.9 40.2 47.8 57.4 85.6 14.8 8.9 12.0 10.9 5.1 
As 4.3 10.4 15.1 14.2 18.1 4.4 2.5 2.8 4.0 1.3 
Ga 2.6 6.4 9.2 8.1 12.5 2.0 1.4 1.7 0.5 1.1 
Zn 33.3 69.2 134.0 117.0 200.7 27.8 12.3 16.1 20.5 6.5 
Cu 12.5 18.7 26.9 20.6 26.7 11.5 14.3 9.9 10.3 8.6 
Ni 5.2 7.7 16.4 12.7 15.9 5.7 1.0 3.2 5.2 2.1 
Cr 2.9 7.7 25.8 6.3 25.0 1.5 1.5 1.5 1.5 1.5 
Ce 36.0 51.6 61.5 49.7 53.9 42.9 43.7 37.4 45.7 29.9 
V 24.7 27.1 43.2 25.1 37.0 20.9 18.2 17.4 19.9 16.7 
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� BB61� BB62� BB63� BB64� BB65� BB66� BB67� BB68� BB69� BB70�
Sb� 1.5� 7.5� 5.4� 6.5� 4.7� 6.7� 5.3� 6.0� 6.2� 7.8�
Sn 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 
Cd 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 
Mo 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 
Nb 1.6 2.5 2.6 2.2 2.6 2.1 2.9 2.5 1.9 1.8 
Zr 48.9 58.4 52.8 83.0 84.3 71.4 83.6 69.3 54.9 69.0 
Y 1.4 1.4 1.4 1.4 1.4 1.4 1.4 1.4 1.4 1.4 
Sr 87.3 28.8 48.1 64.6 118.7 51.3 68.7 36.3 28.7 29.9 
U 3.2 3.8 2.9 3.3 3.3 1.5 1.5 1.5 1.5 1.5 
Rb 9.8 15.4 15.1 15.5 18.6 14.3 17.8 16.4 16.0 14.1 
Th 1.4 1.4 1.4 1.4 1.4 1.4 1.4 1.4 1.4 1.4 
Pb 10.5 6.0 8.0 8.4 8.9 7.1 7.8 9.3 9.1 5.4 
As 1.3 1.3 2.8 1.3 2.8 1.3 1.3 1.3 1.3 1.3 
Ga 1.2 1.1 1.1 1.0 1.0 1.5 1.8 1.0 1.5 0.5 
Zn 11.3 5.9 10.1 9.3 11.5 10.1 9.3 13.0 12.3 8.5 
Cu 12.7 9.8 9.3 9.1 9.4 8.6 9.6 8.5 9.0 10.0 
Ni 3.7 2.3 2.6 3.3 2.6 3.4 2.7 2.9 1.0 1.0 
Cr 1.5 1.5 1.5 1.5 4.6 1.5 1.5 1.5 1.5 1.5 
Ce 37.6 36.8 39.6 41.8 37.8 39.2 34.9 33.3 30.6 40.5 
V 15.8 19.6 21.1 17.8 19.9 21.4 21.9 20.8 19.9 17.6 
           
           
 BB71 BB72 BB73 BB74 BB75 BB76 BB77 BB78 BB79 BB80 
Sb 3.1 1.5 5.0 5.5 4.4 1.5 3.0 4.3 3.1 3.9 
Sn 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 
Cd 1.5 1.5 3.3 1.5 1.5 1.5 1.5 1.5 1.5 1.5 
Mo 2.4 3.6 3.2 0.9 0.9 0.9 0.9 0.9 0.9 0.9 
Nb 4.4 6.8 6.1 3.0 3.0 3.1 3.6 2.5 2.9 2.3 
Zr 68.6 101.2 87.5 89.0 72.7 107.3 89.7 59.0 88.3 76.5 
Y 7.4 14.4 12.4 1.4 3.0 3.4 1.4 1.4 1.4 3.2 
Sr 125.4 324.6 184.5 35.8 294.7 105.5 32.2 217.1 176.5 33.7 
U 3.2 1.5 3.4 2.9 1.5 3.4 1.5 3.5 3.1 3.4 
Rb 17.5 25.9 22.1 12.2 18.6 18.3 18.9 15.2 16.9 14.9 
Th 1.4 4.4 3.9 1.4 1.4 1.4 1.4 1.4 1.4 1.4 
Pb 26.2 49.8 39.3 6.5 8.3 7.3 7.1 6.3 9.1 12.7 
As 6.7 10.9 10.4 1.3 1.3 1.3 1.3 1.3 2.5 3.2 
Ga 3.8 6.7 5.4 1.3 1.7 1.6 1.6 1.2 1.4 1.8 
Zn 62.7 131.3 108.0 6.0 12.7 9.4 6.8 7.1 10.9 21.4 
Cu 15.5 25.8 21.1 9.7 9.6 8.9 9.1 7.9 9.7 12.5 
Ni 6.8 12.5 8.8 1.0 3.6 3.8 1.0 3.4 2.5 2.2 
Cr 7.1 29.3 22.0 1.5 1.5 1.5 3.8 1.5 1.5 5.4 
Ce 43.4 57.4 44.7 37.1 41.4 38.1 28.4 28.8 36.3 34.5 
V 24.4 36.0 30.3 20.8 18.7 21.7 22.8 19.8 19.8 23.9 
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� BB81� BB82� BB83� BB84� BB85� BB86� BB95� CR04A� median�
Sb� 7.0� 4.4� 4.5� 5.6� 1.5� 6.5� 5.5� 6.7� � 4.4�
Sn� 2.0� 2.0� 2.0� 2.0� 2.0 2.0 2.0 2.0  2.0 
Cd 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5  1.5 
Mo 0.9 0.9 0.9 0.9 0.9 0.9 0.9 3.8  0.9 
Nb 2.5 2.8 3.7 2.7 8.4 1.9 5.1 2.5  3.6 
Zr 75.4 79.7 121.3 60.2 122.5 45.2 74.7 44.0  87.3 
Y 3.3 1.4 6.1 1.4 18.5 1.4 6.5 4.0  2.1 
Sr 133.3 105.2 213.4 27.9 324.2 60.5 63.5 29.8  96.0 
U 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5  1.5 
Rb 21.0 18.4 17.3 17.5 41.8 12.8 32.2 5.9  17.6 
Th 1.4 1.4 1.4 1.4 7.8 1.4 1.4 2.6  1.4 
Pb 9.4 8.8 20.3 10.6 56.5 8.9 27.8 13.8  9.3 
As 2.8 1.3 9.6 1.3 15.5 2.5 7.5 4.8  2.8 
Ga 1.6 1.4 2.1 1.7 8.6 0.5 4.5 2.3  1.6 
Zn 12.6 11.4 50.2 16.7 140.1 11.0 62.7 18.6  12.5 
Cu 9.9 9.4 11.3 13.7 23.8 10.2 17.5 11.0  12.4 
Ni 2.9 2.7 5.1 4.2 14.2 2.6 6.7 9.3  4.1 
Cr 1.5 1.5 10.8 1.5 18.5 1.5 27.5 246.6  1.5 
Ce 38.7 37.3 39.8 31.8 47.6 30.2 44.1 15.7  38.6 
V 19.1 20.6 25.8 21.7 34.8 17.8 44.8 13.1  21.3 
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Appendix 5 
 
Major use of trace elements (Kennish, 1997; Stephenson, 1987 
 
 Al Sb As Bi Cd Cr Cu Fe Pb Mn Hg Mo Ni Se Ag Te Ti Sn 
Metal Industries                   

Power plants (steam)     X             

Foundries - ferrous  X X X X X X X X X X X X X  X  X 
Foundries - 
nonferr. X X X X X X X  X X X   X X    

Plating X    X X X    X  X  X  X  
Chemical Industries                  

Cement & glass   X   X        X   X  

Organic/petrochem X  X  X X  X X  X       X 
Inorganic 
chemicals X  X  X X  X X  X       X 

Fertilisers X  X  X X X X X    X      

Oil refining X  X  X X X X X    X      

Others                   

Paper      X X  X  X  X      

Leather      X             

Textiles  X    X             

Electronics  X     X    X   X  X  X 
 
Heavy metals in wastewater from different categories of industries 
 
 Al Sb As Bi Cd Cr Cu Fe Pb Mn Hg Mo Ni Se Ag Sn Ti V Zn 
Automotive 
products X     X  X X   X     X  X 
Caulking 
compounds X     X  X X        X  X 

Cleaners X     X X X         X  X 
Cosmetics X   X X  X X X X X  X X X X X  X 
Disinfectants           X         

Driers X                 X  

Fillers X                  X 
Fire Extinguishers X     X  X           X 

Fuels       X  X           

Pesticides X  X  X X X X X X X X       X 
Inks X      X          X  X 

Lubricants      X   X   X       X 
Medicine X X X X   X X           X 
Oils       X  X          X 

Ointments X   X   X    X        X 
Paints X  X   X  X X X X      X  X 
Photography X     X  X X  X    X X    

Pigments X X X X X X X X X X X  X X  X X  X 
Polish X      X        X  X  X 
Powders X       X           X 

Preservatives        X X          X 
Suppositories    X               X 
Water Treatment X      X X  X         X 

 
Source of heavy metals in domestic wastewater by product 
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Appendix 6 
 

 
foraminiferal species a  b  c 

Acervulina inhaerens Schultze 1.08 0.31 - 2.68 8 

Ammobaculites agglutinans (d’Orbigny) 1.63 0.02 - 4.72 9 

Ammobaculites catenultus Warren 0.69 0.29 - 1.24 4 

Ammobaculites foliaceus (Brady) 2.43 0.87 - 4.35 3 

Ammonia aoteana (Finlay) 14.69 1.31 - 44.77 33 

Amphicoryna scalaris (Batsch) 0.48 0.20 - 0.65 3 

Angulodiscorbis quadrangularis Uchio 0.72 0.20 - 1.90 5 

Baggina philippinensis (Cushman) 0.29 0.00 - 0.69 4 

Bolivina compacta Sidebottom 2.01 0.20 - 8.49 5 

Bolivina robusta Brady 0.82 0.20 - 1.57 3 

Brizalina striatula (Cushman) 0.91 0.29 - 1.54 2 

Bulimina gibba Fornasini 0.42 0.28 - 0.65 7 

Bulimina marginata (d’Orbigny) 0.49 0.22 - 1.24 9 

Buliminella spicata Cushman and Parker 0.31 0.31 - 0.31 1 

Cibicides refulgens Montfort 2.22 0.10 - 5.71 16 

Conorbella pulvinata (Brady) 0.71 0.38 - 0.95 3 

Cymbaloporetta bradyi (Cushman) 7.94 0.05 - 35.53 5 

Dorothia arenata Cushman 0.00 0.00 - 0.00 1 

Dscorbinella bertheloti (d’Orbigny) 0.78 0.38 - 1.19 2 

Dyocibicides biserialis Cushman and Valentine 2.40 0.01 - 15.09 8 

Eggerella australis Collins 5.41 0.63 - 29.81 15 

Elphidium  argenteum Parr 1.49 0.01 - 2.70 3 

Elphidium  craticulatum (Fichtel and Moll) 3.25 0.01 - 19.56 10 

Elphidium  crispum (Linnè) 2.71 0.06 - 7.27 14 

Elphidium advenum advenum (Cushman) 2.94 0.01 - 15.38 21 

Elphidium advenum limbatum (Chapman) 25.28 0.69 - 58.20 33 

Elphidium albanii Hayward 1.60 0.20 - 8.22 14 

Elphidium argenteum Parr 1.52 0.07 - 4.35 13 

Elphidium incertum lene Cushman & McCulloch 7.04 0.49 - 30.00 27 

Elphidium macellum (Fichtel and Moll) 3.57 0.22 - 11.59 22 

Epistomaroides nonionoides (Parr) 0.21 0.02 - 0.42 4 

Fissurina fasciata carinata (Sidebottom) 1.76 0.48 - 4.60 5 
� � � � � �

a-average; b-range; c-occurrence � � � � �
 
The foraminiferal species are listed in alphabetical order 
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foraminiferal species a  b  c 

Flintina bradyiana (Cushman) 0.25 0.01 - 0.67 3 

Fursenkoina complanata (Egger) 1.39 0.31 - 3.23 4 

Fursenkoina earlandi Parr 0.31 0.31 - 0.31 1 

Gaudryina quadrangularis Bagg 0.45 0.22 - 0.79 4 

Glabratella australensis (Heron-Allen & Earland) 5.32 0.31 - 30.96 9 

Guttulina austriaca (d'Orbigny) 1.12 0.54 - 1.52 3 

Guttulina pacifica (Cushman and Ozawa) 0.52 0.01 - 1.35 7 

Guttulina problema (d'Orbigny) 1.54 0.01 - 6.67 24 

Guttulina regina (Brady, Parker and Jones) 1.14 0.20 - 3.11 5 

Haplophragmoides canariensis (d'Orbigny) 3.10 0.31 - 12.21 12 

Haynesina depressula simplex (Cushman) 1.97 0.22 - 5.02 9 

Lagena crenata Parker and Jones 0.34 0.31 - 0.38 2 

Lagena doveyensis Haynes 0.29 0.01 - 0.65 4 
Lagena sulcata peculiaris Cushman & 
McCulloch 0.60 0.10 - 1.92 7 

Lenticulina limbosa Reuss 0.92 0.29 - 2.30 4 

Levidentalina subemaciata (Parr) 0.83 0.23 - 1.43 2 

Marginulina bachaei Bailey 0.00 0.00 - 0.00 1 

Massilina granulocostata (Germeraad) 1.02 0.01 - 3.15 7 

Massilina secans tropicalis Collins 1.66 0.69 - 3.05 3 

Miliolinella baragwanathi Parr 2.21 0.23 - 6.33 11 

Miliolinella circularis (Bornemann) 1.90 0.02 - 10.59 21 

Miliolinella labiosa (d'Orbigny) 1.13 0.20 - 1.84 11 

Neoeponides schreibersii  (d'Orbigny) 3.04 0.05 - 5.96 7 

Nodosaria subscalaris paucicostata Cushman 0.43 0.06 - 1.26 4 

Nonionella auris (d'Orbigny) 0.87 0.23 - 2.45 10 

Oolina globosa (Montagu) 0.62 0.62 - 0.62 1 

Parrellina imperatrix (Brady) 0.67 0.01 - 1.56 10 

Patellinella inconspicua (Brady) 0.34 0.20 - 0.48 2 

Peneroplis planatus (Fichtel and Moll) 0.31 0.13 - 0.48 2 

Pileolina patelliformis (Brady) 8.42 1.18 - 13.20 5 

Planorbulina mediterranensis d'Orbigny 1.42 0.01 - 6.40 7 

Planorbulina variabilis (d'Orbigny) 2.23 0.12 - 10.55 13 
� � � � � �

a-average; b-range; c-occurrence      
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foraminiferal species a  b  c 

Polysegmentina circinata (Brady) 0.39 0.39 - 0.39 1 

Procerolagena elongata (Ehrenberg) 0.45 0.12 - 0.99 4 

Pyramidulina perversa (Schwager) 0.08 0.06 - 0.10 2 

Pyrgo depressus (d'Orbigny) 2.50 0.65 - 4.35 4 

Pyrgo subpisus Parr 1.07 0.06 - 4.31 5 

Quinqueloculina agglutinans d'Orbigny 1.04 0.00 - 3.66 13 

Quinqueloculina lamarckiana (d'Orbigny) 1.49 0.02 - 5.56 21 

Quinqueloculina oblonga (Montagu) 4.25 0.29 - 31.25 27 

Quinqueloculina parvaggluta Vella 1.35 0.28 - 4.25 10 

Quinqueloculina poeyana (d'Orbigny) 0.76 0.27 - 1.20 6 

Quinqueloculina pseudoreticulata (Parr) 0.86 0.52 - 1.37 3 

Quinqueloculina quinquecarinata Collins 1.42 0.44 - 2.48 7 

Quinqueloculina seminula (Linnè) 4.77 0.68 - 17.53 29 

Quinqueloculina subpolygona Parr 2.50 0.67 - 9.44 9 

Quinqueloculina tasmanica Albani 0.52 0.05 - 1.19 10 

Quinqueloculina tenagos Parker 0.29 0.29 - 0.29 1 

Quinqueloculina tropicalis (Cushman) 1.16 0.28 - 3.56 14 

Rectobolivina glabra Bermudez 1.24 1.24 - 1.24 1 

Reussella spinulosa Reuss 0.05 0.05 - 0.05 1 

Rosalina anglica (Cushman) 3.84 0.20 - 12.52 13 

Rosalina australis (Parr) 1.45 0.00 - 6.57 13 

Rosalina bradyi (Cushman) 4.54 0.02 - 18.82 21 

Rotalinoides inflata (Millet) 3.97 0.01 - 14.86 8 

Sigmohauerina bradyi (Cushman) 3.72 0.05 - 17.39 5 

Sigmoidella elegantissima Parker and Jones 0.80 0.29 - 1.24 3 

Siphogenerina raphana (Parker and Jones) 0.74 0.02 - 2.08 3 

Siphouvigerina ampullacea (Brady) 0.40 0.40 - 0.40 1 

Spirillina denticulata Brady 1.07 0.28 - 2.54 4 

Spirolina cylindracea Lamarck 0.62 0.62 - 0.62 1 

Spiroloculina antillarum d'Orbigny 0.57 0.31 - 1.02 5 

Spiroloculina communis Cushman and Todd 4.39 0.10 - 44.44 15 

Spiroloculina lucida Cushman and Todd 5.56 0.03 - 28.00 28 

      

a-average; b-range; c-occurrence      
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foraminiferal species a  b  c 

Textularia candeiana d'Orbigny 3.71 0.00 - 8.02 9 

Textularia conica d'Orbigny 5.53 0.06 - 13.45 8 

Textularia pseudogramen Chapman and Parr 5.11 0.06 - 35.09 16 

Textularia sagittula atrata Cushman 0.57 0.38 - 0.87 3 

Triloculina tricarinata d'Orbigny 1.44 0.24 - 4.72 9 

Triloculina trigonula (Lamarck) 5.31 0.05 - 19.30 22 

Tritaxis conica (Parker and Jones) 1.71 0.10 - 3.86 3 

Trochammina inflata (Montagu) 0.28 0.28 - 0.28 1 

Trochulina dimidiata (Jones and Parker) 3.35 0.02 - 24.56 19 

Uvigerina bassensis Parr 0.62 0.31 - 0.93 2 

Vaginulina vertebralis Parr 0.75 0.75 - 0.75 1 

Vertebralina striata (d'Orbigny) 0.12 0.01 - 0.28 3 
� � � � � �

a-average; b-range; c-occurrence � � � � �
� � � � � �
� � � � � �
� � � � � �
complete synonyms, descriptions and distributions in the South Pacific can�
be found in Albani et al., 2001� � � � � �
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Appendix 7 
 

 
 

Plate 1A - Common foraminifera from Botany Bay. Illustrations from Albani et al. 2001 
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Plate 2A - Common foraminifera from Botany Bay. Illustrations from Albani et al. 2001 
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Appendix 8 
 

Scarborough Ponds 
 
The sediments of Scarborough Ponds (Fig. 1) have been analysed in order to 

determine their geochemical composition and in particular their heavy metal 

content. The purpose of the study was to establish baseline data for monitoring 

programs and to identify areas of high concentrations. No attempt was made at this 

stage to determine the source of specific elements. 

In September 2004 seventeen sites were selected and bottom sediments were 

collected using a small grab. The concentrations for selected elements are also 

shown graphically in the accompanying maps. The median value for each of the 

elements considered is shown as reference. In addition where the ANZECC 

guideline are available their values are also shown. 

 
         Figure 1A - Location of the Scarborough Ponds 

Three elements, zinc (Figure 2A), lead (Figure 3A) and arsenic (Figure 4A), show 

concentrations in excess of the high value of the ANZECC guidelines in most of the 
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stations for the first two and mainly in the North 2 Pond for arsenic. These 

occurrences strongly suggest the need for extreme care if dredging is considered. 

 
Figure 2A - Distribution of Zn concentrations in Scarborough Ponds 
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Figure 3A - Distribution of Pb concentrations in Scarborough Ponds 
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Figure 4A - Distribution of As concentrations in Scarborough Ponds 
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Five elements, cadmium (Figure 5A), antimony, copper (Figure 6A), nickel (Figure 

7A) and chromium have values above the low range of the ANZECC guidelines. 

Cadmium, in particular, shows values very close to the high range in the North 

Ponds. Even the median value is greater than the low accepted range for cadmium 

and antimony. 

 
Figure 5A - Distribution of Cd concentrations in Scarborough Ponds 
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Figure 6A - Distribution of Cu concentrations in Scarborough Ponds 
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Figure 7A - Distribution of Ni concentrations in Scarborough Ponds 
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Appendix 9 
 

Foraminifera as ecological monitoring indicators 
 
The capacity of benthic foraminifera to monitor the environmental changes was 

illustrated in a study from the Lagoon of Venice (Albani et al., 2006). 

In 1983 a large number of samples were collected throughout the Lagoon and the 

sediments, sediment geochemistry and benthic foraminifera were determined and 

a number of biotopes recognised. 

In 2001 a new series of samples were collected and the foraminiferal populations 

from 1983 and 2001 were compared using the Kolmogorov-Smirnoff statistical test 

(Sokal and Rohlf, 1969).  

 

 

 

This non-parametric test compares the cumulative frequency value of two different 

foraminiferal assemblages (samples) and records the value of the level of 

difference; the smaller the value the smaller is the difference and the greater is the 
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similarity of the two samples. The summary of the changes recognized by this 

methodology is shown in the accompanying figures. 

 

 
 
 

For a complete discussion of the methodology and the results see Albani et al., 
2006 


