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Abstract 

Processes that influence variations in trace metal concentration and their 

bioavailability in surface and subsurface sediments have been measured in sediments 

from Cleveland Bay and the adjacent shelf areas of the Great Barrier Reef lagoon from 

Upstart Bay to Rockingham Bay. The scope of work is consistent with strategies 

incorporated within the National Water Quality Management Strategy (e.g., the draft 

Australian and New Zealand Environment and Conservation Council (ANZECC) 

Guidelines for Fresh and Marine Water Quality). The results can be used as a guide for 

the management of sediment quality in the study region. 

Statistical analysis (Principal Component Analysis, Multiple Regression 

Analysis) has been completed upon chemical and physical parameters from 1023 

surface sediment samples collected in the central section of the Great BatTier Reef 

Lagoon. In conjunction with spatial analysis the results of statistical analysis have been 

used to identifY influences upon the distribution of whole surface sediment strong acid 

soluble Cd, Co, Cu, Ni, Pb and Znoncentrations. The predominant influence upon their 

distribution is the distribution of fine-grained aluminosilicate rich terrigenous sediment. 

Subordinant natural influences include; changes in the concentration of Co, Cu and Ni 

in terrigenous sediment being supplied to the lagoon; increases in Cd and Co 

concentration in sediments due to post depositional early diagenetic processes; and 

nutrient like behaviour of Cd. 

11 

In oder to evaluate anthropogenic influences upon trace metal concentration In 

Cleveland Bay, statistical analysis (Multiple Regression Analysis, Principal Component 

Analysis, Linear Discriminant Analysis) and spatial analysis of 122 surface sediment 

samples and 124 sediment core samples have been supported by temporal analysis of 

samples from 5 sediment cores using 210Pb radiochemistry. Anthropogenic influences in 

sediments of Cleveland Bay are distinguishable from natural variations in concentration 

at sites that have high rates of fine grained terrigenous sediment accumulation, are 

typically close to source, are limited in spatial extent, and are characterised by 

simultaneous increases of more than one trace metaL 
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Temporal trends in enhancement of metals exhibit associations with economic 

growth and the introduction of spccific metal commodities to the region. Enhancement 

of metal concentrations above a statistically modelled background are generally less 

than 2 times the modelled background, and are typically lcss than the draft ANZECC 

guideline trigger values for the concentration of metals in sediment. The results indicate 

that identification of anthropogenic influences do not necessarily represent a decline in 

environmental quality but are diagnostic of urbanisation and industrial development. 

To assist understanding processes that inlluence the bioavailability of trace 

metals in sediments a mass balance of dissolved and solid phase sulfur concentrations of 

5 sediment cores collected from Cleveland Bay was completed. A model of the rate of 

organic matter decomposition explains between 82 to 90% of the variance observed in 

the sulfur accumulated in sediments of cores from Cleveland Bay. Therefore the rate of 

organic matter decomposition is the dominant influence upon sulfur accumulation 

within individual sediment cores. The mass balance indicates that typical muddy 

sediments in the intertidal zone are open to the resupply of sulphate, but probably have 

a high retention rate of authigenic sulphides due to abundant reactive Fe and high burial 

rates. 

Speciation of trace metals in sediment profiles has been evaluated by two 

operationally defined methods. I) Speciation detel111ined by wet chemical analyses of 

metals. 2) Speciation detennined by in situ passive sampling deviccs that use the theory 

of Diffusive Gradients in Thin-films (DGT). Interpretation of the influences upon metal 

speciation was found to be highly dependent upon the scale of sampling (e.g., vertical 

resolution, depth), and method of analysis. 

In sediment cores sampled at 20mm intervals, the partitioning of trace metals 

into 1M HCI soluble (Cd, Pb and Zn) and 1M HCI insoluble (Co, Cu and Ni) species 

can be attributed to the predominantn early diagenetic process occurring in sediments, 

S04 reduction. However, in 300mm deep DGT probes sampled at intervals of 10mID 

strong vertical zonation of metals with apparent contrasting lability to that deterined by 

wet chemical analysis. Lability in DGT probes can be described as DGT available (Co, 

Ni, Pb and Zn) and DGT unavailablc (Cd and Cu) metals. These pattems in speciation 

arc interpreted to be created by interaction of metals with other early diageneitc 

processes including Fe, Mn and S04 reduction. 
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The comparison of operationally defined speciation methods indicates that the 

use of a single speciation method (e.g., 1M HCI soluble metals or LSEMI A VS > 1) to 

predict the bioavailability of Cd, Co, Cu, Ni, Pb and Zn may not adequately describe the 

speciation of some metals in near surface sediments. As a consequence methods used to 

assess metal bioavailability in sediments should not be used in isolation, or applied as 

generic indicators of sediment quality. The methods are tools that can be used for the 

assessment of sediment quality, and require to be evaluated before being integrated 

within sediment quality management strategies. 
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Chapter 1 

Introduction and thesis outline 

1.1 Introduction 

Declining quality of terrestrial run off entering the Great Barrier Reef lagoon is 

the most significant anthropogenic influence upon environmental quality to the lagoon 

(Brodie 1997). Increases in river sediment loads of 4 to 20 times pre European 

settlement (circa 1850) have been estimated (Arakel1995; Moss et at. 1992; Neil & Yu 

1996; Brodie 1997). The significance of these apparent increases, and the effect upon 

the wider lagoon, has been the subject of public scientific debate since at least 1987 

(Brodie 1991; Bell & Gabric 1991; Hopley et a1.1991; Furnas & Brodie 1996; Rayment 

& Neil 1997; Wasson 1997; Larcombe & Woolfe 1999a). 

The regions of the lagoon that are threatened by declining quality of terrestrial 

run off are on the inner shelf, are close to a source and are limited in spatial extent 

(Kelleher 1987; Botto et al. 1987; Baldwin et ai. 1987; Cosser 1987; Brodie 1997). 

Metals are not considered a threat to the lagoon relative to those threats posed by 

increased sediment and nutrient loads (e.g., Kelleher 1987; Baldwin et at. 1987). 

However, sites close to urbanised areas, or areas of deliberate habitat 

destruction, where terrestrial water quality has diminished, are potentially at risk of 

deleterious effects of excess supply of metals (Zann 1995; Arakel 1995). Moreover, 

there is a perception by the public that metal contaminants do pose a risk to the lagoon 

(Brown 1973; Knauer 1977; Wallace 1992; Ormsby 1996; Walker & Brunski111996). 

These threats, whether real or perceived, are a management issue (Kinsey 1991). 

Therefore, localised anthropogenic enhancement of metals does constitute an issue to be 

addressed by those managing the environment. 
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Location of geographic features and submerged reefs in the study 

region (central section of the Great Barrier Reeflagoon). Submerged reefs are shown in 

stippled grey. They occur on the inner shelf as free standing reefs, and on the margins 

of the majority of inner shelf islands. The inner shelf, middle shelf and outer shelf are 

defined by the 20m, 40m and 200m depth isobaths. 

This thesis examines natural and anthropogenic influences upon sediment trace 

metal geochemistry in the central section of the Great Barrier Reeflagoon, with the 

focus of work in Cleveland Bay (Figure 1.1). It helps address the need to understand 

the processes that effect marine chemical oceanographic baseline data, and provides 

discriminatory methods to identify threats to the lagoon (e.g., Stark et al. 1975; 

Kelleher 1987; Larcombe et al. 1996; Johnson 1996; Jensen et al. 1999). 
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1.2 Trends in the supply of metals from anthropogenic 

sources 
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Metals derived from anthropogenic sources are supplied to the marine 

environment by diffuse and point source inputs (Zann 1995; Karuppiah & Gupta 1996). 

Diffuse sources include atmospheric fallout from combustion of fossil fuels and waste 

(Bricker 1993; Cochran et al. 1998; Kalak et al. 1998), and surface water run off from 

agricultural areas and mining districts (Cortesao & Vale 1995; Bervoets et al. 1998). 

Run off from agricultural and mining activities in catchments have been found to be a 

source of metals in the Great Barrier Reeflagoon (Tesiram 1995; Walker & Brunskill 

1995). 

Surface water run off from urban areas is also a source of metals, because of the 

high density of sources (Mason et al. 1999; Widianarko et ai. 2000). Effluent 

discharges, from industrial and sewage discharge points in urbanised, areas have been a 

significant source of metals in northern hemisphere studies (Bricker 1993; Mayer & 

Johnson 1994; Karuppiah & Gupta 1996; Bothner et al. 1998; Kahkonen et al. 1998; 

Grousset et al. 1999). Trends in the supply rate of metals from anthropogenic sources 

over time display an increase with the onset of industrialisation, and a decrease 

associated with more recent environmental awareness and legislation (Bricker 1993; 

Alexander et al. 1993; Zwolsman et al. 1996; Ko1ak et al. 1998; Cochran et al. 1998; 

Brannvall et al. 1999). Shorter term spatial and temporal variance have also been 

identified (Birch et al. 1998). 

There is a positive correlation between economic growth (Huh & Chen 1999) 

and urbanisation (Callender & Rice 1999). An 'urban environmental gradient' was 

recognised by Callender & Rice (1999), where the gradient reflects a positive 

correlation between rate of supply of metals to sediments from anthropogenic activities, 

and size of the population. 

The land region adjacent the study area to Cleveland Bay has experienced 

economic growth and urbanisation since settlement mid last century. The city of 

Townsville has historically been a focus of trade, and was initially established in 1864 

as a port to service pastoral holdings (wool and beet) located in the hinterland. It was 
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connected by rail to agricultural and mineral resources in other regions of Queensland 

by 1915 (Taylor 1980; TMI 1999; TPA 1999). 

Since 1945, heavy industry has stimulated population growth in Townsville 

(TTSP 2000). These industries support mining and rural activities in regional areas of 

North Queensland and include; the copper refinery in 1957, sugar terminal in 1959, 

Yabulu nickel refmery in 1974, nicke11aterite imports in 1986, and a zinc refinery in 

1999. At present, Townsville has a population of over 130 000, and combined with the 

city of Thuringowa, forms the largest urbanised area located adjacent to the Great 

Barrier Reef lagoon. The region has an annual economy of over $5.7 Billion, forecast to 

double by 2017, and is growing faster than other regions of Queensland (ABC 1999). 

Given sustained economic and population growth in the region, we might expect 

to see increases in rate of supply of metals to the lagoon. Trends in the supply rate of 

metals from anthropogenic sources over time can be identified by comparing variations 

in metal concentration over time in radio chemically dated sediments (e.g., Bricker 

1993; Alexander et al. 1993). The risk that such trends pose to the environment, if any, 

is an important issue to resolve. 

1.3 Thesis outline and sediment quality assessment 

strategies 

A tiered risk assessment strategy (Figure 1.2) is recommended for the 

management of metals in sediments (ArakeI1995; ANZECC 1999; Chapman & MaIm 

1999; IMO 1999). The work completed in this thesis uses methods that are compatible 

with the Australian National Water Quality Management Strategy, which is described in 

the Draft Australian and New Zealand Environment and Conservation Council 

Guidelines for Fresh and Marine Water Quality (ANZECC 1999). The guidelines are 

driven by the philosophy of the Australian National Strategy for Ecologically 

Sustainable Development (ESD) (ANZECC 1999). 

The initial stage of the risk assessment strategy is to define management goals 

and the level of protection of the environment. Three categories are recommended as; 1) 

high conservation ecological value systems (pristine); 2) slightly to moderately 

disturbed systems, and; 3) highly disturbed systems. 
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The Great Barrier Reef lagoon is a multi-use Marine Park, and a World Heritage 

Listed area (Valentine et al. 1997). It accommodates a variety of industries operating 

directly in the lagoon, such as military training grounds, merchant shipping, commercial 

fishing and tourism. It also receives run off from rural and urbanised regions located 

inland of and adjacent to the coast, as well as waste discharges from sewage and 

industries situated along the coast. It contains regions that qualify within all three 

categories of pristine, slightly disturbed and highly disturbed. 

The tiered sediment quality assessment strategy in Figure 1.2 advocates the 

measurement of metal concentrations followed by comparison to trigger values 

specified in the guidelines, or interim sediment quality values (ISQVs). ISQVs are the 

trigger mechanism to initiate further action, and the setting of appropriate SQVs is 

recognised as a controversial issue (Chapman et al. 1999a). At present, ISQVs are set at 

two levels, low (ISQV-Iow) and high (ISQV-high). The values are adapted from the 

effects range low (ERL) and effects range median (ERM) criteria respectively of Long 

et al. (1995). The ERL and ERM represent the 10 and 50th percentiles of a statistical 

analysis of a biological effects database, and indicate at what concentration metals 

concentrations, derived from whole sediment total acid digestion, will have an affect 

upon test organisms. 

If the management objective for a region is to remain pristine it is recognised by 

the ANZECC guidelines that the ISQV-low should be replaced with the background 

concentration. In slightly to highly disturbed areas, if metal concentrations fall between 

the ISQV-Iow and ISQV-high' it is also recommended that background concentrations 

of metals be identified before proceeding with examination ofbioavai1ability. 

Identification of background metal concentrations, and their variation, is a significant 

step in the tiered assessment strategy. 
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Moderately contaminated 
(initiate remedial actions) 

Highly contaminated 
(initi ate remedial actions) 

Figure 1.2 Tiered risk assessment strategy for sediment quality assessment, 

adapted from ANZECC (1999). Subjects shaded are those addressed in this study. 

Chapter 1 



Page 7 

Chapter 2 of this thesis examines the influences of sediment sources, sediment 

transport mechanisms, early diagenetic processes, and anthropogenic sources upon 

metal concentrations in the central section of the Great Barrier Reef lagoon between 

Upstart Bay to Rockingham Bay. The aim is to identify influences upon variation in 

natural metal concentrations at different locations in the study area. This is done using a 

combination of multi-element mapping and exploratory statistical analysis, which have 

been found to be valuable tools for regional resource assessment (e.g., Burenkov et al. 

1999; Cocker 1999; Grunsky & Smee 1999). 

Chapter 3 examines the capacity of statistical methods to identify background 

variation, and to discriminate metals derived from anthropogenic sources in sediments 

of Cleveland Bay. This includes the use of a hierarchy of statistical tests, coupled with 

radiochemical sedimentation history, to identify natural and anthropogenic influences 

upon sediment composition (e.g., Ragland et at. 1997; Kilby & Bately 1993; Zwolsman 

et at. 1996; Grousset et al. 1999). 

Factors that influence bioavailability are a function of sediment organism 

interactions (Stark 1998), and it is the chemical form of metals that determines risk to 

organisms by toxic metals (Allen & Hansen 1996). This thesis deals specifically with 

wet chemical methods of measuring metal speciation in sediments, and does not attempt 

to directly measure bioavailability. 

Chapters 4, 5 and 6 examine influences upon speciation of metals, and 

interpretation of methods used to measure metal speciation, in intertidal and near shore 

sediments of Cleveland Bay. The kinetics of decomposition of organic matter, and the 

processes that affect accumulation of authigenic iron sulfides, are the most important 

early diagenetic processes in shallow marine sediments (Berner 1980) and are explored 

in chapter 4. The results of chapter 4 are used in chapter 5, to examine the interactions 

between measures of wet chemical trace metal speciation commonly used in 

environmental surveys and authigenic sulfides. Chapter 6, compares a new method 

(diffusive gradients in thin films) to with wet chemical speciation methods. 
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1.4 Identifying natural concentrations of trace metals in 

sediments 

1.4.1 Natural influences upon trace metal concentrations 
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Unlike some compounds sourced from anthropogenic activities, such as PCBs 

and DDT, trace metals occur naturally in sediments and over a range of concentrations. 

Natural concentrations of metals are influenced by differences in source of bulk 

sediment, transport regime and post depositional regime. These influences do not 

operate in isolation, and consequently natural metal concentrations in sediments are a 

function of several influences that can occur over different time scales (e.g., seasonal 

variations, Birch & Davey 1995). 

The source of sediment being supplied to a region can be influenced by 

catchment geology (Loring 1990), weathering processes (Hirst 1962) and mineralisation 

(Moss & Costanzo 1998, Langston et at. 1999), and several sources can contribute to a 

single region (e.g. Basaham & EI-Sayed 1998; Rosales-Hoz et al. 1999). 

Sediment transport mechanisms (e.g., waves, currents) result in physical sorting 

and partitioning of sediment of different physical properties. These processes result in 

mineralogical and particle size differences between sites (e.g., Calvert et al. 1993; 

Loring 1991). 

Post depositional changes in sediment composition can be attributed to a 

combination of biological, physical and chemical processes. Physical redistribution of 

elements occurs by bioturbation or through wave~current particle mixing (Berner 1980; 

Rhoads & Boyer 1982). Chemical redistribution can occur during early diagenesis, and 

are typically related to the decomposition of organic matter (e.g., Rae & Allen 1993; 

Van Cappellen & Wang 1995). 
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These processes create variation in natural concentrations of metals in 

sediments. The natural variations can obscure the addition of metals from anthropogenic 

sources. In the context of providing guidelines for the management of sediment quality, 

it is important to identify these natural processes and their effects upon metal 

concentrations. 

1.4.2 Statistical analysis of trace metal concentrations in sediments 

and their interpretation 

1.4.2.1 Standardisation and regression analysis 

In marine sediments, the greatest source of natural variation in sediment trace 

metal concentration is differences in particle size and mineralogical composition 

between samples (e.g., de Groot et al. 1982; Klamer et al. 1990; Loring 1990). This 

natural variation in trace metal composition can be removed by dividing the measured 

value by a conservative (one that is not affected by anthropogenic influences) 

parameter(s) that is proportional to the grain size or mineralogical variations of the 

sediment samples. Measurements of sediment grain size can be used to remove grain 

size variations and elemental analyses can be used to remove both grain size and 

mineralogical variations (e.g., lithium, Loring 1990; aluminium, Summers et ai. 1996; 

iron, Negrel1997). In this thesis, this is referred to as standardisation (normalisation) of 

trace metal concentrations. It is done to remove natural variation in their concentration 

so that measured values are standardised to common natural criteria, and it is easier to 

observe the variance created by anthropogenic influences upon metal concentrations. 

Regression analysis methods can be used remove natural variation in sediment 

trace metal composition. Regression methods include linear regression (Summers et al. 

1996), non-linear regression (Bervoets et at. 1998), robust regression (Grant & 

Middleton 1998), semi parametric regression (Shively & Sager 1999) and multiple 

regression (Schneider & Davey 1995). These methods represent similar, yet distinct, 

methods that enable standardisation of trace metal concentrations (dependent variable) 

to a conservative numeric parameter (independent variable), and allow direct 

comparison of trace metal concentrations between sites in an overall gradient of bulk 

sediment types. 
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All linear regression methods have limitations that include the assumptions of 

existence, independence, linearity, homoscedasticity and normality (Kleinbaum et at. 

1998). If results are to be used in a tiered sediment quality assessment strategy, the 

limitations of models have significant implications upon the appropriateness of the 

decisions that can be made using the models. Ultimately, models can only determine 

similarity or differences between samples at a statistical significance determined by the 

user. The reason why a sample is different from other samples is a function of the 

regression model parameters. 

Some mathematical limitations of methods can be overcome by transformation 

of data and selection of methods that suit the distribution of the data (e.g., robust 

regression, semi-parametric regression). However, most limitations are inherent to the 

method and cannot be removed. From the author's experience, the limitation of 

regression models, to identify anthropogenic influences upon trace metal concentrations 

in sediment geochemical data sets, is centred on the assumption that the relationship 

between dependent and independent variable(s) is constant for all samples (conservative 

behaviour). 

This above assumption often results in 'confounding'. Confounding is when 

meaningfully different interpretations of a relationship occur when an extraneous 

variable is ignored or included in the analysis (Kleinbaum et al. 1998). Ifa significant 

independent variable is excluded from a model, a component of the variance of the 

model will be in response to that variable. Similarly, ifthe relationship between the 

independent and dependent variable changes between sites, some of the variance of the 

model will be in response to these changes. 

Non-conservative behaviour, between dependent and independent variables, can 

be created by changes in geochemical composition of sediment being supplied to a 

region (e.g., Loring 1991). This can result in variance in the regression model that is 

created by spatial and temporal differences in sediment supply. Similarly, post­

depositional changes to sediment geochemical composition can also affect the 

consistency of relationships. The use of a single regression model to suit all samples is 

therefore unlikely to satisfy all assumptions of the method. 
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1.4.2.2 Multivariate statistical analysis 

The interpretation of what causes standardised metal values to be different and 

the associated significance requires testing and support. Multi-element signatures have 

been used to discriminate samples that have terrigenous and biogenic sources (Rosales­

Hoz et al. 1999), and to discriminate between specific anthropogenic sources (e.g. 

Krumgalz 1993; Cortesao &Vale 1995). This information is essential to the 

interpretation of regression data to explain why samples or groups of samples are 

geochemically and statistically different. 

Principal Component Analysis (PCA) allows the observation of multivariate 

data in fewer dimensions (McArdle 1999). It can be used to identify groups of sediment 

samples that have similar geochemical composition (e.g. Ragland et al. 1997; 

Emmerson et al. 1997). The resultant grouping of data can assist the understanding of 

why groups of sediment samples respond differently to regression models. 

PCA is not a hypothesis testing tool, it is a hypothesis generation tool (McArdle 

1999). Multivariate classification techniques are required to classify or determine 

differences between groups of samples. Linear discriminant analysis is one such 

method, which allocates a probability of group membership to each sample based upon 

user-specified categories. Discriminant analysis can be used to classify samples into 

groups based on the patterns observed in PCA (e.g., Calvert et al. 1993; Ragland et al. 

1997). 

The combination of multivariate analysis methods such as regression, PCA and 

discriminant analysis is similar to methods known as redundancy analysis and 

correspondence analysis. The greatest difference between the methods is data pre­

treatment, or standardisation (McArdle 1999). The advantage of these multivariate 

methods is that they can be integrated with a variety of numeric or classification 

variables, and they are not restricted to chemical analysis to identify changes to 

sediment properties (e.g., Krantzberg et af. 2000). 

1.5 Metal speciation and 'bioavailability' 

Metal speciation refers to the chemical and mineralogical form that metals occur 

as. In sediments, metals may occur in a variety of forms, including; as dissolved metals 
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in interstitial pore waters, adsorbed to particles, as discrete mineral phases or held 

within crystalline lattice structures of solid phases (e.g., Ruby et al. 1999). The factors 

that influence metal speciation in sediments are related to sources of metals and post 

depositional modification to sediments. Metals bound in crystalline lattice structures 

rarely undergo change during burial. Metals that are sorbed to small reactive particles, 

or held within particles that undergo changes during early diagenesis, are labile and will 

undergo changes in speciation during buriaL 

Post-depositional changes to metal speciation in sediments is driven by 

biogeochemical processes that are related to the decomposition of organic matter, and 

are most intense near the surface (Van Cappellen & Wang 1995; Veeh et al. 1999). 

Sulfate reduction is one of several processes occurring in sediments that result in 

oxidation of organic carbon and results in the formation of authigenic iron sulfide 

minerals (e.g. Berner 1980; Goldharber & Kaplan 1982). The interaction between 

authigenic iron sulfides and trace metals has been found to result in the formation of 

insoluble, and less labile, metal sulfide mineral species (Ferguson et al. 1983; Davies­

Colley et al. 1985; Di Toro et al. 1990; Huerta-Diaz & Morse 1992; Morse & Arakaki 

1993; Brennan & Lindsay 1996). This is environmentally significant because it can 

result in a decreased risk of exposure of organisms to high concentration of dissolved 

metals in sediment interstitial waters (Morse & Luther 1999). 

In contrast to metal speciation, 'bioavailability' is a function of organism 

sediment interaction (Stark 1998). It is dependent upon organism-specific exposure 

routes and sensitivity (e.g., Hare et al. 1994; Mayer et al. 1996; Lee et al. 2000). 

Because of these complications, simple and cost effective methods of determining metal 

concentrations available to organisms, dependent upon metal speciation, are desired for 

use in tiered sediment quality assessment strategies (e.g., Chapman & Mann 1999). 

Operationally defined wet chemical sediment metal speciation methods are one 

option to producing cost effective measures that may approximate bioavailability. 1M 

Hel soluble metals, or methods that liberate weakly bound metals in sediments, are 

often considered bioavailable (e.g., Bervoets et al. 1998; Langston et al. 1999). Other 

speciation methods include; direct measurement of dissolved metal concentrations in 

pore waters of sediment and sequential digestion schemes that provide operationally 

defined metal categories (e.g., Tessier et al. 1979; Huerta-Diaz & Morse 1990). 
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Speciation methods also include mechanistic methods, based upon equilibrium 

partitioning of metals between different host minerals in sediments (Chapman et al. 

1999b). This includes the ratio of the sum of metals extracted simultaneously with acid 

volatile sulfides (Di Torro et al. 1990) and the distribution coefficient CKct). These 

methods rely on the measured partitioning between solid phase and dissolved phase 

(pore water) metals. Metals in the dissolved phase are considered to represent a higher 

risk of exposure to organisms (greater bioavailability). 

A new approach to speciation measurements is in situ passive sampling devices 

that use the theory of Diffusive Gradients in Thin-films, or DGT (Zhang & Davison 

1995). This method uses a thin membrane of known diffusive properties to constrain the 

mass transport of metals to a collecting medium such as Chelex® resin. The resin 

accumulates only metals capable of diffusing across the membrane. It accumulates only 

dissolved metals in waters and metals capable of exchange between solid phase and the 

Chelex® resin. The method offers provides high spatial resolution and in situ 

preconcentration of metals within the range of atomic adsorption spectrometry 

analytical methods and offers significant advantages over traditional sampling methods. 

1.6 Conclusions 

Metals derived from anthropogenic sources pose a subordinate risk to the 

lagoon, relative to those posed by increased sediment and nutrient loadings in terrestrial 

run off. However, locations close to sources, such as urbanised regions, mining and 

agricultural districts, are at greater risk of receiving deleterious concentrations of metals 

from anthropogenic sources. 

A tiered risk assessment strategy is advocated for the assessment of metal 

concentrations in sediments by ANZECC (1999), and this is broadly followed by this 

thesis. In this thesis, mapping and multivariate statistical analysis are initially used to 

identify natural influences upon metal concentrations in sediments and then determine 

background metal concentrations. This work is then supplemented with examination of 

the processes that effect metal speciation in sediments of Cleveland Bay and 

comparison of methods used to measure metal speciation. 
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Chapter 2 

Influences upon spatial variation in sediment 

geochemical composition in the Great Barrier Reef 

lagoon between Upstart Bay and Rockingham Bay 

2.1. Introduction 

The need to understand processes that effect marine chemical oceanographic 

baseline data in the lagoon has been advocated by Stark et al. (1975), Kelleher (1987), 

Larcombe et al. (1996), Johnson (1996) and more generally within Australian marine 

jurisdiction by Jensen et al. (1999). 

There have been numerous chemical oceanographic studies completed in the 

study region (Figure 2.1). The studies include; The Three Bays Study (Bowling Green 

Bay, Cleveland Bay and Halifax Bay) that involved mainly baseline biota and water 

data collection (Stark et al. 1975; Burdon-Jones et al. 1982); Cd inputs to Hinchinbrook 

Channel from fertiliser usage in the Herbert River catchment (Tesiram 1995; Valente 

1998); Hg in sediment from Bowling Green Bay derived from gold mining activities in 

the Charters Towers region (Walker & Brunski1l1995); Ni in sediments of Halifax Bay 

derived from Ni refmery operations (Knauer 1977; Carey 1981); the potential effects of 

dredging in Cleveland Bay (Gibbs 1993; Reichelt & Jones 1994); monitoring programs 

in place by the Townsville Port Authority (Anderson & Roche 1999), Queensland 

Government monitoring (Moss & Costanzo 1998); and more general small scale 

research studies (e.g. Esselmont 1997; Inglis & Kross 1999). 

Despite this apparent wealth of information there is relatively little work 

undertaken in the lagoon dedicated to identifying and understanding influences upon 

natural variation in sediment geochemical composition on a shelf scale or at a local 

scale. Maxwell (1968) undertook the largest study that has dealt specifically with 

natural variations in sediment composition. This work included mapping and 

classification of the Great Barrier Reef lagoon based on the variation in acid soluble 

carbonate concentrations, combined with mineralogical and granulometric examination 
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of the surface sediments. Since that time, there have been numerous other studies of 

surface sediment grain size distributions within the study area (Orme & Flood 1980; 

Miller 1982; Belperio 1983; Davidson 1985; Carter et al. 1993; McIntyre 1996; Orpin 

& Ridd 1996; Lambech & Woolfe 1999; Woolfe et al. 2000). The only published 

studies to examine the natural variability of sediment geochemical compositions in the 

region are that of Ward (1994), Ward et al. (1995) and Ward & Larcombe (1996). This 

work compared the geochemical signature of Holocene mangrove sediments with recent 

mangrove sedimentary deposits located in the south of Halifax Bay and in Cleveland 

Bay. 

It is essential to understand natural influences upon variations in sediment trace 

metal composition if influences of anthropogenic activities are to be recognised and the 

risk to the environment evaluated. This chapter describes spatial variations in sediment 

geochemical composition for 1023 surface sediment grab samples collected in the Great 

Barrier Reef lagoon between Upstart Bay and Rockingham Bay (Figure 2.1). It provides 

the first images of regional scale variation in geochemical properties that are coupled 

with multivariate statistical analysis of sediment major element and trace element 

composition. These methods have been found to be useful tools in regional resource 

assessment (e.g., Burenkov et al. 1999; Cocker 1999; Grunsky & Smee 1999). 

The aim of this chapter is to identify influences upon the variation in surface 

sediment trace metal composition at a regional scale. A secondary objective is to 

develop multivariate statistical methods that can be used to identify influences upon 

trace metal concentration in sediments. 

2.1.1 Study Site 

In the study region, the central section of the Great Barrier Reef lagoon, the 

continental shelf is between 50 to 100 km wide (Figure 2.1). It has been subdivided by 

Belperio (1983) on the basis of water depth into; inner shelf (0-20 m), middle shelf (20-

40 m) and outer shelf (40-80 m). The Great Barrier Reef is situated on the outer shelf, 

and is up to 100 km from the coast. 
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Fieure 2.1 Location and boundaries of geograpbic subdi visions made within the lagoon 

(coloured), and surface sediment grab samples (e). The 20 m and 40 m isobaths have 

been used to subdivide the inner shelf, middle shelf and outer shelf. 

2.1.1.1 C limate 

The climate of the study region ranges from dry tropical to wet tropical. The 

avt:ragt: arulUa l rainfall oflut:ations in tht: study rt:gion is h ighly variablt:. Fur t:xamplt:, 

the Herbert Ri ver region has an average annual rainfall of 21 00 mm (Clough 1998), 

relative to the Ross River region that has a rainfall of only 1160 mm (Carter ef 01. 1993) . 

Most rain occurs during the summer months of December to March. Cyclones also occur 

during summer months and are highly signi fi cant short term rain fa ll, wind, wave and 

current generating events (e .g., Orpin et al. 1999). South east winds prevail between 

Apri l to November and are characterised by speeds of 10·30 km h· l (Carter el al. 1993) . 
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2.1.1.2 Sediment supply 

Sediment supplied to the lagoon is derived from two predominant sources. 

These sources can be characterised as; 1) alumino silicate rich terrigenous sediment that 

is supplied to the inner shelf by riverine discharges, and; 2) calcium carbonate rich 

biogenic sediment that is supplied shelf wide by biogeochemical processes (e.g., 

Maxwell 1968; Maxwell & Swinchatt 1970; Orme & Flood 1980; Belperio 1983). 

Terrigenous sediments in the region are muddy quartz rich fine-medium grained 

sands, with lesser amounts of feldspar, mica and carbonate materials (Belperio 1978; 

Carter et al. 1993; Ward et al. 1995; Woolfe et al. 2000). The clay mineral assemblage 

is predominantly kaolinitic (Orpin & Woolfe 1999). The Burdekin River is the principal 

source of terrigenous sediment to the study region (Table 2.1). The suspended and 

dissolved load of the Burdekin River comprises 85% of the entire sediment yield and 

within its region of influence terrigenous mud is the dominant fraction of sediment on 

the inner shelf (Belperio 1983). 

Differences in the geochemical composition of terrigenous sediment supplied 

from different catchments have not been documented. Each catchment contains a large 

variety of Palaeozoic rock types and an extended history (up to 36 million years old) of 

soil formation and landform development (e.g., Isbell & Murtha 1970; Grimes 1980; 

Coventry et al. 1980; Pringle 1986; Bain et ai. 1990). 

The catchment areas of the Burdekin and the Herbert can be characterised as dry 

tropical and wet tropical respectively (Mitchell & Furnas 1996). Climate is the main 

determinant of sediment yield from rivers in the region (Neil & Yu 1996). This is 

because rainfall effects both run off and the vegetation cover with the dry catchments 

having significantly greater sediment yield (t km'2) due to low vegetation cover (Table 

2.1). 

In contrast to riverine terrigenous sediment, marine biogenic sediment is 

supplied across the lagoon by natural biogeochemical processes. On the outer shelf, reef 

flat sediments are> 80% CaC03 and are derived from corals, coralline algae, molluscs, 

Halimeda and foraminifera (Maxwell 1968; Orme & Flood 1980), while Halimeda 

dominated sediments occur between reefs (Harris et al. 1990). 
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Table 2.1 Properties of inner shelf geographic subdivisions of the central section of the Great Barrier Reef lagoon. Catchment, rainfall and 

run off data were compiled from Pulsford (1993); Belperio (1983); Moss et al. (1992); 

Inner Shelf Climate Inner Shelf Rivers Catchment Run off Estimated Sediment 

Subset 
Area (km 2) 

Area (km2
) (ML yr-l

) Load (Mt yr-l
) 

Upstart Bay Dry tropical 257 Burdekin 129860 10 100 000 5 

Bow ling Green Bay Dry tropical 714 Haughton 3650 756 000 <0.5 * 
Cleveland Bay Dry tropical 350 Ross 1 815 372 000 0.3 

Halifax Bay Dry tropical 1500 Bohle/Black 1075 509 000 < 0.5 * 
Lucinda Wet tropical 173 Herbert 10 131 4991000 0.62 

Hinchinbrook Channel Wet tropical 300 Herbert as above as above as above 

Rockingham Bay Wet tropical 700 HerbertlMurrayrrully 2825 5301000 0.66 

* This study approximated 
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The bioclastic components of the middle shelf sediments are comprised of 

bryzoans, Halimeda, foraminifera and sponges whereas the principle contributors to the 

bioclastic components of inner shelf sediments are bivalves, gastropods and 

foraminifera (Belperio 1983). Coralline debris can form a significant portion of the 

bioclastic debris adjacent to inner shelf coral reefs. 

2.1.1.3 Sediment transport processes 

The Great Barrier Reef protects the lagoon from the open ocean currents and 

waves. Within the lagoon, currents and waves are predominantly north-westerly 

directed, and are driven by the predominant southeast winds (Maxwell 1968; Orme & 

Flood 1980; Belperio 1983). Wave heights of 1 m are typical (Woolfe et al. 2000), with 

waves up to 3 m generated during stronger wind periods (Orme & Flood 1980). 

Wind-induced wave generated bed stress and northerly-directed (along-shelf) 

currents are the dominant sediment transport energy within the Great Barrier Reef 

lagoon (Orpin et al. 1999). Wind forcing of currents results in almost total decoupling 

of the outer shelf and the inner shelf, with little mixing of waters by across-shelf tidal 

excursions (King & Wolanski 1992). This results in strong across-shelf partitioning of 

sediment composition (Maxwell 1968; Orme & Flood 1980; Belperio 1983) and the 

physical sorting and redistribution of sediment along-shelf into facies that have 

characteristic grain size and composition sediments (e.g., Orpin & Woolfe 1999; 

Lambeck & Woolfe 1999). 

Across-shelf partitioning of sediment is characterised by trapping of terrigenous 

sediment within the inner shelf, with terrigenous sediment forming a wedge against the 

coast, typically up to 5 m thick. Along-shelf distribution of sediments is characterised 

by the maximum thickness (30 m) of terrigenous sediment occurring in low energy 

environments, which are created on the leeward side of geographic features (Belperio 

1983; Johnson & Searle 1984; Larcombe & Woolfe 1999b). In regions exposed to the 

effects of the south east trade winds on the inner shelf(e.g., Halifax Bay), the fine 

grained terrigenous sediments are resuspended and advected northwards by wind 

induced currents (Orpin & Ridd 1996). 
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2.1.1.4 Post depositional processes 

Physical mixing of sediments through bioturbation is considered to be a 

significant post-depositional modification that results in homogenisation of surface 

sediments to 20-30cm depth (Belperio 1978; Larcombe & Ridd 1994; Carter et al. 

1993). This work is predominantly observational and published sediment mixing rates 

using chemical tracers has not been completed. Sorting of sediments during periodic 

cyclonic or storm events have been documented by Gagan et al. (1990). 

Diagenetic processes in shelf sediments have been documented by Alongi 

(1995) in the Herbert River delta and Hinchinbrook Channel region. Maximum rates of 

sulfate reduction occurred in Hinchinbrook Channel where there was an abundant 

supply of organic carbon in the form of mangrove and marine algal organic matter. 

Elsewhere on the shelf, studies of early diagenetic processes that effect sediment 

geochemical composition are scarce. Differences in sediment geochemical composition 

between cores collected from Halifax Bay and Cleveland Bay have been attributed to 

diagenetic processes by Ward et al. (1995). 

2.2 Methods 

2.2.1 Sampling 

The Australian Institute of Marine Science, Department of Primary Industries 

and James Cook University collected samples (1023) periodically between 1993 to 

1998. GPS, aerial photographs or topographic maps were used to locate sample sites. 

Samples were collected using either a ponar, frame mounted grab, or a modified van 

Veen grab with a top opening port in shallow waters, or plastic sampling tools for 

subaerial intertidal sediments. The use of these sampling devices allowed the collection 

of near surface sediment (O-lOOmm) without mixing with deeper sediment. Sample 

date, depth, latitude, longitude and geographic region are presented in Appendix 1. 

At least 500 grams of surface sediment was collected, from which at least a 20 mL 

subsample was collected for analytical purposes. The remaining sediment was placed in 

containers for archive storage at the Australian Institute of Marine Science. 
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2.2.2 Chemical analysis 

2.2.2.1 Strong acid digestion 

All sediment samples have been subjected to a consistent strong acid digestion. 

It is a not a total digestion method. Whole (W1sieved solids and water) sediment samples 

were dried at 70°C in an oven, then pulverised and homogenised in an agate mill for 3 

minutes. An accurately weighed subsample of sediment (0.5-1 g) was digested in 4 mL 

of concentrated HN03 (AR grade) and 3 mL of concentrated HCI04 CAR grade) at 

l20°C for 2 hours, then 180°C for 6 hours, within a computer controlled heating block. 

The solutions were made up to 50 mL with deionised water, mixed, and reheated to 

90°C for 1 hour. Solutions were allowed to stand for at least 24 hours before analysis. 

The concentration of Ai, Ca, Cd, Co, Cu, Fe, Mn, Ni, P, Pb, S and Zn extracted 

from the sediment were measured in the acid solution using a Varian Liberty 220 rcp 
Atomic Emission Spectrometer (ICP-AES). When the concentrations ofPb and Cd were 

below the detection limits ofICP-AES, the concentrations were measured using a 

combination of Varian Spectra 400 Zeeman Atomic Adsorption Spectrometer (ZGF­

AAS) and Varian Ultramass Inductively Coupled Plasma Mass Spectrometer (ICP-MS). 

2.2.2.2 Total acid digestion 

Total digestion of 23 selected surface sediment samples was completed to 

evaluate the capacity of the strong acid digestion method described above to dissolve 

metals in sediments of different composition. The recovery is expressed as Equation 

2.1. 

R - Strong acid digestion 100 (0/) ecovery - X /0 

Total acid digestion 
(Equation 2.1) 

Samples to be digested were selected such that they represented the range of 

possible grain size and mineralogical types (from predominantly sand to predominantly 

mud). These samples were dried, pulverised and homogenised by methods previously 

described. An accurately weighed subsample was digested overnight in 1.5 mL 30% 

HCI CAR grade), 0.5 mL 70% HN03 CAR grade) and 1.0 mL 30% HF CAR grade), at 

60°C, in a sealed polyethylene bottle. The following day, solutions were cooled in ice 
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before adding 15 mL of bone acid solution (50 giL), shaken to dissolve precipitated 

fluorides, then made up to 50 mL. 

The concentration of AI, Ca, Cd, Cu, Fe, Ni, Pb and Zn in solution were 

measured by ICP-AES. When the concentrations ofPb were below the detection limits 

ofICP-AES the concentrations were determined using a combination of ZGF-AAS. The 

results of the chemical analyses are presented in Appendix 2. 

2.2.2.3 Carbon 

Carbon analyses were determined by combustion of samples at 9500 in a 

Shimadzu SSM-500A solid sample module attached to a Shimadzu TOC-500A Total 

Organic Carbon Analyser (non dispersive infra red detector). Total carbon (TC) was 

determined by measuring CO2 released upon combustion of an accurately weighed, 

pulverised and homogenised sediment sample. Organic carbon (OC) was determined 

similarly after acidification of the sample with weak HCl. Carbonate carbon (CC) was 

calculated by subtracting OC from TC. 

2.2.3 Mineralogical analysis 

X -ray diffraction (XRD) analysis of 8 samples, consisting of 4 sediment samples 

before and after digestion by the strong acid digestion procedure, was completed. 

Pulverised and homogenised samples were smear mounted on a glass slide. Analysis 

was completed over a range of 1.3 0 20 to 65°20 using a Rigaku D-Max series A 

Diffractometer using Cu Ka radiation. XRD traces are presented in Appendix 3. 

2.2.4 Grain size analysis 

Grain size distributions were obtained using a Malvern MasterSizer-X long bed 

laser particle sizer, similar to the methods ofOrpin & Woolfe (1999), for 20 surface 

grab samples that were also subjected to total acid digestion. The percentage of material 

in the less than 63 micron fraction « 63 f..lm) is used to describe the proportion of mud 

(silt + clay) in the sample. 

Chapter 2 



Page 23 

2.2.5 Statistical analysis 

Statistical analysis is used in this chapter to identify processes that influence the 

spatial distribution of element concentrations in surface sediment grab samples. The 

analysis is completed on 2 subsets of data that originate from a single large database 

held at the Australian Institute of Marine Science. Analysis has been completed 

separately on two subsets, because over the 5 year period of sample collection the 

choice of elements to be determined varied between batches. For ease of statistical 

analysis and interpretation the data has been subdivided into 2 subsets that have a 

consistent suites of elements determined. 1) A subset of 762 surface samples that span 

the inner shelf, middle shelf and outer shelf, and have a consistent suite of AI, Ca, CC, 

Fe, Mn, OC, P and S determinations. 2) A subset of264 surface sediment samples from 

the inner shelf that had analyses of AI, Ca, CC, Cd, Co, Cu, Fe, Mn, Ni, OC, P, Pb, S 

and Zn. All statistical analysis was completed in SPSS for Windows Version 6.1.3. 

Prior to analysis all samples have been assigned to a geographic subdivision, 

which describes the general location across-shelf and along-shelf within the study 

region. Across-shelf subdivisions included outer shelf, middle shelf and inner shelf, 

which are based on the 20 m and 40 m depth isobaths (Figure 2.1). The inner shelf 

subdivision was further subdivided on the basis of along-shelf geographic location, 

which included; Upstart Bay, Bowling Green Bay, Cleveland Bay, Halifax Bay, 

Lucinda, Hinchinbrook Channel and Rockingham Bay (Figure 2.1). 

2.2.5.1 Principal component analysis 

Principal Component Analysis (PCA) is used here as an exploratory technique to 

explore groups of samples that have similar chemical properties and generate 

hypotheses upon the influences that create groups of samples. Observation of scree plots 

and plots of component scores were used to determine the number of significant 

components. The results of PC A are presented as component plots, which use colour 

coded symbols representing geographic subdivisions to demonstrate sample groupings. 

PCA has been completed on the shelfwide subset of 764 samples and the inner 

shelf subset of 264 samples using raw concentration data as independent variables. PCA 

was also completed on the subset of 264 inner shelf sediment samples after they had 

been standardised to remove natural variation in concentration (described in 2.2.5.2). 
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The standardised trace metal values were then used as independent variables in PCA. 

The results of the PCA of standardised and unstandardised data are compared. 

2.2.5.2 Standardisation of trace metal concentrations 

Standardisation of trace metal has been undertaken to minimise the natural 

variation in concentration created by changes in sediment composition between sites. In 

doing so, trace metal concentrations of samples that have different composition may be 

compared equally, and other influences upon variation in trace metal concentrations 

(e.g., anthropogenic influences) can be more easily observed. 

As described in section 1.4.2.1, natural variation in the concentration of trace 

metals can be predicted by regression models. In this chapter, elemental concentrations, 

water depth and distance along-shelf (approximated by Pythagoras Theorem) from the 

mouth of the Burdekin River have been used as independent variables to predict 

sediment trace metal concentrations in multiple regression models. These models have 

the form of Equation 2.3. 

(Equation 2.3) 

Where y is the dependent variable (trace metal concentration); Xl, X2 •• "Xn are the 

independent variables (major element concentrations, distance, depth etc.); and ~], 

~2 ..•. ~n are the partial correlation coefficients fitted to each independent variable. 

Full stepwise regression has been used. This method works by adding and 

removing variables, according to a critical probability value, until no more variables are 

eligible for entry. All possible nonrecurring combinations of independent variables are 

considered (Balsillie & Tanner 1999). Critical probability values represent the 

significance of the partial correlation coefficient of each variable, and were set at 0.05 

and 0.1 for entry and removal respectively for all models. 

The optimum adjusted coefficient of determination (adjusted R2) is a measure of 

the success of the predicting capabilities of the model (Balsille & Tanner 1999). 

However, the fmal combination of variables was determined by scrutiny of standardised 

predicted values plotted against studentised deleted residual values and so that 

colinearity did not occur between independent variables (e.g., Kleinbaum et al. 1998). 
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Colinearity was common between Al and Fe, and between Ca and cc. Ai was selected 

in preference to Fe, because Al exhibits a linear relationship with the < 63 J.1m fraction 

of sediments (see Figure 2.2). Ca was selected in preference to CC, because all Ca 

analyses were above detection limit. Homogenous distribution of residuals, with 

constant variance, no colinearity between independent variables, and the absence of 

clusters or trends is the preferred selection criterion. Therefore the model with the 

greatest adjusted R2 value was not necessarily selected. 

All chemical parameters were log transformed prior to regression analysis, This 

ensured that all data approximated the assumptions of normality and ensured constant 

variance. Normal probability plots of the data before and after transformation are 

presented in Appendix 4. Samples that were below method detection limits were 

assigned a value of half the method detection limit. Outlying samples from the intertidal 

zone of west em Cleveland Bay were removed before calculation of the regression 

model because samples have high metal concentrations as a consequence of 

antluopogenic influences (e.g., Reichelt & Jones 1994). Some samples from 

Hinchinbrook Channel were also edited from the model calculation because they 

contained distinctly different (high OC) sediment geochemical composition to the 

majority of the inner shelf sediment samples (see Table 2.2). 

Trace metal concentrations have been standardised by dividing the measured 

concentration by the concentration predicted using a full stepwise regression model 

(Equation 2.2). 

S d d
' d I Strong acid digestion measured concentration 

tan ar lSe va ue = ---=----=------------
Stepwise regression predicted concentration 

(Equation 2.2) 

The standardised value is therefore a function of the parameters used in the 

regression model to predict a natural concentration. If parameters that have an influence 

upon trace metal concentration are not included in the regression model, their influence 

will he apparent in the variation of standardised values. 
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2.3 Results 

2.3.1 Quality control and digestion recovery 

Figures 2.2a and 2.2b demonstrate that the recovery of elements by the strong 

acid digestion is dependent upon the mineralogy (matrix) of the sediment (e.g., Tessier 

et al. 1979; de Groot et al. 1982; Cook et al. 1997). The recovery of Fe, Pb and Zn 

increases with strong acid soluble Al concentration. The increase in strong acid soluble 

Al is proportional to the percentage of material in the < 63 mm particle size fraction. 

The recovery of most metals increases in proportion with the amount of mud (silt 

+c1ay) in a sample. However, the recovery ofNi and Cu is near constant and is 

independent of the sediment matrix. The recovery of Cd could not be detennined for 

this suite of samples because of the low concentration of Cd in the samples, and high 

detection limit of the total acid digestion method (due to the addition of boric acid). 
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Figure 2.2 Recovery of elements by the strong acid digestion procedure. Increases in 
strong acid soluble Al are proportional to the % < 63!-lm (mud). Recovery of elements 
increases in muddy sediments relative to sandy sediments. (% recovery = strong acid 
digest/total digest x 100): (a) Recovery of Fe (0), recovery of Al (e), percentage < 
63/lm (O)~ (b) recovery ofCu Ce ), recovery ofNi (0), recovery ofPb (,:1), recovery of 
Zn (0); Trend line for each element (dashed line). 

Recoveries of metals from certified reference material BCSS-l by the strong 

acid digestion procedure and the total acid digestion procedure are presented in Table 

2.2. The coefficient of variation (CV = standard deviationfmean x 100) between 50 

batches of samples is typically between 5-10 % for all elements. This demonstrates that 

the strong acid digestion method provides consistent recovery of metals from samples 

that have a constant matrix. The average CV for the analysis of triplicate grab samples, 

from within a 5m x 5m area, is between 5 to 15% for most elements (Table 2.2), and is 

greater than the between batch error. 
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Table 2.2 Recovery of metals by the strong acid digestion procedure, variation in BCSS-l between batches and sampling variance (c.V.). 

The recovery of elements from certified reference material BCSS-l by the strong acid digestion procedure is less than the total digestion, and less 

than the certified values of BCSS-I. The between batch variation in analysis of BCSS-1 is less than 10% or 50 batches of samples. Precision of 

triplicate sample analysis is between 5 to 15% for most elements, and typically exceeds the between batch CV. (mean ± standard deviation; * n = 

7). 

AI Ca Cd Co Cu Fe Mn Ni P Pb S Zn 

/lmol g-l /lmol g-' nmol g-' nmol g-1 nmol g-1 f.lmol g-1 f.lIllol g-' nmol g-1 f.lmo1 g-1 nmol g-' f.lmol g.1 nmol g-' 

BCSS-l Certified 2320± 82 135 ± 13 2.2 ± 3.6 193 ± 36 291 ±42 589 ± 18 4.2± 0.3 942± 61 22±2 III ± 6 112 ± 16 1820 ± 184 
concentration 

Total acid digestion 
BCSS-l recovered 2334 nd 2.4 nd 290 585 nd 891 nd 120 122 1750 

concentration (n= 1) 

Strong acid 
digestion BCSS-l 
recovered 1331 ± 89 107±7 2.3 ± 0.2* 183 ± 7 224± 13 569 ± 34 3.8 ± 0.3 857± 77 22± 1 95 ±4* 119 ± 12 1622 ± 168 

concentration 
(n = 50) 

Replication of 
BCSS-l between 7 7 9* 4 6 6 8 9 5 4* 10 10 

batches (CV) 

Triplicate grab 
sample analysis 10 9 14 6 10 7 16 8 10 10 9 12 

(mean CV, n= 9) 
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XRD analysis of samples, before and after the strong acid digestion method, 

indicates that the method causes the destruction of carbonates, mixed layer clays, 

kaolinite and probably Fe oxides, but does not result in dissolution of illite (mica), 

quartz and feldspar. This is demonstrated in Figure 2.3 by fue loss of these mineral 

XRD trace peaks and a corresponding increase in the counts of other minerals that are 

not destroyed during digestion. 

Combined, the results of XRD analysis and evaluation of recoveries indicates 

the strong acid digestion preferentially leaches minerals in the < 63 mm fraction. These 

minerals are predominantly clays. Rather than considering the digestion as a partial 

extraction, it should be considered as a preferential extraction of clay minerals. 
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XRD trace of sample 1698 from 0 to 30° 2 Theta ; a) Pulverised whole 

sediment sample prior to digestion; b) residue remaining after the strong acid digestion 

procedure. Carbonate (C); feldspar (F); illite (1); kaolinite (K); mixed layer clays (M); 

quartz (Q). 
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2.3.2 Shelf wide trends in AI, Ca, CC, Fe, Mn, OC, P and S 

concentrations in sediments 
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Images of AI, Ca, CC, Fe, Mn, OC, P and S concentrations (Figure 2.4) 

demonstrate that the distribution of these elements is variable along-shelf and across­

shelf. Across-shelf variations are characterised by a decline in AI, Fe, and Mn, and 

increases in Ca and CC towards the edge of the continental shelf. These changes are 

also characteristic of the changes in the average element concentration between inner 

shelf, middle shelf and outer shelf subdivisions (Table 2.3). 

These relationships are identified by the PCA of 762 samples, using AI, Ca, CC, 

Fe, Mn, OC, P and S as independent variables (Table 2.4). Component 1 explains 49% 

of the total variation in concentration among elements in surface sediments. Component 

1 is characterised by a positive correlation between AI, Fe, Mn, OC and S, and negative 

correlation of these elements with Ca and cc. Samples from the inner shelf have 

predominantly a positive component 1 score, whereas samples from the outer shelf have 

negative component 1 scores (Figure 2.5). 

The components 2, 3 and 4 (Table 2.4) provide evidence for more subtle 

influences upon the concentrations of Mn, P, OC and S, which are subordinate to the 

influences measured by component 1. Component 2 is characterised by the coincidence 

of concentrations of OC, P and S with biogenic Ca and CC at some locations on the 

outer shelf and with Al and Fe at some locations on the inner shelf, which also coincide 

with low concentrations ofMn (Table 2.3). In contrast, OC and S are negatively 

correlated with ce, P and Mn in samples that are predominantly from Hinchinbrook 

Channel (component 3, Table 2.4). High concentrations ofMn occur on the inner shelf, 

and are independent upon other sediment parameters (Figure 2.4). The behaviour ofMn 

is recognised by component 4 (Table 2.4). 
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Table 2.3 Average major element and trace metal concentration of outer shelf, middle shelf and inner shelf geographic subdivisionso 

Average ± standard deviation (n). 

Subset Al (J.lmol got) Ca (J.lmol got) CC (J.lIDol got) Cd (pmol got) Co (nmol got) Cu (nmol got) Fe (J.lmol got) 

Upstart Bay 1632 ± 950 (73) 941 ± 1075 (73) 747 ± 824 (73) 267 ± 189 (43) 191 ± 77 (34) 256 ± 156 (73) 497 ± 249 (73) 

Bowling Green Bay 1363 ± 798 (79) 1108 ± 951 (79) 1052 ± 947 (79) 159 ± 91 (53) 186 ± 66 (33) 191 ± 119 (79) 436 ± 218 (79) 

Cleveland Bay'" 914 ± 586 (70) 1277 ± 703 (70) 1047 ± 782 (70) 176 ± 107 (70) 86 ± 81 (70) 128 ± 133 (70) 345 ± 137 (70) 

Halifax Bay 736 ± 277 (40) 3452 ± 2175 (40) 3805 ± 2450 (28) 189 ± 149 (32) 136 ± 54 (22) 107 ± 82 (40) 267 ± 94 (40) 

Lucinda 1224 ± 655 (34) 1590 ± 1117 (34) 1464 ± 1093 (34) 309 ± 528 (25) 92 ± 35 (8) 173 ± 345 (34) 380 ± 154 (34) 

Hinchinbrook Channel 1484 ± 806 (77) 346 ± 693 (77) 819 ± 920 (28) 340 ± 169 (29) 118 ± 42 (10) 180 ± 104 (77) 396 ± 208 (77) 

Rockingham Bay 1133 ± 535 (89) 1835 ± 1239 (89) 1702 ± 1250 (89) 235 ± 223 (45) 118 ± 21 (23) 99 ± 41 (89) 378 ± 124 (89) 

Middle Shelf 488 ± 332 (164) 4530 ± 1570 (l64) 4453 ± 1655 (154) 166 ± 95 (67) 60 ± 34 (15) 53 ± 35 (164) 177 ± 93 (164) 

Outer Shelf 149 ± 132 (74) 697] ± 1527 (74) 7519 ± 2033 (74) ,3~? ± 425 (42) 49 ± 208 (74) 59 ± 47 (74) 

Subset Mn (~mol got) OC (~mol got) P (J.lmol got) S (~mol got) Ni (nmol got) Pb (nmol got) Zn (Dmol got) 

Upstart Bay 7 ± 2 (73) 598 ± 458 (73) 11 ± 4 (73) 66 ± 35 (73) 319 ± 184 (34) 66 ± 35 (73) 724 ± 381 (73) 

Bowling Green Bay 9 ± 3 (79) 403 ± 238 (79) 10 ± 3 (79) 44 ± 24 (79) 303 ± 145 (33) 60 ± 31 (79) 626 ± 325 (79) 

Cleveland Bay 10 ± 3 (70) 106 ± 132 (70) 247 ± 194 (70) 8 ± 2 (70) 51 ± 21 (70) 30 ± 16 (70) 385 ± 271 (70) 

Halifax Bay 11 ± 23 (40) 269 ± 127 (40) 13 ± 16 (40) 42 ± 25 (40) 165 ± 51 (22) 48 ± 32 (40) 542 ± 431 (24) 

Lucinda 7 ± 1 (34) 426 ± 325 (34) 10 ± 3 (34) 57 ± 42 (34) 141 ± 89 (8) 57 ± 32 (34) 390 ± 190 (8) 

Hinchinbrook Channel 3 ± 2 (77) 3126 ± 2869 (42) 9 ± 4 (77) 207 ± 225 (77) 235 ± 142 (10) 84 ± 44 (77) 693 ± 239 (10) 

Rockingham Bay 7 ± 2 (89) 811 ± 1178 (89) 10 ± 3 (89) 86 ± 103 (89) 151 ± 48 (23) 56 ± 21 (89) 502 ± 145 (23) 

Middle Shelf 5 ± 2 (164) 245 ± 150 (164) 10 ± 3 (164) 48 ± 13 (164) 109 ± 51 (15) 24 ± 12 (164) 187 ± 133 (57) 

Outer Shelf9 2 ± 2 (74) 201 ± 54 (74) 11 ± 3 (74) 63 ± 12 (74) 10 ± 8 (74) 68 ± 101 (18) 
----- --------

*Intertidal zone samples removed due to strong anthropogenic influences 
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Figure 2.4 Images of AI, CC, Mn, Ge, P and S concentration in surface sediments 
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2.3.3 Variations in sediment composition on the inner shelf 

Variations in the distribution of trace metal concentration in Figure 2.6 display 

similar patterns to Al and Fe in Figure 2.4. This relationship is recognised in the PCA of 

264 samples from the iImer shelf, using major elements and trace metal concentration as 

independent variables, as component 1, and explains 40% of the total variance between 

elements (Table 2.5). Component 1 is characterised by a positive correlation between 

AI, Cd, Co, Cu, Fe, Mn, Ni, OC, Pb, Sand Zn, which are negatively correlated with Ca 

and Cc. This indicates that terrigenous sediments are enriched in trace metals relative to 

biogenic carbonate rich sediments. 

Samples from the northern end of the study region (e.g., Rockingham Bay) have 

a more negative component 1 score (Figure 2.7) relative to samples form the southern 

end of the study region (e.g., Upstart Bay). The positive component 1 score of sample 

from the southern region indicates a distinctly more terrigenous composition of 

sediments relative to samples from the northern region. This is also demonstrated in 

Table 2.4 by the decline in the average concentration of AI, Fe and trace metals between 

geographic sub sets progressing northwards, and moving away from the mouth of the 

Burdekin River. These patterns recognise that there are changes in sediment 

geochemical composition along-shelf between geographic subsets. 

Component 2 (Table 2.5) explains an additional 19% of the variance between 

elements. It is characterised by positive correlation between Cd, Cu, Pb and Zn, which 

are negatively correlated with Al and Fe. Samples from Cleveland bay are characterised 

by a strong positive component 2 score (Figure 2.7). Some samples from Cleveland Bay 

have trace metal concentrations that exceed the ANZECC ISQV-Iow, and this suggests 

the trend represents anthropogenic influences. 

Components 3, 4 and 5 explain an additional 30.2% of the variance in the data. 

The variations are related to more complicated distributions ofMn, OC, P and S in 

sediments, previously described in the PCA f764 samples from across the entire shelf. 

Where components 3, 4 and 5 in Table 2.5, are equivalent to component 2,3 and 4 in 

Table 2.3, and will not be discussed further. 
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Table 2.5 Summary of principal component analysis of major element and trace 

metal concentrations for inner shelf surface sediment grab samples, 

Component Component Component Component Component 
1 2 3 4 5 

Aluminium 0.8331 -0.4493 0.1563 0.0520 -0.0183 

Calcium -0.5845 0.1293 0.6518 0.3908 0.1436 

Carbonate carbon -0.5892 0.1329 0.6486 0.3993 0.1342 

Cadmium 0.5041 0.6595 0.0874 -0.0236 0.0407 

Cobalt 0.7854 -0.4l32 -0.1837 0.2330 0.0279 

Copper 0.6624 0.4755 0.0639 0.2857 -0.2625 

Iron 0.8591 -0.4429 0.1367 0.1429 -0.0008 

Manganese 0.3003 0.0252 -0.4233 0.3952 0.7358 

Nickel 0.7844 -0.4848 0.1027 0.2151 -0.0954 

Organic carbon 0.6322 0.1601 0.4259 -0.5247 0.1997 

Phosphorus 0.0553 -0.5080 0.6493 0.1994 -0.0600 

Lead 0.6818 0.6497 0.0632 0.2138 -0.1253 

Sulfur 0.4500 0.0330 0.4710 -0.6497 0.2597 

Zinc 0.6432 0.6647 0.0931 0.1824 0.0153 

Eigenvalue 5.62 2.65 1.96 1.49 0.79 

Variance % 40.10 18.90 14.00 10.60 5.60 

Cumulative % 40.10 59.10 73.10 83.70 89.30 
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Figure 2.7 Plots of peA component scores generated for 264 samples from the 

inner shelf using AI, Ca, CC, Cd, Co, Cu, Fe, Mo, Ni, ~C, Pb, Sand Zn as variables. 

Samples that have high component I score are relatively enriched in fmc gra ined 

terrigenous sediment. Samples that have a low component I score are relatively 

enriched in biogenic carbonate rich sediment. 
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2.3.3.1 Standardisation and PCA of trace metal concentrations in sediments from 

the inner shelf 

Standardisation of trace metal concentrations has been completed to remove 

these natural variations, and enhance changes in trace metal concentration along-shelf. 

Measured values were standardised by dividing the measured concentration by a value 

predicted by a full stepwise regression model (Equation 2.1). Models use major 

elements to predict a trace metal concentration. However, distance along-shelf from the 

mouth of the Burdekin River, and water depth have also been included to examine the 

affects of changes of metal concentration along-shelf and across-shelf. 

The regression models (Table 2.6) of the natural concentration of Co, Cu, Ni, Pb 

and Zn, are strongly influenced by the positive correlation of trace metals with AI, Fe, 

Mn, OC and negative correlation with Ca and CC, and are consistent with results of 

PCA. Unlike the other trace metals, Cd does not form strong linear relationships with 

major elements. This is apparent by the greater variance, or standard error, of the 

regression model for Cd (Table 2.6). 

Distance along-shelf is also a significant variable in the models of Co, Cu and 

Ni. The inclusion of distance along-shelf as a variable in regression models provides 

evidence for changes in standardised concentration of metals along-shelf. These 

changes are distinct from changes in the relative proportions of terrigenous and biogenic 

carbonate sediments, which should be removed (standardised) by the inclusion of AI, 

Fe, Ca and CC in regression models. 

The significance of including or excluding distance along-shelf in each model 

has been evaluated by examining the effects upon the adjusted R2 of each model, and 

comparing the significance of the partial correlation coefficient (Table 2.6). The large 

value of the test statistic (t) relative to the probability (P), and the improvement to the 

adjusted R2 upon inclusion in the regression model for Co, Cu and Ni indicates that it is 

a more significant variable in the regression models than it is for Cd, Pb and Zn. 
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Table 2.6 Summary of multiple regression model results showing the significance and effect of including or excluding the distance along 

shelf from the mouth of the Burdekin River as a variable (n = number of samples in the model; t = test statistics; p = probability; adjusted R2 = 

adjusted coefficient of detennination) 

Element n t p Excluded Included Optimum model equation 
adjusted adjusted R2 

R2 

Cadmium 312 1.552 0.1218 0.3013 0.3044 LogCd = -0.170 logCa + 0.150 logOC + 0.000279 distance + 2.331 

Cobalt 209 -8.765 0.0000 0.7693 0.8312 LogCo = 0.648 logFe + 0.252 logMn - 0.00067 distance + 0.343 

Copper 392 19.723 0.0000 0.8269 0.9133 LogCu = 0.886 logAI- 0.0321ogCC + 0.0411 logOC - 0.001 distance - 0.457 

Nickel 208 12.082 0.0000 0.8795 0.9294 LogNi = 0.8761ogAI + O.0471ogCa + 0.1481ogMn - 0.0009 distance - 0.540 

Lead 456 4.103 0.0000 0.8624 0.8659 LogPb"" 0.541 logAI- 0.078 logCa +0.1 59 logMn- + 0.111 logOC + 0.00025 distance - 0.123 

Zinc 314 1.013 0.3119 0.9225 0.9225 LogZn = 0.767IogAl- 0.0381ogCa + 0.1121ogMn + O.0181og0C + 0.000071 distance-O.349 
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So that the effects of changes in distance along-shelf can be observed, 

standardised trace metal values, generated by regression models that do not include 

distane along-shelf, have been plotted against distance along-shelf as Figure 2.8. 

Standardised values of Co, Cu and Ni in the north of the study area are significantly 

lower than values in the south of the study area. The change in the standardised values 

between regions is characterised by a linear decline along-shelf, moving north of the 

Burdekin River delta (Figure 2.8). 

PCA of standardised metal concentrations was completed using regression 

models that do not include distance along-shelf as a variable. Three components were 

identified that accommodate 74.7% of the variance in standardised trace metal values 

(Table 2.7). Component I is characterised by positive correlations between all metals, 

but most strongly between Cd, Cll, Pb and Zn, and explains 36.7% of the variance 

between standardised trace metal concentrations (Table 2.7). Samples from Cleveland 

Bay have strong positive component 1 scores, and in this respect are similar to 

component 2 of the PCA ofraw data (Table 2.5). 

Component 2 is characterised by positive correlations between Ni, Co and 

distance along-shelf (Table 2.7), and explains 27.5% of the variance in standardised 

trace metal concentrations. The clustering of samples from the different geographic 

subsets along the axis of this component indicates that statistically distinct differences 

in standardised trace metal values occur along-shelf (Figure 2.9). The clustering of 

samples is characterised by clear separation of samples in the northern part of the study 

region from those in the southern part. 

Component 3 (Table 2.7) is characterised by increases in the standardised 

concentration of Cd, which is independent of the other elements. The source of this 

variation was not determined, and is complicated by the poor fit of the regression 

model. However, the plot of component 3 versus component 2 clearly separates samples 

from the north of the study area from those in the south. This suggests distinctly 

different influences upon Cd concentrations between the north and south of the study 

region. 
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Figure 2.8 Plots of standardised trace meta l va lues versus distance along-shelf. The 

decline in standardi sed va lues o[Co. Cu and Ni with di stance along-shelf (dashed line) 

are interpreted to indicate changes in the geochemical composition of terrigenous 

sediment supplied to regions of the inner shelf. 
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Table 2.7 Summary of principal component analysis af standardised trace metal 

concentrations far inner shelf surface sediment grab samples. 

Component 1 Component 2 Component 3 

Cadmium 0.5913 0.2992 -0.6272 

Cobalt 0.2529 -0.7551 0.0186 

Copper 0.8559 -0.0058 -0.1012 

Nickel 0.3159 -0.7083 0.2804 

Lead 0.7256 0.3835 0.3441 

Zinc 0.8464 0.2057 0.2308 

Distance -0.2772 0.7560 0.2914 

Eigenvalue 2.97 1.92 0.74 

Variance % 36.70 27.50 10.60 

Cumulative % 36.70 64.10 74.70 
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Figure 2.9 Plots of PCA component scores generated for 264 standardised trace 

6 

metal concentrations from inner shelf surface sediment grab samples. Component I is 

characterised by simultaneous increases in Cd, Cu, Ph and Zn of samples from 

Cleveland Bay. Component 2 recognises changes in terrigenous sediment composition 

along-shelf. Samples with a more negative component 2 score are realtively enriched in 

Co, Co and Ni. Component 3 recofnises variations in the standardised Cd values a long­

shelf. Samples with a more negative component 3 score are relativelty enriched in Cd. 
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2.4 Discussion 

2.4.1 Shelf wide patterns and influences in the distribution of 

terrigenous and biogenic carbonate sediment 
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Strong across-shelf partitioning in sediment particle size and chemical 

composition is characteristic of the region (Maxwe111968; Orme & Flood 1980; 

Belperio 1983, Woolfe et al. 2000). Partitioning is apparent in Figure 2.4 and 2.6 by the 

high concentrations of AI, Co, Cu, Fe, Ni, Pb and Zn on the inner shelf. This 

partitioning manifests within peA as clustering of samples that are enriched in these 

elements on the inner shelf from samples located on the outer shelf and middle shelf 

(Figure 2.5). 

Partitioning of sediment composition across-shelf occurs because the 

predominant influence to the distribution offine grained terrigenous sediment is 

northerly directed wind induced waves and currents (Belperio 1983; King & Wolanski 

1992; Orpin et al. 1999). These forces result in trapping of terrigenous sediments 

against the coast, with preferential accumulation of fine-grained terrigenous sediments 

in areas oflow wave energy (Larcombe & Woolfe 1999a). 

The same wind driven regime, which influences partitioning of sediment 

composition across-shelf, also influences the distribution of terrigenous sediment along­

shelf on the inner shelf. In higher energy environments fine-grained terrigenous 

sediments are suspended by wind-wave induced bed stress and transported to the north 

by the prevailing currents (e.g., Lou & Ridd 1996; Orpin et al. 1999). Coarser grained 

more resilient minerals phases (e.g., quartz and feldspar) and biogenic carbonate 

sediments may accumulate in these environments (e.g., eastern side of Cape Bowling 

Green). Greater amounts of fine-grained terrigenous sediments are located in the lee of 

Cape Bowling Green (see Figure 1.1), in a low energy environment that is less effected 

by wind induced waves and currents (Figure 2.4). 

Variation in sediment composition along-shelf on the inner shelf, from the south 

to the north of the study area, is characterised by a progressive decline in the amount of 

terrigenous sediment and increase in the amount of biogenic carbonate sediment. 
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Samples from Upstart Bay and Bowling Green Bay are more terrigenous in composition 

than samples from Halifax Bay and Rockingham Bay, which are relatively enriched in 

biogenic carbonate. Lambeck & Woolfe (1999) described the inner shelf as divided into 

discrete zones, which are characterised by the reduction in terrigenous sediment and 

increase in biogenic carbonate sediment towards the north of each zone. The start of 

each zone corresponds to the presence of a large source of terrigenous sediment, such as 

the Burdekin River. 

The distribution ofCa and CC are indicative ofthe distribution of biogenic 

skeletal carbonate sediment, which is produced shelf wide by biogeochemical processes. 

The distribution of biogenic carbonate sediment is influenced the prevailing 

hydrodynamic regime, but is also influenced also by factors including; salinity, turbidity 

and substrate control (e.g., Larcombe & Woolfe 1999b; Hopley 1995). Regions of the 

inner shelf can have a strongly biogenic geochemical signature (e.g., Halifax Bay, 

Figure 2.4). 

2.4.2 Variation in the distribution of Mn, P, S and organic carbon 

The elements Mn, P and Sand OC have spatial distribution patterns that are 

complicated by the supply of these elements from terrigenous sediment sources on the 

inner shelf, and biological processes that occur over the entire shelf. These relationships 

are further complicated by early diagenetic processes, which readily affect the 

concentration ofMn, OC, P and S in sediments (e.g., Berner 1984; Martens 1993; 

Anschutz et at. 1998). 

The PCA of the 762 samples from the shelfwide subset and the 264 samples 

from the inner shelf subset, consistently identify 3 components that explain variance in 

concentrations ofMn, P and Sand OC. In the PCA of 762 samples from all sections of 

the shelf, the individual variance explained by each of these components is less than 

25% of the total variation measured. However, combined they represent 45.4% of the 

total variation in geochemical composition measured. Therefore, despite the subordinate 

role of each component in explaining variation in sediment geochemical composition, 

they constitute a significant influence upon sediment geochemical properties. 
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Within shallow marine sediments, the supply and metabolic properties of 

organic matter limits diagenetic processes that influence sediment geochemical 

composition (Veeh et al. 1999; Berner 1984). Hinchinbrook Channel has the highest 

average OC concentrations on the shelf (Table 2.2) due to the abundant supply of 

organic matter in the form of mangrove detritus (Alongi 1990). As a consequence, 

samples from Hinchinbrook Channel are strongly affected by post depositional 

diagenetic processes. 

Highest rates of sulfate reduction and pyrite preservation on the shelf occur in 

Hinchinbrook Channel, where there is an abundant supply of reactive organic carbon 

(Alongi 1995). This is recognised in PCA as component 2, by a strong positive 

relationship between OC and S (Table 2.4). A similar, but weaker relationship between 

OC and S also occurs on the outer shelf and is apparent by the grouping of samples 

from the outer shelf in the plot of component 1 versus component 2 (Figure 2.5). 

The components 2 and 3 also identify strongly negative correlations between 

high concentrations of OC and S with P and Mn in samples from the inner shelf. The 

negative correlation is interpreted to be a consequence of changes to sediment 

geochemical composition during diagenesis. The formation of iron sulfides has been 

found to promote poor burial efficiency of P by reducing the adsorption capacity of the 

sediment (e.g., Krom & Berner 1980). Similarly under reducing conditions, dissolution 

of Mn oxides and diffusion of reduced Mn across the sediment water interface will 

occur (e.g., Wersin et al. 1991). 

2.4.2.1 Independent behaviour of Mn 

While loss of Mn occurs at some locations on the inner shelf, anomalously high 

concentration ofMn also occurs at some locations on the inner shelf. The anomalously 

high concentrations are independent of other elements, and are identified in PCA by 

component 4 (Table 2.4). These samples are characterised by high concentrations ofMn 

at sites in Bowling Green Bay, Cleveland Bay and Halifax Bay that are exposed to wave 

energy (Figure 2.4). 

Chapter 2 



Page 47 

There is no obvious detrital source for the high Mn concentrations at these sites. 

Therefore the high Mn concentrations are interpreted to represent the concentration of 

Mn, as Mn oxides at a redox interface. The fonnation of a specific Mn mineral phase is 

unlikely (e.g., MnC03, Fang & Hong 1999; Wartel et a!. 1990) given the independence 

upon other geochemical parameters. 

For these high concentrations to occur at surface would require erosion of 

sediment, to expose the redox interface. This is consistent with the location of these 

sites in areas of higher energy that would allow the resuspension and transport of 

sediment to expose buried and more reduced sediment. 

Therefore the behaviour ofMn is strongly a function environment of deposition. 

In Hinchinbrook Channel, the very low energy environment will enhance the loss of 

solutes across the sediment water interface by allowing reducing conditions to occur 

very close to the sediment water interface (e.g., Anschutz et al. 1998). 

This interpretation is consistent with sediment resuspension and erosion 

occurring in areas exposed to wave energy. Shallow buried redox interfaces would be 

periodically exposed as pulses of sediment are driven through these regions by the 

prevailing currents. 

2.4.3 Nutrient like behaviour of Cd 

The behaviour of Cd warrants separate discussion on a shelf scale because 

unlike other trace metals it has distinctive nutrient like behaviour. This behaviour is 

apparent by the high concentrations of Cd with Al and Fe on the inner shelf, and high 

concentrations on the outer shelf (Figure 2.4 and 2.6). The distribution is similar to 

patterns of OC and P distribution (Figure 2.4). 

Nutrient-like behaviour of Cd in oceanic waters is not unusual and the ratio of 

CdlP04 has been shown to increase with depth in most oceans as a function of natural 

biogeochemical cycling (Boyle 1976; de Baar et al. 1994). Enhanced concentrations of 

Cd have been found in sediments that underlie oceanic zones of Cd rich up welling 

water (Everaats & Nieuwenhuize 1995; Rosenthal et a!. 1995a). For example, high 

concentrations of Cd in sediments of the outer shelf and continental slope in water 
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depths of 100 to lOOOm (Figure 2.6) are derived from Cd enriched waters that 

periodically up-well from the Coral Sea (Valente 1998). 
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Biogeochemical cycling of Cd in waters of the inner shelfhas been documented 

in Jones et al. (1986) and Jones (1992), but there is no work to indicate that this process 

is a significant source of Cd to sediments of the lagoon. The poor fit ofregression 

models to Cd concentrations (Table 2.6) indicates factors other than supply from a 

single terrigenous or biological source is influencing Cd concentrations on the inner 

shelf. Post-depositional processes have been found to affect the retention or 

accumulation of Cd in sediments (e.g., Zwolsman et al. 1996; Rosenthal et ai. 1995b). 

The results of this study indicate that Cd in sediment concentrations are not controlled 

only by terrestrial or biogenic carbonate sediment supply. 

2.4.4 Variation in sediment trace metal composition along-shelf on the 

inner shelf 

Variation in sediment geochemical properties along-shelf on the inner shelf has 

been examined by 2 methods: I) PCA of major element and trace metal concentrations 

in a subset of264 sediment samples form the inner shelf. 2) PCA of the same subset of 

sediment samples, where the trace metal concentrations have been standardised. 

PCA of major element and trace metal concentrations indicates the predominant 

influence upon variation in trace metal concentration along-shelf are changes in the 

proportion of terrigenous sediment relative to biogenic carbonate sediments. Trace 

metals are positively correlated with major elements that are representative of 

terrigenous sediment in component 1 (Table 2.5), which explains 40.1 % of the variance 

in concentration. This distribution of samples along the axis of component 1 in Figure 

2.7 indicates sediments from the south of the study region are more terrigenous and 

contain high concentrations of trace metals than sediments in the north. 

Standardisation of trace metal concentrations attempts to remove effects of these 

natural variations in sediment composition. This allows trace metal concentrations in 

sediments of different composition to be compared equally. However, standardisation is 

a function of the independent variables used in the regression model. If a variable that 
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has a significant influence is not included in the model, or the relationship between the 

dependent and independent variables is not linear (constant), the standardised value will 

exhibit variation in response to this influence. 

This effect has been exploited in statistical analysis by using regression models 

that do not include distance along-shelf, even though it is a significant influence upon 

Co, Cu and Ni concentrations (Table 2.6). In this manner the differences in sediment 

composition between regions can be more clearly observed. The variations in Co, Cu 

and Ni concentrations along-shelf are recognised in the PCA of standardised metal 

concentrations by the distinct clustering of samples from different geographic subsets 

along the axis of component 2 (Figure 2.9). This component accounts for 27.5% of the 

variance in standardised trace metal concentration. 

The linear nature of this change with distance along-shelf (Figure 2.8) suggests 

that the variations are related to progressive dilution of Co, Cu and Ni rich sediment 

supplied from the Burdekin River that is transported northwards, and mixed with 

sediment residing within successive bays. This indicates that not only does the 

proportion of terrigenous to biogenic skeletal carbonate sediment change, but the trace 

metal composition of the terrigenous sediment also changes. 

Component 2 of the PCA of major and trace metals, identifies samples from 

Cleveland Bay that are affected by anthropogenic influences (Figure 2.7). These 

samples have Cu, Pb and Zn concentrations that exceed the Draft ANZECC ISQG-Iow. 

However, the PCA of standardised trace metal values more clearly distinguishes 

samples in Cleveland Bay relative to samples from other regions in Figure 2.9. Some 

samples from Cleveland Bay have a distinct positive component 1 score, which is 

characterised by samples that are influenced by anthropogenic activities. 

The effect of having more than one influence upon Cd concentration on the 

inner shelf is recognised within regression analysis by; 1) The low value of the adjusted 

R2, and the high standard error of models used to standardise Cd values (Table 2.6).2) 

The inclusion of Cd values in more than 1 component of the PCA of standardised metal 

concentration. 
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The plot of component 3 versus component 2 (Figure 2.9) ofthe PCA analysis 

of standardised trace metal values, clearly separates the samples from the south of the 

study area (e.g., Upstart Bay and Bowling Green Bay), from those in the north (e.g., 

Lucinda and Rockingham Bay). Samples from Cleveland Bay and Halifax Bay occur 

within both groups of samples, and a large group of samples from Cleveland Bay have a 

distinctly negative component 3 scores (Figure 2.9). These results indicate that the 

influences upon Cd concentrations are variable along-shelf. The source of Cd in the 

north of the study region is probably influenced more by biogenic carbonate sediments 

than in the south, which are influenced by predominantly terrigenous sediment sources. 

2.5 Conclusions 

The predominant influence upon the distribution of the elements AI, Fe, Cu, Co, 

Mn, Ni, Pb and Zn are the processes that determine the distribution of fine-grained 

terrigenous sediments. Fine grained terrigenous sediments are trapped on the inner shelf 

by the prevailing wind-wave driven hydrodynamic regime, with maximum 

accumulation in areas protected from wind-wave induced energy, such as the leeward 

side of geographic features. 

The distribution ofCa, Cd, P, organic carbon (OC) and carbonate carbon CCC) 

are influenced by supply from marine biological processes. On the outer shelf, where 

source of sediment is predominantly marine in origin, sediments are enriched in these 

elements. However, on the inner shelf, OC, Cd and P are influenced by the their supply 

from both terrigenous and marine sources and high concentrations of OC, Cd and P 

occur in association with fine grained terrigenous sediment. Unlike other trace metals, 

Cd has a distinctive nutrient like behaviour. 

On the inner shelf, variation in sediment geochemical composition along-shelf is 

characterised by a decline from south to north in the amount of terrigenous sediment 

relative to marine biogenic sediment. Changes in the composition of terrigenous 

sediment also occurs and is characterised by a decline in Co, eu and Ni concentrations 

from south to north. This is interpreted to indicate that the sediment derived from the 

Burdekin River is emiched in Co, Cu, and Ni relative to sediment sources located to the 

north of its mouth. 
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Early diagenetic effects upon sediment geochemical composition are 

characterised by the loss of Fe, Mn and P in sediments that have very high OC and S 

concentrations as a consequence of sulfate reduction, and the enrichment ofMn in 

locations where sediments are exposed to high wave energy. 

Standardisation of measured trace metal concentrations to regression predicted 

concentration removes the majority of natural variation in concentration. This assists the 

identification of anthropogenic influences upon trace metal concentrations. 

Anthropogenic influences are apparent by the enhancement of Cu, Pb, Zn, Ni and Co in 

samples from western Cleveland Bay. 
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Chapter 3 

Natural and anthropogenic influences upon trace metal 

concentrations in sediments of Cleveland Bay 

3.1 Introduction 

In this chapter, statistical methods and their interpretation used in the previous 

chapter are extended and applied to surface sediment grab samples and 210Pb dated 

sediment core samples from Cleveland Bay. Statistical models are used to: 1) identify 

temporal and spatial variations in enhancement of trace metals created by natural and 

anthropogenic influences, and 2) quantify the enhancement of Cd, Co, Cu, Ni, Pb and 

Zn concentrations from anthropogenic influences above a common background. The 

aim of this chapter is to quantify increases in trace metal concentrations due to 

anthropogenic activities in Cleveland Bay. 

3.1.1 Study site 

Physical environment 

Cleveland Bay is a coastal embayment located in the central section of the Great 

Barrier Reef lagoon (Figure 1.1). The bay has a northerly aspect and an area of 440 km2
, 

including the intertidal zone (Figure 3.1). The climate is dry tropical with an average 

annual rainfall of 1150 mm, 85% of which falls between December and March 

(Belperio 1983). It is protected from effects of the prevailing southeast trade winds by 

Cape Cleveland (Carter et al. 1993). 

The intertidal zone covers an area of 120 km2 and includes tidal flats, tidal 

creeks, salt flats and mangrove swamps. It is formed upon an extensive coastal plain of 

Holocene sediments. The coastal plain sediments represent the accumulation of 

predominantly terrigenous sediment since approximately 3 ka before present, and 

resulting in the progradation of the Cleveland Bay shoreline to its present position 

(Carter et at. 1993). 
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Figure 3.1 Location of sample sites and geographic subdivisions in Cleveland Bay: 

Urbanised areas (light shaded); intertidal zone (dark shaded); reef (light stippled areas in 

western bay); approximate boundary of Great Barrier Reef Marine Park (- - -); surface 

sediment grab sample (0); surface sediment grab used to generate regression models 

(model suite) (e); sediment core site C*); depth contours ( ... ). 

The modem bay Holocene sediment is up to 6m thick in the eastern bay, thins 

both seaward and shoreward, and represents the accumulation of sediment since 6.5 ka 

before present, at a maximum average rate of I mil ka (Carter et aL 1993). The central 

region of the bay is characterised by a shallow « 15 m deep) plain. Surface sediment 

consists of poorly sorted polymodal terrigenous muddy sand facies, which are 

composed of mud, sand and carbonate modes (Larcombe & Ridd 1994). This sediment 

is comprised of quartz (50010), feldspar (20%), clay minerals (20%) and carbonate 

(10%) (Ward et aL 1995). The carbonate content is predominantly molluscan (McIntyre 

1996). The formation of this polymodal sediment was attributed to the mixing of 

successive layers of fine grained and coarse grained sediments by bioturbation 

(Larcombe & Ridd 1994). Coral reefs occur in the western bay between Magnetic 

Island (granitic) and the mainland as well as flanking Magnetic IsLand. 
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In Cleveland Bay, wave energy is the most significant influence upon sediment 

transport and sediment facies distribution. Wave energy, generated outside of the bay by 

south-easterly trade winds, and propagated into the bay, is the principle mechanism for 

suspension and transport of fine-grained sediments (Lou & Ridd 1996). Once 

suspended, sediment is available for redistribution by the prevailing currents. A counter 

clockwise residual tidal circulation of the bay was determined by Carter et al. (1993), 

who postulated that long-term maximum accumulation of sediment has occurred on the 

eastern side of the bay in areas protected from wave energy. However, Belperio (1978) 

concluded that at wind speeds greater than 15 knots, which would also coincide with the 

swell events responsible for suspension of sediment, results in the entire water column 

moving in a north west direction, and transport of sediment to the north west. 

Supply ofterrigenous sediment to the bay is from two sources: 1) Periodic flood 

related discharges by local estuaries (Carter et al. 1993; MacIntyre 1996); 2) Sediment 

that is advected along the coast under the prevailing hydrodynamic regime (Belperio 

1983; arpin et al. 1999). The amount of sediment supplied by estuaries directly into the 

bay is estimated by Be1perio (1978) to historically have been 0.3 Mt a-I, but since 

damming of the Ross River during the 1970s the total load is estimated to be less than 

0.1 Mt a-I. arpin & Ridd (1996) estimate the amount of sediment supplied to the bay by 

advection to be in the order of 0.3Mt. Recent work by Orpin & Woolfe (1999) and 

Larcombe & Woolfe (1999b) indicate that the central bay (subtidal) acts more as a zone 

of sediment transfer than a zone of sediment accumulation. The poorly sorted 

po1ymodal central bay facies is postulated as a source of sediment to more well sorted 

facies in other regions of the bay, such as the intertidal zone. 

Geography 

The city of Townsville (population 130 000) is situated on the western side of 

Cleveland Bay (Figure 3.1). Since settlement in 1864 the city and surrounding region 

has experienced continuous economic and population growth (section 1.2). Changes 

over time to the population of Townsville and the total tonnes of cargo transhipped by 

the port (Port throughput) are presented in Figure 3.2, along with other events relevant 

to this chapter. 
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Treated sewage effluent in Sandfly Creek 
and cessation of discharges in Ross River (3,4) 
Marina established in Ross River (1) 
Refuse tip along Ross Creek and Ross River 
Phosphate rocklNi roundels (1 ) 
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First Cu concentrate (1) 

Untreated sewage outfall in Ross River (1) 

First Zn concentrate (1) 
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Bulk fuel storage established (1) 

Power station (1) 

First Cu blister (1) 

Rail link to Cloncurry (2) 

Eastern breakwater completed (1) 

Western breakwater completed (1) 

Settlement of Townsville 

Summary of population growth, Port throughput and significant 

events in the Townsville region that could be recorded in the sedimentary record. Total 

Port throughput (0) is the total tonnes of cargo transhipped per year; Townsville 

population (e) data sourced from TTSP (2000), TPA (1996; 1998, 1999), TMI(1999), 

SKM (2000), Australian Bureau of Statistics census data, Queensland Government 

Statistician (1998). Events sourced from 1) Taylor, 1980, 2)Hoyle 1979; 3) Jones 1992; 

4) Pringle 1989. 
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~Previous investigations of sediment trace metal concentrations have identified 

increases in weak acid soluble trace metal concentrations in western Cleveland Bay, 

with maximum concentrations occurring in Ross Creek (Gibbs 1993; Reichelt & Jones 

1994; Esselmont 1997). Changes in benthic community structure in Ross Creek relative 

to local control sites are positively correlated with trace metal and hydrocarbon 

concentrations (Inglis & Kross 1999). 

In contrast to the western bay, the eastern side of the bay is situated within 

Bowling Green Bay National Park, and has been exposed to relatively little human 

development. However, dredge spoil from the western bay, removed to maintain 

shipping access to the port, has been dumped seaward at several locations in the bay 

(see Pringle 1989) and has been found to be redistributed into the eastern bay (Pringle 

1989; Carter et al. 1993). Peak historical dredging rates of over 1 Mt a'l occurred during 

the 1970s associated with development works to establish a shipping channel to the Port 

of Townsville, located at the mouth of Ross Creek. The bulk of this dredged sediment 

was buried below 1 m and would probably have been deposited prior settlement of 

Townsville. Therefore, the sediment disposed of during the peak rates of dredging is 

unlikely to contain metals derived from anthropogenic activities. 

3.2 Methods 

3.2.1 Surface sediment grab samples 

Surface sediment grab samples (112) were collected periodically between late 

1997 and early 1999. The 112 samples are part of the sample suite described in Chapter 

2 from Cleveland Bay. Sampling and analytical methods are described in section 

2.2.2.1. Sample locations and analytical results are presented in Appendix 1. 

3.2.2 Sediment core samples 

3.2.2.1 Sampling 

Sediment cores were collected between August and December 1998 from R.V. 

The Harry Messel and small support craft. The sites chosen were intended to represent 
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sites that had rapidly accumulated fine-grained terrigenous sediments. These sites were 

determined by interpretation of changes in landforms and stream channel patterns 

identified by the comparison of historical and recent aerial photographs and topographic 

maps. 

A clear 150 mm diameter polycarbonate tube gravity corer, fitted with a core 

catcher and topped by a 300 kg lead driving weight was used to collect cores 1827 and 

1828 from R.V. The Harry Messel. A modified version of the corer was used, without 

the driving weight, to manually drive cores 1829, 1831 and1832 at intertidal sites. 

Sediment was extruded from the top of the core tubes by a hydraulically driven 

piston, which was inserted into the base of the tube when the core catcher was removed. 

This method facilitates minimal disturbance of sediment at the sediment water interface 

and prevents the loss of water and sediment from the core during slicing. 

The cores were cut into slices at accurate 2 em intervals to 20 em core depth. 

Between 20 cm and 60 cm depth sample slice thickness was increased to 4 cm, and 

either 4 or 8 cm intervals where below 60 em depth. Slicing tools were stainless steel 

and plastic, and were scrubbed and washed in clean salt water between slices. 

Cores were dissected within 24 hours of collection. A 50 mL and a 20 mL 

subsample of sediment was collected for analytical purposes, and were placed in clean 

plastic or glass containers. Sediment core chemistry described in this chapter was 

determined from the 20 mL subsample, while the 50 mL subsample was held for pore 

water and A VS determinations. The remaining sample (> 250 mL) was placed in plastic 

bags for radiochemical measurements. 

3.2.2.2 Strong acid digestion and analysis 

Sediment core samples have been subjected to the same preparation and 

analytical procedures as surface sediment grab samples. These methods are described in 

section 2.2.2.1. The analytical results are presented in Appendix 5. 
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3.2.2.3 Radiochemical analysis 

Gamma spectrometric measurements of 21oPb 226Ra 137CS and 234Th were , , 

undertaken at the Australian Institute of Marine Science. Samples were dried at 70°C in 

a fan forced oven, before being ground and mixed in a LMllaboratory disk mill for 2 

minutes. Between 50-150 grams of sediment was pressed under 1 tonne of weight, using 

a hydraulic ram, into gas-tight plastic containers. 

Counts of 234Th were completed within 2 weeks of sampling. After storage for 

3-4 weeks, radon daughter in-growth allows direct estimation Of 210Pb and 226Ra from 

gamma emissions (e.g., Robbins & Edginton 1975). Excess 210Pb was estimated by 

subtraction of 226Ra from total 210Pb activity. Analytical results are presented in 

Appendix 6. 

Planar germanium detectors and a well germanium detector were used inside 10 

cm thick walled lead castles with steel liners. The energy spectra of gamma 

spectrometers were calibrated with Amersham and CANMET standards of known low 

activity added to cleaned silica sand of geometry and mass similar to the sediment 

samples. Counting errors of these sample measurements were less than 10%. 

Based upon terrestrial soil profiles and rainfall collections, the atmospheric 

supply rates Of 210Pb and l37Cs in North East Queensland are estimated to be 50 Bq 

210Pb m-2 i 1 and 400 Bq l37Cs m-2(Brunskill & Pfitzner 1999). These measurements 

have been used to calculate focussing factors of 210Pb and 137 Cs by Equation 3.1. When 

the focussing factor> 1, this indicates accumulation of these particle bound tracers at 

rates greater than atmospheric supply. This is interpreted to represent the accumulation 

of particle bound isotopes from other locations, or focussing and trapping of sediment 

supplied from other areas that are characterised by erosion. 

l:' . fi Measured flux or inventory 
r ocussmg actor = -----'-------'-----

Atmospheric flux or inventory 
(Equation 3.1) 
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3.2.3 Statistics 

3.2.4.1 Data transformations 

Transformation of geochemical variables was required to satisfy the assumptions 

of normality and ensure constant variance. Transformations were selected by scrutiny of 

normal probability plots to determine which transformation more closely resulted in 

normally distributed data and constant variance. Concentrations of elements that were 

below the method detection limit were attributed a value of half the detection limit. 

Similar approaches to data transformation were adopted by Summers et al. (1996) and 

Cocker (1999). 

3.2.4.2 Standardisation of trace metal concentrations 

Similar to chapter 2, trace metal concentrations are standardised in this chapter 

by dividing the measured concentration by a concentration predicted by a stepwise 

regression model. Standardisation is done to: 1) Remove the effects of natural variation 

in sediment composition between samples, so that anthropogenic influences can be 

more easily recognised. 2) Remove scaling effects created by different ranges in 

absolute concentrations between trace metals (e.g., Cd in pmol g'! and Zn in ).tmol g'\ 

Ideally standardisation allows the equal comparison of trace metal concentrations 

between sites of different sediment composition and between metals. 

The suite of samples used to generate regression models (model suite) of the 

natural variation in trace metal concentrations are sediment cores slices and surface 

sediment grab samples collected from Cocoa Creek and subtidal samples from eastern 

Cleveland Bay (Figure 3.1). Samples from eastern Cleveland Bay were chosen because 

that side of the bay is flanked by Bowling Green Bay National Park, and because 

hydrodynamic models predict a predominantly north west direction of transport for 

terrigenous sediment discharged into the western side of the bay (e.g., Pringle 1989; 

Lou & Ridd 1996). Therefore these samples are probably less affected by anthropogenic 

activities than samples from the western bay. 
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Using the model suite samples, full stepwise regression models for Cd, Co, Cu, 

Ni, Pb and Zn were generated using AI, Ca, ce, Fe, Mn, DC and S as independent 

variables. The full stepwise regression method has been described in section 2.2.5.2. A 

predicted trace metal concentration was calculated for all samples by substituting the 

major element parameters into the regression model. Measured trace metal 

concentrations were then standardised by dividing by the value of the upper 95% 

prediction level of the regression model generated for the model suite of samples 

(Equation 3.2). 

E h 
Measured concentration 

n ancement:;::: --------------­
Model suite upper 95% prediction level 

(Equation 3.2) 

This ratio is referred to as enhancement. Enhancement> 1 represents an increase 

in metal concentration above a limit tolerated by the model suite. It should be noted that 

this is distinct from the standardised metal value described in the previous chapter, 

where measured values were divided by the predicted concentration (Equation 2.2). 

3.2.4.3 Multivariate analysis 

Specific influences, such as point source discharges from industries or natural 

changes in source of sediment, can have a characteristic multielement signature (e.g., 

Krnmgalz 1993; Negrel1997; Shin & Fong 1999). The multielement signature may be 

characteristic of a source, e.g., Zn and Cd from zinc concentrates or Ni and Co from Ni 

laterite ore. 

PCA is used here to examine the data for such multielement signatures. This has 

been done by using the value of enhancement for each trace metal, calculated by 

Equation 3.2, as the independent variables in PCA. The PCA method has been 

described in section 2.2.5.1. Plots of one component score versus another component 

score are used to identify grouping of samples. The grouping of samples represents 

samples that have a similar combination of trace metal enhancement values. The spatial 

distribution of samples from the same group, their trace metal signature and their 

relationships with other parameters, have been used to identify the source the influence. 
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The difference between samples in different groups has been quantified using 

linear discriminant analysis methods, as described by Vandeginste et al. (1998). Linear 

discriminant analysis uses the component scores calculated by PCA as independent 

variables and the geographic location of samples (see Figure 3.1) as categorical 

variables (e.g., Emmerson et al. 1997; Calvert et al. 1993). 

Samples were subdivided into 2 categories; category 1 samples belonging to the 

Cocoa Creek suite of samples, which should be not be affected by increases in trace 

metals derived from anthropogenic sources; and, category 2 being all other samples. 

The probability of each sample belonging to category 1 and category 2 was then 

calculated based upon the PCA component scores. For a description of this method 

Vandeginste et al. (1998) should be consulted. The cumulative frequency distribution of 

the probability of group membership was used to select threshold probabilities that 

determine group membership (Figure 3.11). 

3.2.4 Models of sediment mass accumulation rate and sediment mixing 

The sediment dry Mass Accumulation Rate (MAR), and the depth of sediment 

mixing, was calculated using a combination of radiochemical, solid phase sediment 

chemistry and historical aerial photographic and mapping controls. This approach was 

adopted to provide a robust and consistent method of determining maximum age dates 

of recently accumulated sediments (e.g., Hancock 2000; Edgington et al. 2000). 

Where appropriate, models of excess 210Pb were used to calculate MAR 

(Robbins & Edgington 1975; Robbins 1986) and the distribution of 234Th was used to 

identify depth of short term particle mixing. These are naturally occurring isotopes of 

the 238U series with half-lives of22.3 years and 24.2 days respectively (Weast 1977). 

The isotope 137 Cs is also used as a sedimentation and sediment mixing tracer and is 

supplied as a consequence of atmospheric nuclear bomb testing during 1950-80 and has 

a half-life of 30.7 years (Weast 1977). The presence of 137CS indicates sediments have 

been deposited post 1950. These isotopes are strongly bound to soil and aquatic 

sediment particles and they provide a known time dependant tracer to evaluate short­

term sedimentation processes (Nittrouer et al. 1984). 
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The critical assumptions of radiochemical models of mass accumulation rate 

using excess 210Pb decay profiles are; 1) the flux of the isotope to the sediment water 

interface is known; 2) the decadal average rate of sediment accumulation is constant; 

and 3) the surface sediment mixed layer thickness is constant over deposition time 

frames of 4 half lives of 21oPb (about a century). 

Where radiochemical data was not appropriate to estimate MAR, a maximum 

age of deposition of sediment in the base of the core, and a probable age of sediment 

deposition of sediment in the base of the core have been used to indicate the most likely 

interval of time when sediment was deposited. 

When excess 210Pb profiles were unsuitable to generate MAR, a maximum age 

of deposition was detennined using recorded events. These events place constraints 

upon the maximum age when sediments may have been deposited. The events are 

recorded in historical aerial photography and maps and include stream capture processes 

resulting in ox bow lakes and construction of breakwaters. The presence of J37es in 

sediments can also be used because it occurs only in sediments that are deposited after 

nuclear bomb testing commenced (1955). The maximum age of deposition provides a 

minimum MAR. 

However, sediment may have been deposited at any stage after the maximum 

age of deposition up to the time of sampling. Therefore a probable age of deposition is 

also used to calculate a second maximum likely MAR. The probable age is the best 

estimate of sediment in the base of the core, given that it was deposited at some stage 

after the maximum age. MAR was calculated using both the maximum age of 

deposition and probable age of deposition, assuming constant flux of sediment, and 

constant mixed layer thickness. 

Mixed layer thickness was interpreted from a combination of radiochemical 

data, whole sediment chemistry, pore water concentration profiles and logging of cores. 

These methods can identify near surface homogeneity of sediment parameters due to 

sediment mixing, or alternatively heterogeneity and layers of discrete chemical 

composition that indicate mixing. The average age of sediment contained in the mixed 
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layer was estimated using a box model that assumed homogenous mixing of sediment 

and the average porosity of the mixed layer (e.g., Berner 1980). 

3.3 Results 

3.3.1 Spatial distribution of element concentrations in surface 

sediments 

In Figures 3.4 and 3.5 the spatial distributions of AI, Co, Cu, Fe, Mn, OC, P, Pb 

and Zn concentrations are similar. Based on the results of Chapter 2, this represents the 

distribution of fine-grained terrigenous aluminosilicate sediments. Average 

concentrations of each element, for each geographic region and sediment cores, are 

presented as Table 3.1 and 3.2. 

The central facies of the bay (3-15 m water depth) is characterised by lower AI, 

Co, Cu, Fe, Mn, OC, P, Pb and Zn concentrations and higher Ca and CC concentrations 

compared to more shoreward sample locations. Maximum concentrations of Ca and CC 

occur in the western bay adjacent to coral reefs, and in the east of the bay in the lee of 

Cape Cleveland, within a sedimentary facies rich in mollusc shell fragments (Figure 

3.4). The facies leeward of Cape Cleveland also has anomalously high Mn and Co 

concentrations relative to other locations in the bay (Figure 3.4). 

In general, high concentrations of elements associated with terrigenous sediment 

occur shoreward, within the intertidal zone. However, maximum Al and Ni 

concentrations occur within an isolated muddy facies situated in West Passage (Figure 

3.4 and 3.5). This muddy facies has Ni concentrations that exceed the Draft Australia 

and New Zealand Environment and Conservation Council (ANZECC) interim sediment 

quality value (ISQV)-low threshold value (Table 3.2). 

Maximum concentrations of Cu, Pb, Zn and Cd occur within Ross Creek. In 

Ross Creek, the average concentration of Cu, Pb and Zn exceed the Draft ANZECC 

ISQV-Iow (Table 3.2) and are influenced by anthropogenic sources of metals (e.g., 

Gibbs 1993). 
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Figure 3.3 Images of AI, Ca, CC, Fe, Mn, DC, P and S concentration in surface sediments of Cleveland Bay, CC (carbonate carbon); DC 

(organic carbon); grab sample (e), 
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Figure 3.4 Images of log transfonned concentrations of Cd, Co, Cu, Ni, Ph and Zn 

in surface sediments of Cleveland Bay. Grab sample (e). 
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Table 3.1 Comparison of average major element concentrations of geographic subsets in Cleveland Bay. Location of subsets are shown in 

Figure 3.1. Calcium carbonate (CC); organic carbon (OC); all samples in /-lmol g-l, (mean ± standard deviation) 

Al Ca CC Fe Mn DC S 

Cleveland Bay (n = 43) 782 ± 133 1419 ± 731 903 ± 742 312 ± 25 9 ± 1 208 ± 42 31 ± 6 

Core 1828 (n = 24) 2158 ± 823 879 ± 518 982 ± 578 597 ± 214 8 ± 2 660 ± 170 124 ± 27 

Cocoa Creek (n = 16) 1479 ± 641 440 ± 726 278 ± 525 437 ± 138 11 ± 7 908 ± 583 87 ± 34 

Core 1829 (n = 25) 1132 ± 477 452 ± 102 365 ± 116 395 ± 107 13 ± 2 473 ± 332 104 ± 96 

Sandfly Creek (n = 16) 1168 ± 537 236 ± 181 159 ± 134 362 ± 132 8 ± 3 799 ± 308 56 ± 28 

Core 1831 (n = 18) 1560 ± 207 126 ± 32 26 ± 84 528 ± 57 5 ± 1 1525 ± 393 268 ± 86 

Ross River (n = 29) 1379 ± 382 107 ± 87 104 ± 229 421 ± 107 9 ± 5 833 ± 491 66 ± 28 

Core 1832 (n = 30) 1803 ± 349 121 ± 24 72 ± 108 600 ± 89 6 ± 1 1132 ± 186 175 ± 75 

Townsville (n = 13) 1686 ± 752 336 ± 299 289 ± 318 512 ± 201 16 ± 11 1415 ± 1157 90 ± 56 

Core 1827 (n = 27) 1676 ± 362 452 ± 92 372 ± 138 509 ± 93 11 ± 3 501 ± 170 82 ± 36 i 
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Table 3.2 Comparison of average trace metal concentration from geographic subsets in Cleveland Bay. Draft ANZECC ISQV-Iow and 

ISQV-high are the ANZECC (1999) trigger levels to initiate additional work within the tiered sediment quality assessment strategy. Values are in 

nmol iI, except Cd in pmo! g-l (mean) 

Cd Co Cu Ni Pb Zn 

Cleveland Bay (n = 43) 178 ± 44 146 ± 20 93 ± 17 155 ± 53 44 ± 5 361 ± 37 

Core 1828 (n=24) 228 ± 52 205 ± 56 266 ± 97 369 ± 128 91 ± 33 963 ± 339 

Cocoa Creek (n = 16) 80 ± 36 183 ± 36 156 ± 65 278 ± 90 67 ± 17 577 ± 165 

Core 1829 (n=25) 124 ± 38 179 ± 25 132 ± 61 205 ± 76 54 ± 17 599 ± 159 

Sandfly Creek (n = 16) 356 ± 107 141 ± 32 195 ± 99 196 ± 83 59 ± 23 532 ± 220 

Core 1831 (n=18) 414 ± 54 225 ± 22 354 ± 41 288 ± 27 77 ± 6 873 ± 83 

Ross River (n = 29) 383 ± 133 158 ± 29 206 ± 55 204 ± 55 84 ± 26 702 ± 182 

Core 1832 (n=30) 374 ± 128 200 ± 19 284 ± 42 265 ± 41 91 ± 12 1040 ± 141 

Townsville (11 = 13) 1957 ± 2562 182 ± 61 1280 ± 1574 296 ± 133 507 ± 483 5660 ± 6578 

Core 1827 (11=27) 327 ± 98 204 ± 18 297 ± 145 276 ± 74 108 ± 25 1145 ± 338 

ANZECC ISQV-Iow 13345 not 1023 358 241 3059 

ANZECC ISQV-hi~ ______ 88730 applicable 4249 886 1062 6272 
- ----------- -------------
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3.3.2 Physical and chemical description of sediment cores 

Five sediment cores have been collected, 1827, 1828,1829, 1831 and 1832 

(Figure 3.1). The analytical results of sediment samples from these cores are combined 

with those from surface sediment grab samples during statistical analysis in this Chapter 

3 and are the focus of work in subsequent Chapters. 

The core sites were chosen because the sites were identified as likely sites of 

high mass accumulation rates of fine-grained terrigenous sediments. This was 

determined from aerial photograph interpretation, review of historical records and 

review of sedimentological and hydrodynamic studies in the bay (Belperio 1978; 

Pringle 1989; Carter et al. 1993; Lou & Ridd 1996). 

3.3.2.1 Core 1827 

Core 1827 was collected from the leeward side of the western Port breakwater at 

190 14' 11 "S / 1460 49'40"E in 3 m of water (Figure 3.1). This north-south running 

breakwater was built between 1865 and 1890 (Taylor 1980) and an east-west running 

extension was built at the seaward end during the early 1980s. The region in the lee of 

the breakwater has formed an environment protected from wave energy and currents 

and has acted as a trap for fine-grained terrigenous sediments. 

The core was 110 cm long, and comprised a fining upward sequence of 

terrigenous sand and mud. The core catcher contained a coarse grained subrounded sand 

that included quartz, feldspar and lithic grains with lesser mollusc fragments and could 

not be penetrated (Figure 3.5). 

The surface 10 cm contained traces of sea grass root stems and laminated grey 

brown and black soft mud. The increase in Al and trace metal concentrations and 

decrease in Ca and CC concentrations towards surface reflect the progressive increase 

in terrigenous and simultaneous decline in biogenic carbonate sediment components 

towards surface (Figure 3.6). 
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Figure 3.6 Sediment core profiles of major element and trace metal concentrations. 
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Table 3.3 Summary of sediment core Mass Accumulation Rates (MAR) and average age of the Mixed Layer (MLA). The minimum time is 

the earliest possible age for sediments at the base of the core to have been deposited and is used to calculate minimum MAR and MLA for cores 

1829, 1831 and 1832. The probable time of deposition is the most likely time of deposition of sediment in the base of these cores given the 

available data. The focussing factor is the ratio of the atmospheric supply of the isotope to that measured. 

Depth Mixed Minimum Minimum MiniulU Probable Probable Probable Excess210Pb 210Pb I37Cs mCs 

Core 
of 234Th layer depth time of MAR mMLA time of MAR MLA flux Focussing inventory Focussing 

Controls to MAR 
(m) (m) deposition (kg m-2 y-I) (y) deposition (kg m-2

f l) (y) (Bq m-2 f l) factor (Bq m-2
) factor 

(yr) (yr) 

1827 0.02 0.06 1900± 10 5.4 18901111 10 3.8 186 ± 94 3.7 476 ± 149 1.2 21OPb, 137 Cs, 
16

'
1# historical records 

1828 0.02 0.06 1923 ± 7.8 5 1923## 7.8 5 124 ± 50 2.5 347 ± 74 0.9 2tOPb, mCs 
24## 

1829 0.02 0.08 1950** >25 <3 1975# 48 1.0 282± 83 5.6 190 ± 84* > 0.5 !37 Cs, aerial 
photographs 

1831 0.02 0.10 1965** > 35 <7 19851#1 47 1.3 136± 50 2.7 658 ± 215* > l.6 21OPb, 137Cs, aerial 
photographs 

1832 0.02 0.06 1975** > 28 3.2 1985(1 53 0.7 275 ± 80 5.5 1019 ± 260* >2.5 137 Cs, aerial 
photographs 

* incomplete inventory because limit of Jj I Cs was not sampled; ** Based upon aerial photographic records; " average core depositIOn age, 

## time based on excess 21OPb. 
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Activities of excess 210Pb demonstrate a decline from surface (Figure 3.5). 

Models of the decay of excess 210Pb indicate that the base of the measured 137 Cs 

corresponds to a time of deposition of approximately 1950, supporting the application 

of this model to infer rates of sediment accumulation. Sediment at the base of the core 

has a 210Pb estimated time of deposition of 1900 ± 16, which corresponds to the 

construction period of the breakwater (1870~ 1890). Depth of sediment mixing was 

interpreted from 2lOPb and mCs activities to be less than 6 em, and was supported by 

the lack of 234Th below the surface slice. The focussing factor of the flux Of 210Pb, and 

inventory of l37Cs, are greater than 1 (Table 3.3). This indicates accumulation of 21 oPb 

and l37Cs radio labelled sediments from adjacent sites of sediment erosion. Combined, 

these data indicate the core site to represent the site of accumulation of fme~grained 

sediment since 1890 (Table 3.3). 

3.3.2.2 Core 1828 

Core 1828 was collected from a fme~grained terrigenous facies between Cape 

Palleranda and West Point at 19°09'25"S / 146°46'49"E in 8 m of water (Figure 3.1). 

The site is situated such that it is protected from the effects of wave energy and tidal 

currents (see Pringle 1989) and results in trapping offine~grained terrigenous 

sediments. 

The core was 92 cm long and bottomed in a coarse grained muddy sand, which 

was rich in large shell fragments and woody material up to 8 cm in diameter (Figure 

3.5), Between 50 to 60 cm depth, the coarse-grained carbonate rich interval graded 

rapidly to a fme-grained, green-grey, muddy silt interval, which persisted to surface. 

This interval contained occasional silt and shell hash « 1 cm diameter) layers. The 

change in sediment composition at 60 cm is reflected by the rapid change in AI, trace 

metal and CC concentrations at that depth (Figure 3.6). Above 60 cm depth are 

sediments that contain Al concentrations that exceed all other sediment core and surface 

sediment grab samples collected in the bay (Table 3.1). 

Activities of excess 210Pb exhibit a continuous decline from near surface to the 

bottom of the core, despite traversing a major change in sediment composition. The 

base of the measured l37Cs corresponds to a 210Pb estimated age of approximately 1950, 

supporting the application of this model to infer rates of sediment accumulation. The 
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profiles Of
210Pb and l37Cs activities, and the absence of 234Th below 0-2 cm depth, 

indicate depth of sediment mixing is less than 6 cm. The focussing factor of the flux of 

210Pb is greater than 1, but the inventory of l37Cs is near 1 (Table 3.3). Combined, the 

radiochemical data are interpreted to indicate sediment accumulation from 1900 to 

present (Table 3.2). 

3.3.2.3 Core 1829 

Core 1829 was collected from the inside of a meander bend fonned at the mouth 

of Cocoa Creek at 19°16'56"S / 146°38'3?,'E (Figure 3.1). The core was collected on 

an incoming tide in 30 em of water. The channel at the mouth of Cocoa Creek is 30 m 

wide and cuts across a 500 m wide intertidal flat, which is exposed at low to mid tide. 

Aerial photographs indicate that the channel has maintained its current path since at 

least 1940. 

The core was 100 em long and bottomed at the limit of the core device, in a soft 

muddy organic rich interval. Above this horizon, the core contained grey-green 

interbedded silt and sand layers, which contained frequent shell hash bands and minor 

muddy intervals (Figure 3.5). Mud rich silts overlay coarser grained silts and sands 

surface to 8 cm depth. The changes in composition are also reflected in the major 

element chemistry by variation in Al and CC concentrations (Figure 3.6). Intervals of 

high Mn concentrations coincide with high CaC03 concentrations. The layering in 

sediment composition and grain size indicates that physical mixing of sediment is less 

than 8 cm thick (Figure 3.6). 

The profiles of the activities of excess 210Pb and mCs do not allow estimation of 

MAR. Finer grained intervals (high Al concentration) have higher activities of excess 

210Pb than coarse grained (low Al concentration) intervals (Figure 3.5) and indicate 

activities are dependent upon grain size variation. The nature of the results also suggests 

that sediments have been deposited rapidly. The focussing factor of the flux of 210pb is 

the greatest of all cores, whereas the inventory of l37Cs is the lowest of all cores (Table 

3.3) and !37Cs is present over the entire core length. These radiochemical data are 

interpreted to indicate rapid accumulation of sediment post 1950. Sediment in the base 

of the core has been assigned 1950 as the maximum date of deposition. However, 

because the base of soft mud was not reached and 137CS was present over the entire core 
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length, a probable age sediment deposition at the base of the core of 1975 is preferred. 

This is the average age of deposition of the core, assuming 1950 as the maximum and 

1999 as the minimum sediment deposition ages (Table 3.3). 

3.3.2.4 Core 1831 

Core 1831 was located at 19°1 T52"S / 146°51' 12"E (Figure 3.1) within an 

oxbow (truncated stream meander bend) of Sandfly Creek. Aerial photographs indicate 

the oxbow was formed during 1963 when the main channel (25 m wide) of the creek 

was breached (Figure 3.7a). Within a period of 30 years the oxbow filled with sediment, 

to a point where it is now a mangrove forest, with a small creek channel navigable only 

by a small boat. The sediment core was collected from the middle of a narrow tidal 

channel (4 m wide) at the apex of the old meander bend, and is exposed at low tide. 

The core was 72 cm long and bottomed in a stiff grey mud that could not be 

penetrated by hand (Figure 3.6). The core comprised grey to black laminated organic 

rich muddy sediment from 60 cm to surface. Minor mangrove root and leaf materials 

occurred in the sediment. 

The activity of excess 210Pb exhibits a decline from surface and 137es activities 

are consistently high over the entire core length (Figure 3.6). The focussing factor of 

210Pb and l37es exceed 1 (Table 3.3). These radiochemical data indicate the site is 

rapidly accumulating sediment. The mass accumulation rate derived from 210Pb 

activities indicates that the base of the core to have a maximum age of deposition of 

1985 ± 2. However, the reliability of this model is less than that for core 1827 and 1828, 

because it is not supported by aerial photographic history or the homogenous 

distribution of l37es. Therefore, sediment at the base of the core has a probable age of 

deposition of 1985, but based a maximum age of deposition of 1965 is inferred from 

aerial photographic interpretation (Table 3.3). 
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a) Core 1831 - Sandfly Creek 

1992 1961 

b) Core 1832 - Ross River 

1992 1961 

Figure 3.7 Aerial photographs of core sites 1831 and 1832 showing changes in 

stream channels between 1961 and 1992. a) Core 1831 - Sandfly Creek; b) Core 1832 -

Ross Ri ver; Core site (10. Photographs sources; Queensland State Government 

(Sunmap) Run 6, 1 88/Qc5084, 21 /06/ 1992, Townsvi lle 8259 (1:25 000) and 

Commonwealth of Australia (Department of National Uevelopment) Run 3, 5U26 CAll 

193, 11 /0611 961, Townsvi lle E55-14 (I :80 0000). 
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This core was collected during an unusual rainfall event during August of 1998 

(> 150 nun in 24 hours). This resulted in flooding in the Townsville region and large 

quantities of fresh rainwater run off was occurring when the core was collected. The 

absence of 234Th below the surface layer suggests low short-term particulate mixing 

rates. 

3.3.2.5 Core 1832 

Core 1832 was collected at 19°1 T28"S / 146°49'76"E (Figure 3.1) during 

December 1998, from a mud bank located on a truncated meander of a mangrove creek 

that once flowed into Ross River (Figure 3.7b). The original mangrove creek was up to 

30m wide, but has rapidly filled with sediment since being truncated by Ross River 1.5 

km upstream from the mouth of the creek at some time after 1970. 

The creek channel is presently 10m wide and is navigable by small boats only at 

high tide. The mouth of the creek to the point of truncation has remained an isolated 

channel that forms a loop adjacent to the main Ross River Channel and has rapidly 

filled with sediment. The core site is exposed at low tide. 

The core was 100 cm long and terminated in soft mud at the limit of the core 

device. The core contained brown to grey-black mud with minor silt intervals between 

30 cm and 60 cm (Figure 3.5). Infrequent thin shell hash laminae, organic matter and 

thin silt rich layers were logged between 30 em to 70 cm depth. These silt rich intervals 

are recognised by the decrease in Al and trace metal concentration over this interval 

(Figure 3.6). 

Activities of 2JOPb and 137 Cs are high over the entire length of this core (Figure 

3.5). The profile of 21oPb decay exhibits a slight decline in activity, which is in part 

influenced by the presence of more silt rich intervals in the middle part of the core. The 

focussing factor of 21 oPb flux and l37es exceed 1 (Table 3.3). These radiochemical data 

indicate rapid accumulation of sediment post 1950. Combined with the aerial 

photographic controls to sediment accumulation, the results are interpreted to indicate 

recent and rapid sediment accumulation since 1975. Therefore, the sediment at the base 

of the core was not deposited prior to 1975, which is used to calculate a minimum 

MAR. However, the base of the soft mud deposit was not reached, suggesting that the 

sediment was deposited after 1973. Therefore the probable age of deposition of 
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sediment at the base of the core is estimated to be 1985. which is the average age given 

the maximum age of 1975 and time of collection of 1998 (Table 3.3). 

Physical mixing of sediment is not considered to be rapid because of the 

presence of discrete silt intervals observed during logging and absence of 234Th below 

the surface interval. Depth of homogenous mixing is interpreted to be 6cm. 

3.3.3 Standardisation of trace metal concentrations 

To develop stepwise regression models it was necessary to log transform all 

variables to approximate assumptions of normality and provide constant variance. 

Normal probability plots of each element for the model suite of samples are presented in 

Appendix 7. 

The stepwise regression models generated for the model suite of samples, 

located in the eastern bay, are presented in Table 3.4. These models are used to remove 

natural variation in sediment geochemical composition. All model calculations contain 

Al and this demonstrates that the changes between sites are driven predominantly by 

variation in the amount of fine-grained terrigenous sediment. Model equations for Cu. 

Ni, Pb and Zn have an adjusted coefficient of determination (R2) > 0.9, whereas the R2 

of Cd and Co are substantially less (0.41 and 0.58 respectively). 

Major element concentrations for each surface sediment and core sample have 

been substituted into the model equations in Table 3.4 to calculate a predicted 

concentration. There is a strong linear relationship between the measured value and the 

value predicted by the regression model for Cu, Ni, Ph and Zn (Figure 3.8). However. 

for Cd and Co, which have low adjusted R2 values, the relationships between the 

measured value and the predicted values are non linear. 
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Table 3.4 Regression models generated for the model suite of samples (surface grabs and core samples) from eastern Cleveland Bay. 11 is the 

number of samples used to calculate the regression modeL. 

Adjusted Standard n Regression model equation 
R2 error 

Log Cd 0.4150 0.13501 55 = 0.490931 log Al + 0.403943 log Ca - 0.504377 

Log Co 0.5815 0.04847 56 = 0.225326 log Al- 0.0014491og CC + 0.165298 log Mn + 1.411019 

LogCu 0.9641 0.04273 56 = 0.880423 log Al + 0.059808 log Mn + 0.118234 log OC - 0.938976 

LogNi 0.9183 0.04660 56 = 0.740578 log Al- 0.002427 log CC + 0.116869 

LogPb 0.9226 0.04204 56 = 0.636611 log AI- 0.04002110g Ca - 0.094559 

LogZn 0.9479 0.03359 57 = 0.380553 log Al- 0.078177 log Ca + 0.221075 log Mn + 0.1174 log OC + 1.250194 
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Figure 3.9 Plots of enhanced Cd and Co values versus S concentrations. There is a 

pos itive linear relationship between enhancement of Cd and Co in cores 183 1 and 1832 

a) Enhancement values ca lcu lated using the regression model generated by the mode l 

suite of samples from eastern Cleveland Bay; b) Enhancement calculated using the 

regression model generated by the entire data set with outliers from Ross Creek removed. 

Chapter 3 



Page 81 

To further investigate these patterns in Cd and Co concentrations, a second 

regression model was generated. This model used all samples in Cleveland Bay, with 

outlying concentrations from Ross Creek removed. The enhancement of Cd and Co 

calculated for these models were found to have a positive linear relationship with S 

concentrations (Figure 3.9b). 

These results indicate the relationships between Cd, Co and the variables used in 

regression models in Table 3.4 are not constant. The linear relationships of Cd and Co 

enhancement in some core samples with S concentrations suggests that these metals are 

influenced by post depositional processes resulting in the accumulation of authigenic 

sulfides. 

3.3.4 Principal component analysis 

PCA was completed using the enhancement values (Equation 3.1) of Cd, Co, 

Cu, Ni, Pb and Zn as independent variables. The enhancement values were calculated 

using stepwise regression models generated by the model suite. Three components were 

measured, which could explain 88.6% of the variance in enhancement of trace metals 

(Table 3.5). Component 1 explains 54.2% of the variance, and is characterised by 

samples that have simultaneously enhancement> 1 of Cd, Cu, Pb, Zn, and to a lesser 

extent Ni. Figure 3.10 shows that surface grab and core samples from Ross Creek, 

which exceed the Draft ANZECC ISQV-Iow, are characterised by being distributed 

along the axis of component L This suggests that sites that are influenced by 

anthropogenic increases in trace metal concentration have a high positive component 1 

score and simultaneous enhancement> 1 of more than one metal. 

Components 2 and 3 explain an additional 20.7% and 13.7% of the variance 

respectively (Table 3.5). Component 2 is characterised by a positive correlation between 

Co and Ni values. Some samples from West Passage and Sandfly Creek have strong 

positive component 2 scores (Figure 3.10). Component 3 is characterised by samples 

that have high Cd and Co standardised values and are inversely correlated with Ni 

standardised values. A plot of component 2 vs component 3 separates the samples from 

West Passage and SandflyCreek (Figure 3.10). This suggests that the samples from 

these regions have different influences upon their trace metal chemistry. 
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Table 3.5 Summary table of the results of PC A of standardised trace metal 
concentrations. 

Component 1 Component 2 Component 3 

Cadmium 0.8016 -0.2109 0.2908 

Cobalt -0.0402 0.7438 0.6549 

Copper 0.8623 0.1293 -0.1753 

Nickel 0.1403 0.7906 -0.5055 

Lead 0.9721 0.0023 -0.1009 

Zinc 0.9486 -0.0271 0.1195 

Eigenvalue 3.25 1.24 0.82 

Variance % 54.20 20.70 13.70 

Cumulative % 54.20 74.90 88.60 

3.3.5 Linear discriminant analysis 

Linear discriminant analysis was completed using PCA components 1 and 2 as 

independent variables, and 2 samples categories; 1) Cocoa Creek (part of model suite in 

eastern bay), and 2) all other samples. Component 1 and 2 were chosen as independent 

variables because they were found to identify samples that have patterns in trace metal 

enhancement that can be attributed to anthropogenic influences. 

A plot of the cumulative frequency distribution of the probabilities of samples 

belonging to category 2 (not the same as Cocoa Creek) is presented as Figure 3.11a. The 

distribution is characterised by a large group of samples with a probability of < 0.25, 

and a second large group having a probability of> 0.9. Samples that have a probability 

of < 0.25 have patterns in enhancement values that are characteristic of samples from 

Cocoa Creek, which is considered to be not influenced by anthropogenic activities. 

Samples that have a probability of> 0.25, have a greater probability having 

patterns in trace metal enhancement values that can be attributed to anthropogenic 

influences. The spatial distribution of probabilities for surface sediment samples is 

plotted as Figure 3.11 b. The distribution of probabilities indicates there is a greater 

likelihood of anthropogenic influences upon trace metal concentrations in the western 

bay. This distribution supports the use of the 0.9 probability as the threshold criteria to 

indicate anthropogenic influences. The value of enhancement for samples that have a 

probability> 0.9 have been imaged and are presented as Figure 3.12. 
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influenced by anthropogenic activites. a) Cumulative frequency distribution of 

probabilities. The threshold probability separating groups of samples are 0.25, 0.5 and 0.9 

; b) Contours of 0.25 (blue), 0.5 (green) and 0.9 (red) probability demonstrating the 

spatial distribution of probabi lities in surface sediment grab samples of Cleveland Bay 
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3.3.6 Temporal trends in enhancement 

Temporal variations in the enhancement values of trace metals in sediment cores 

have been examined by combining the results of statistical models with models of mass 

accumulation rate. Enhancement of metals in cores 1831 and 1832 (Figure 3.13) 

includes weak enhancement of Cu, Pb and Zn in Core 1832 and weak enhancement of 

Cu, Ni and Zn in Core 1831. The sediment in these cores was deposited post 1965 and 

1975 respectively, in the intertidal zone of the western bay. The period of deposition of 

these sediments is equivalent to the top 20 cm depth in cores 1827 and 1828. 

Sediment in core 1827 was deposited post 1900 ± 16, and the increase and 

decrease in enhancement of some metals (Figure 3.13) can be correlated with events 

summarised in Figure 3.2. These trends include; the increase in enhancement of Cu post 

1960 that correlates with increases in total port throughput and population growth; and, 

increases in enhancement of Zn and Cd post 1935 and decreases post 1985 that correlate 

with the introduction of Zn concentrates to the port and improvements to their storage 

and handing facilities. 

Sediment in core 1828 was deposited post 1928 ± 24, and exhibits sustained 

enhancement of Zn near surface, in fine grained terrigenous sediment that overlies a 

calcium carbonate rich sediment. The change in sediment composition occurs post 

1945, and indicates a change in the source of sediment supplied to the site. 
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Figure 3.13 Sediment core profile showing trace metal enhancement above the upper 95% prediction level of the regression modeL 

210Pb estimated time of deposition is shown on the right axis. 
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3.4 Discussion 

3.4.1 Limitation of statistical methods 

It is important to interpret the results of statistical analysis with a clear 

understanding of why the analysis was attempted and what the key limitations of the 

analysis are. Standardisation of sediment trace metal concentrations is undertaken here 

to remove the influence of natural variation in trace metal concentrations, so that 

anthropogenic influences can be identified. Principal component analysis of 

enhancement values is undertaken to identifY groups of samples that have a 

characteristic multielement signature that may be related to a specific source (e. g., 

Krurngalz 1993; Negrel 1997). Linear discriminant analysis was then completed, using 

the PCA component scores, to quantifY the trends identified by PCA. 

The most critical step in this hierarchy of statistical analysis is standardisation of 

measured trace metal concentrations. The stepwise regression models used here to 

predict trace metal concentrations use chemical parameters to describe changes in 

sediment composition between a subset of samples (the model suite). The variance 

explained by the model is a function of the relationships between model equation 

parameters in samples from the eastern bay_ Samples from the western bay are being 

classified as a function of modelled relationships generated for a group of samples from 

the east of the bay. 

Enhancement (Equation 3.1) is a measure of the variance not explained by the 

regression. The variance is created by parameters not included in the model, which may 

be created by natural and anthropogenic influences. Enhancement of a sample, above 

the upper 95% prediction level of a regression model does not necessarily indicate that 

it is created by anthropogenic influences (e.g., Schropp et al. 1990). In this study, 

enhancement classifies a sample as being different to samples from the eastern bay. 

The key assumption in this method is that that the relationships between the 

dependent (trace metals) and independent variables (major elements) is constant (see 

section 1.4.2.1). In this study, this assumption is required to hold for surface sediment 

samples from different locations in the bay (spatially constant) and with sub-surface 
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core samples of different ages of deposition (temporally constant). The extent to which 

these assumptions are breached or supported will be discussed in the following sections. 

3.4.2 Natural influences upon sediment geochemical composition 

3.4.2.1 Influences of sediment source and transport processes 

The trends in spatial distribution of Al, Co, Cu, Fe, Mn, Ni, OC, P, Pb, S and Zn 

concentrations in sediment are characterised by greater concentrations occurring 

shorewards, as sediments become more terrigenous (Figure 3.4 and 3.5). Greater 

concentrations of Ca and CC occur seaward. ill intertidal regions exposed to wave 

energy, sediments are characteristically low in both Al and CC, and indicate the 

presence of coarser grained silicate minerals that form terrigenous quartz rich sands 

(e.g., west of the Port). In regions that are protected from wave energy fine grained Al 

rich muddy terrigenous sediments accumulate (e.g., W est Passage). 

The sedimentary facies on the leeward side of Cape Cleveland is geochemically 

distinct from the central bay facies because it contains relatively high concentrations of 

CC, Mn and Co. This location was identified by McIntyre (1996) to be a discrete shell 

rich facies and was described by Belperio (1978) as a site where sediments where being 

resuspended and transported by strong tidal currents. The high Mn signature of this 

facies is consistent with interpretation of the regional data in the previous chapter - High 

Mn concentrations occur at sites of sediment resuspension, oxidation and erosion. 

The presence of maximum Ca and CC concentrations west of Magnetic Island is 

due to the proximity to inshore coral reefs at these sites. Maximum concentrations of Al 

and high concentrations of trace metals also occur west of Magnetic Island, in West 

Passage. This is created by the presence of an isolated muddy facies that has formed in a 

relatively unique environment that is protected from wave and tidal influences (e.g., 

Pringle 1989). 

The distribution of fine-grained terrigenous sediment and biogenic carbonate 

sediment correspond well with the distribution of surface sediment facies of Carter et at. 

(1993), McIntyre (1996) and grain size distributions of Belperio (1983). However, the 

presence of the Al rich muddy facies seaward of the Port and Sandfly Creek, in areas 

exposed to wave energy, was not expected. These muddy facies were not detected by 
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previous surveys and it is therefore presumed that they are either transient features that 

may have been fonned by floods during early 1998, or exposure of older facies 

deposited during previous sea level stands (e.g., Carter et al. 1993). 

Despite these large variations in sediment composition between sites in the bay, 

the relationship between dependent and independent variables are temporally and 

spatially constant across the bay. This is indicated by the similarity in patterns of trace 

metal enhancement values for samples from West Passage (Core 1828) to samples from 

Cocoa Creek (Figure 3.8). 

This is in line with the concept ofOrpin & Woolfe (1999) that sediments in 

Cleveland Bay are essentially derived from redistribution by physical processes of a 

well mixed but poorly sorted poly-modal facies located in the central bay. Therefore, 

despite the physical redistribution of sediment and presence of more than one source of 

sediment to the bay (see section 3.1.1), the relationship between dependent and 

independent variables is constant. This also supports the use of a model suite of samples 

from the eastern bay to compare samples with samples from the western bay. 

3.4.2.2 Influence of post depositional processes 

Post depositional early diagenetic changes to sediment composition have been 

found to confound regression models of trace metal concentration (e.g., Elderfield et al. 

1979; Rae & Allen 1993; Douglas & Adeney 2000). This occurs because the 

relationship between dependent and independent variables may change during 

diagenesis and the changes are time dependent. Unless the change is constant and linear 

between all samples, it will manifest as variance in the regression model. 

The strong linear relationship between the regression model predicted and 

measured Cu, Ni, Pb and Zn concentrations indicates that the majority of natural 

variation in metal concentrations is accommodated by the regression models. This does 

not imply that post depositional early diagenetic processes do not affect Cu, Ni, Pb and 

Zn, rather that affects are included within the model, or that the magnitude of the affects 

are insignificant relative to other influences. 

In cores 1831 and 1832 post depositional changes to sediment composition have 

a measurable affect upon the concentrations of Cd and Co. These affects manifest in the 
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statistical analysis as the poor quality of fit of samples from these cores to regression 

models (Figure 3.8) and enhancement values of Cd and Co that increase in proportion to 

increases in S concentrations (Figure 3.9). 

An increase in S concentration with depth occurs in all cores (Figure 3.6). These 

increases with depth are consistent with the formation of authigenic Fe sulfides as a 

consequence of sulfate reduction (e.g., Raiswell & Berner 1985). However, increases in 

Cd and Co concentrations are apparent only in cores 1831 and 1832. 

The greatest difference between cores 1831 and 1832as well as surface sediment 

and cores samples, is the combined high OC concentrations (Table 3.1). In shallow 

marine sediments sulfate reduction is limited only by the concentration and metabolic 

properties of organic carbon (Berner 1980). This suggests that changes in Cd and Co 

concentrations are only significant in sediments that have high sulfate reduction rates. 

Cores 1831 and 1832 have average OC concentrations> 500 J.!mol g -I. 

To remove the natural variance in Cd and Co concentrations from regression 

models requires to account for a rate (time) dependent early diagenetic process, which 

can not be done for surface samples. Therefore, because the source of variance was 

identified and because the effect was only upon a minority of the samples, the 

regression models generated by the model suite of samples were used to standardise Cd 

and Co concentrations. A consequence of using these models is the presence of 

component 3 in PCA (Table 3.4). Samples from cores 1831 and 1832 have positive 

component 3 scores (Figure 3.10). This is interpreted to be a response to natural 

influences of early diagenetic processes that cause increases in Cd and Cu 

concentrations. 
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3.4.3 Anthropogenic influences upon trace metal concentrations 

3.4.3.1 Spatial variation in anthropogenic influences 

The simultaneous enhancement of several metals in Ross Creek is similar to the 

patterns in trace metal enhancement found in urban regions around the world (Cortesao 

& Vale 1995; Stark 1998; Callender & Rice 2000; Widianarko et at. 2000). Ross Creek 

runs through the historical centre of Townsville's rail, shipping and industrial activities. 

In Ross Creek the average concentration of Cu, Pb and Zn in sediments exceed the 

Draft ANZECC ISQVs (Figure 3.8) and enhancement values are> 20 (Figure 3.12). 

It is this 'multielement signature' that is used to classify sites, using linear 

discriminant analysis, to determine if trace metal concentrations are influenced by 

anthropogenic activities. Classification of samples used PCA components 1 and 2 

(Table 3.5). Component 1 is undoubtedly a consequence of anthropogenic influences, 

which have been found in Ross Creek (Gibbs, 1993; Reichelt & Jones 1994; Inglis & 

Kross 1999). Component 2 is also interpreted to represent anthropogenic influences 

upon trace metal concentrations. Component 2 is characterised by similar patterns in the 

enhancement ofNi, Co and Cu (Table 3.5), and samples from Sandfly Creek and West 

Passage have high component 2 scores (Figure 3.10). 

Enhancement ofCu and Ni in sediments from Sandfly Creek is probably a 

consequence of anthropogenic influences because the catchment of the creek hosts a 

sewage treatment plant and industrial areas that include a Cu refinery, meat works, 

power station and refuse tip. Samples from West Passage are also considered to have 

trace metal concentration influenced by anthropogenic activities. Ni concentrations in 

surface sediment samples exceed the natural range in concentration, and in core 1828 

(West Passage) erratic enhancement of trace metals occurs after approximately 1945. 

The location of West Passage is also down current of Townsville (e.g., Pringle 1989), 

given a predominantly north west direction water circulation in the western bay. 

Classification of sites using these characteristic multielement signatures 

identifies samples in the western bay to have a greater probability of having trace metal 

concentrations being affected by anthropogenic influences than the eastern bay (Figure 

3.11 b). This probability increases towards Townsville and samples from the intertidal 

zone around Townsville have a probability of> 0.9. This region is characterised by 
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simultaneous enhancement of < 2 times the modelled background and to have 

enhancement of more than one trace metal (Figure 3.12). This indicates that 

anthropogenic influences upon trace metal concentrations are typically < 2 times the 

modelled background concentration. 

3.4.3.2 Temporal variations in anthropogenic influences 

Events that affect the supply of metals over time from anthropogenic sources 

can be recorded in sediments. (e.g. Bricker 1993; Kolak et al. 1998; Cochran et al. 

1998; Lauenstein & Daskalakis 1998; Brannvall et al. 1999; Huh & Chen 1999). This 

requires both appropriate identification of metals from anthropogenic sources and 

estimation of the sediment deposition age. 

In general, cores examined here are characterised by high mass accumulation 

rates and represent sediment accumulated within the last 100 years. The focussing 

factors Of 2lOPb and 137CS are typically> 1 for all cores (Table 3.3). This indicates core 

sites have a high sediment trapping efficiency on a 20-100 year time scale. The mass 

accumulation rates measured in the cores ( > 5 kg m-2 il) are an order of magnitude 

greater than sediment accumulation rates described by Carter et al. (1993) in Cleveland 

Bay (1 rom i 1
). The low rate of accumulation described by Carter et al. (1993) is due to 

a low sediment trapping efficiency of the central bay, where the majority of sediment (> 

90%) entering the bay is resuspended or entrained and transported elsewhere (Woolfe & 

Larcombe 1998). This rate represents average sediment rates of the entire bay over the 

Holocene (6000y time scale). 

The methods used to estimate deposition age of sediment, use the sediment mass 

accumulation rate and mixed layer thickness. These parameters are based upon 210Pb 

and other supporting information, including 137 Cs, 234Th, aerial photograph 

interpretation and sediment geochemistry. Cores 1827 and 1828 exhibit the most 

reliable 210Pb based models of mass accumulation rate and these are corroborated by 

I37 Cs and historical information (Figure 3.5). This is because the 1950 time interval 

predicted by the 210Pb model of mass accumulation rate coincides with the base of 137 Cs 

activities. For core 1827, the 210Pb based model is further supported by constraints 

placed upon sediment deposition by construction of the breakwater. 
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Core 1827 is interpreted to represent the accumulation of sediment on the 

leeward side of the breakwater since at least 1900. Situated at the mouth of Ross Creek 

(Figure 3.1), it is an ideal site to trap and accumulate particulate materials discharged 

from the creek and provides a record of historical events affecting sediment trace metal 

concentrations. 

The profile of enhancement ofCu in Core 1827 (Figure 3.13) exhibits a 

sustained increase after 1960. This increase not only corresponds to the construction of 

marina facilities in Ross Creek and the start up of a Cu refinery but is also sympathetic 

with the total Port throughput and population growth (Figure 3.2). Therefore there are a 

variety of potential anthropogenic sources of Cu. The transhipment of Cu products at 

the port is probably not a significant source because Cu commodities (blister Cu) were 

first introduced to Townsville in 1914 (Taylor 1980). 

Enhancement of Cd above 60 cm depth coincides with the introduction of Zn 

concentrates to Port in 1936 (Taylor 1980). The decline in enhancement ofed and Zn 

above 20 cm depth coincides with improvements made to the Zn concentrate handling 

facilities during the 1980s. The presence of weakly enhanced Pb and Zn at the base of 

the core indicates the presence of other sources of these metals prior to the introduction 

of concentrates to the port. 

Ni has been exported from the port since 1975 in the form ofroundels and Ni 

laterite ore « 1 % Ni) has been imported since the early 1990s. NickeL laterite ore was> 

70% of the total tonnage of all commodities imported in 1887 (TPA 1998) yet no strong 

enhancement ofNi occurs in Core 1827 or in surface sediment grab samples in the bay. 

These results indicate that the form that a metal commodity is in and the handling 

processes will have a significant affect upon its recognition in the sedimentary record. 

In core 1828 the transition in sediment composition, from calcium carbonate 

rich sediment to predominantly terrigenous muddy sediments, corresponds to 

approximately 1945 (post war) (Figure 3.5). The transition indicates a distinct change in 

the composition of sediment accumulating at the site. Changes in sediment composition 

to this site could occur by natural progradation of sedimentary facies. However, the 

coincidence ofZn enhancement with this change in composition and erratic 

enhancement of metals above this interval, suggests that it is related to anthropogenic 
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influences. Weak enhancement ofNi occurs in near surface samples that have been 

deposited within the last 20 years. 

Estimation of mass accumulation rate for cores 1829, 1831 and 1832 are based 

upon controls to the maximum age of sediment deposition from interpretation of aerial 

photography and the presence of 137CS over the entire length of each core. Cores 1831 

and 1832 represent sediment that has been deposited within the last 35 and 25 years 

respectively and contain sustained weak enhancement of Cu, Zn and erratic 

enhancement of Pb. 

These results provide evidence for anthropogenic sources of metals at locations 

other than Ross Creek. Core 1831, from Sandfly Creek, has distinctive enhancement of 

Cu, whereas Core 1832 (Ross River) has lower levels of Cu enhancement and more 

erratic Pb enhancement. Potentially the most important trend in the data is that the 

period of deposition of cores 1831 and 1832 corresponds to the top 20 em of cores 1827 

and 1828. This demonstrate a consistent trend among cores, whereby recently deposited 

« 30 years) sediments are influenced by anthropogenic activities and are characterised 

by enhancement of several metals that do not exceed the Draft ANZECC ISQV-Iow. 

3.4.4 Relationships between enhancement and the Draft ANZECC 

Guidelines ISQ V s 

The Draft ANZECC Guidelines recommend a tiered risk assessment strategy for 

sediment quality assessment. The context within which the strategy is to work is as 

critical as the process itself. For example, the use ofISQVs as trigger levels are 

recommended only in areas that are moderately disturbed. In areas to be maintained 

pristine background is the preferred trigger level. 

Cleveland Bay contains regions that are moderately disturbed. However, it is 

also within a World Heritage Area and parts of the bay are also within the Great Barrier 

Reef Marine Park (Figure 3.1). Therefore, dependent upon the management strategy for 

a specific region of the bay, ISQVs or background may be appropriate trigger levels. 

The relationships between enhancement, probability of anthropogenic influences and 

the ISQV s is therefore relevant. 
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The Draft ANZECC ISQV-Iow and ISQV-high are presented where relevant for 

each trace metal in Figure 3.8. The most significant difference between the ISQVs and 

the modelled background is that the ISQV s are a single threshold applied to all sediment 

types. In contrast, regression models of the natural range in concentration recognise that 

background is variable and ranges from low to high concentration. 

The ISQVs represent threshold concentrations were biological effects within 

sediments have been detennined to occur within a large database of experimental results 

(e.g., Chapman & Mann 1999). The individual ISQVs have been adapted from the Long 

et al. (1995). The data used to compile the ISQVs is based on a whole sediment, total 

acid digestion and was based predominantly on North American and European 

(temperate climates) data. 

The ISQV s are set above natural concentrations because no statistically 

significant effects have been detennined to occur at lower concentrations. Therefore, the 

majority of trace metal enhancements in surface sediments and cores are not enough to 

trigger a response within the Draft ANZECC Guidelines using the ISQVs as trigger 

levels. Ni is one exception to this, where the natural range in concentration appears to 

exceed ISQV-Iow. This is apparent in Figure 3.8, where Ni concentrations from Cocoa 

Creek situated in the eastern bay (Figure 3.1), exceed the ANZECC ISQV-Iow. The 

Draft ANZECC guidelines accommodate this circumstance by recommending that 

background concentrations be checked if the trigger levels are exceeded. 

If the ISQV s are reliable indicators of sediment quality, then the value of 

enhancement and the probability of samples being influenced by anthropogenic 

activities are diagnostic only of anthropogenic activities. The results of the statistical 

modelling alone cannot be used to provide indications of sediment quality. 

3.5 Conclusions 

Anthropogenic influences upon trace metal values have been discriminated from 

natural influences using a hierarchy of statistical methods. The hierarchy includes three 

steps: Step 1 is standardisation of trace metal concentrations for variation in natural 

concentration. This is done by dividing measured values by the upper 95% prediction 

level of the stepwise regression model generated for a model suite of samples located in 
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the eastern bay. Step 2 is identification of groups of samples that have similar 

enhancement values using PCA. Step 3 is calculation of the probability that a sample 

belongs to a group of samples that have a specific multielement signature, by linear 

discriminant analysis, of the component scores generated by PCA. 

Samples that contain metals from anthropogenic sources are characterised by 

simultaneous enhancement of Cd, Cu, Ni, Pb and Zn as well as having a probability of> 

0.9 of being different to the model suite of samples. Maximum enhancement of 

sediment trace metal concentration occurs within Ross Creek and are up to 20 times the 

modelled background concentration. Outside of Ross Creek, enhancement is less than 2 

times the modelled background concentration. 

Temporal trends in enhancement of metals exhibit associations with economic 

growth and the introduction of specific metal commodities to the region. Combined 

with spatial trends in enhancement, the results indicate that recently accumulated 

sediments in the western bay are characterised by simultaneous enhancement of metals, 

which have concentrations that are less than the ANZECC ISQV-low. This is consistent 

with the supply of metals from several anthropogenic sources located in an urbanised 

regIon. 

Chapter 3 



Chapter 4 

Influences upon sulfur accumulation in recent and 

rapidly accumulating sediments of Cleveland Bay 

4.1 Introduction 
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The decomposition of organic matter is the single most important early 

diagenetic process (Berner 1980) and is responsible for the majority of post-depositional 

changes to sediment geochemical properties. The most intense biogeochemical reactions 

involving organic matter decomposition occur near surface, and follow a well described 

series of microbially mediated processes including; aerobic respiration, denitrification, 

Mn reduction, Fe reduction, sulfate reduction and methanogenesis (Martens 1993; 

Stumm & Morgan 1996). 

Sulfate reduction is a significant post depositional, early diagenetic process in 

shallow marine sediments (Berner 1980). It is responsible for changes to sediment 

geochemical properties that have significant environmental consequences. For example, 

the interaction of trace metals with authigenic iron sulfide has been found to reduce the 

bioavailability of some trace metals (e.g., Di Toro et at. 1990). The processes that 

influence the accumulation of sulfur in sediments are therefore important to understand. 

In shallow marine environments that have high rates of sediment accumulation, 

sulfate reduction often dominates the oxidation of organic matter (Middelburg 1991; 

Canfield 1994; Tromp et at. 1995; Morse & Berner 1995). This is due to the relatively 

high concentration of sulfate (-28.2 romol L"l) in sea water relative to oxygen (> 0.2 

romoI L"\ which has the capacity to oxidise at least 100 times more carbon than 

oxygen (Crill & Martens 1987). The process is bacterially mediated and involves 

several interacting communities of microorganisms. The overall process can be 

described as one in which 2 moles of carbon are oxidised for every 1 mole of sulfate 

reduced (after Berner 1980): 

Chapter 4 



Page 99 

The hydrogen sulfide (HzS) produced by sulfate reduction may react with 

reactive iron minerals and form insoluble authigenic iron sulfides (e.g., amorphous iron 

monosulfide [FeS]. pyrite [FeS2])' If the authigenic sulfide minerals are not oxidised 

they will progressively accumulate in the sediment over time, until the supply of sulfate, 

reactive Fe or metabolisable organic matter is exhausted. Therefore, in shallow marine 

environments, where the supply of reactive Fe and sulfate is not limited, the 

concentration and metabolic properties of organic matter limit the reduction of sulfate to 

form sulfide (Berner 1980). 

The retention rate of the sulfide produced during sulfate reduction has been 

found to be highly variable (e.g. Lord & Church 1983; King et al. 1985; Berner & 

Westrich 1985; Chanton et al. 1987; Middelburg 1991; Henneke et al. 1997). This is 

because H2S and authigenic sulfides may be oxidised to form sulfate, or if there is no 

reactive iron to form insoluble authigenic Fe sulfides, the H2S will be available to 

diffuse through the sediment. The rate of retention of the sulfate reduced is a function of 

the environment of deposition. The environment of deposition determines factors such 

as; burial rates (Morse & Berner 1995); Fe limitation (Berner 1980); bioturbation 

(Goldharber et al. 1977; Lin & Morse 1991); vegetation (Silva et al. 1990); and 

seasonal and diurnal oscillations in salinity and temperature (Casey & Lasaga 1987; 

Chanton et al. 1987; Alongi 1995; Vandenberg et al. 1998). 

Because of these environmental interactions, the amount of sulfide accumulated 

in the sediment is not a simple function of the amount of organic matter decomposed 

(e.g. Murray et al. 1978), where 1 mole of sulfate is reduced for every 2 moles of 

organic carbon oxidised. The effect of environmental influences can be examined by the 

relationships between carbon, sulfur and iron in sediments relationships (Raiswell & 

Berner 1985; Middelburg 1991). These relationships are often explained in terms of 

ratios such as; organic carbon to sulfur in sediments (CIS ratio) (Berner & Raiswell 

1983; Leventhal 1983; Berner & Raiswell 1984); the degree ofpyritisation (DOP) 

(Raiswell & Berner 1985); and, the degree of sulfidation (DOS) (Boesen & Postma 

1988). DOP and DOS are defined in subsequent sections. 
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The processes that influence sulfur accumulation in 4 sediment cores from 

Cleveland Bay have been investigated. The core sites (Figure 4.1) represent 

environments of very high accumulation rates of fine-grained terrigenous sediment (> 

10 kg m-2 y-l), which have been deposited within the last 100 years. The sites are best 

described as unvegetated subtidal (core 1827) and intertidal (core 1829, 1831 and 

1832) mud flats. They are sites that are protected from the effects of waves and 

currents, and have shallow mixed layers. 

In this chapter, the influences upon sulfur accumulation will be evaluated by 

sulfur mass balances, and reconciliation between the sulfur accumulated in sediments 

with an estimate of sulfate reduced predicted by models of organic matter 

decomposition. The objective was to identify the predominant influences upon sulfur 

accumulation in recently deposited sediments of Cleveland Bay. 

Marine Park 

14700' E 
--. 

Cleveland Bay 

,Sm-. " 

.2rrl 

10km 

Figure 4.1 Location of sediment cores: Urbanised areas (D); intertidal zone (III); reef 

(0); sediment core site (*); depth contours ( ... ). 
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4.2 Methods 

4.2.1 Sampling 

Samples from sediment cores 1827, 1829, 1831 and 1832 are described in this 

chapter. The location of cores and collection methods has been described in section 

3.2.2. 

Additional analyses completed in this chapter were perfonned on a 50 mL whole 

sediment subsample that was collected from each core slice and placed in air tight 

polycarbonate containers. Containers were filled to the top to minimise exposure of 

sediment to oxygen and refrigerated « 24 hours) until they were centrifuged to remove 

pore water. 

To remove pore waters, the 50 mL sub samples were spun at 5000 rpm for 15 

minutes. The separated water was immediately extracted through a nitrogen purged 0.45 

/lm cellulose acetate filter into a 10 mL acid washed syringe, acidified with 0.1 mL 

concentrated HN03 (AR grade) and refrigerated until analysis. The remaining sediment 

was immediately resealed and frozen for later determination of acid volatile sulfide and 

simultaneously extracted metals. 

4.2.2 Eh and pH 

Eh and pH measurements were collected to provide a semi quantitative 

understanding of the changes in redox potential and alkalinity with depth. Eh 

measurements were made in freshly sliced sediment held in plastic bags (not to be used 

for trace metal analysis) by inserting a Pt electrode and measuring its potential relative 

to a standard calomel electrode. pH was measured simultaneously with Eh, using a 

Radiometer combination pH electrode. Prior to field measurements the Eh electrode was 

calibrated in a 1:1 mole ratio Fe(CN)i+/Fe(CN)63
+ solution and the pH electrode was 

calibrated at 2 points using commercially available ionic standard pH solutions. 

Electrodes were allowed to equilibrate in the sample before measurements were taken 

and were washed and stored in fresh seawater between samples to monitor and correct 

for any drift in the instrument calibration. 
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4.2.3 Chemical Analysis 

Analysis methods of whole sediment sample, major element, trace element and 

radiochemistry have been described previously in section 3.2.2. Additional analyses 

completed in this chapter include the extraction of 1M Hel soluble Fe and acid volatile 

sulfide using the method of Allen et al. (1991). This method involves cold acid (room 

temperature) distillation of AVS and simultaneous extraction of metals in 1M Hel from 

2 to 10 gm of wet sediment under nitrogen for 1 hour. These analyses were completed 

using a thawed subsample of the 50 mL sediment sample, subsequent to the pore waters 

being removed. 

The Fe simultaneous extracted with A VS was measured in the filtered 1M Hel 

solution, using a Varian Liberty 220 Iep Atomic Emission Spectrometer (ICP-AES). 

The liberated H2S, operationally defined as AVS, was trapped in NaOH and measured 

by colorimetric methods described by Allen et al. (1991). The concentration of total 

dissolved sulfur (assumed to be soi") and dissolved Fe was measured directly in the 

acidified pore waters by ICP-AES. 

4.2.4 Sulfur mass balance 

A sulfur mass balance is undertaken to provide information on processes 

affecting sulfur accumulation in sediments (e.g., Chanton et al. 1987; Middelburg 1991; 

Aller & Blair 1996). The simplest sedimentary mass balance approach is to balance 

inputs of sulfur into the sediment column with outputs at the limit of sampling. Inputs 

include the diffusive flux of sulfur across the sediment water interface, and the addition 

of sulfur in detrital form. Outputs include the loss of sulfur by diffusion across the 

sediment water interface, and burial below the zone of investigation. 

Two methods of calculating sulfur mass balance have been used. The first 

follows methods of Chant on et al. (1987) and Middelburg (1991) and balances the 

diffusive flux of sulfate across the sediment water interface with the burial flux of sulfur 

at the base cores. The second method follows methods of Berner (1980) and Aller & 

Blair (1996) and balances the total amount of sulfate reduced, calculated from profiles 

of pore water sulfate concentration, with the concentration of sulfur accumulated since 

burial at base of cores. Because of the uncertainties in obtaining reliable dates of 

sediment deposition for cores 1829, 1831 and 1832, both mass balance methods have 
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been calculated using the minimum mass accumulation rate (MAR) and probable MAR 

(Table 3.3). 

4.2.4.1 Method 1 - Diffusive flux of sulfate versus burial flux of sulfur 

The diffusive flux of sulfate across the sediment water interface (Jo) can be 

calculated using a modified version of Fick's first law by Equation 4.1 (e.g., Chanton et 

al. 1987, Middelburg 1991).ln equation 4.1 the first term represents the diffusive flux 

across the sediment water interface. The second term represents the burial flux of sulfate 

in pore water at the base of the core. 

(Equation 4.1) 

In Equation 4.1, <1>0 is the porosity at the sediment water interface, and $00 is the 

porosity at the base of the core. Ds is the bulk sediment diffusion coefficient of S04, 

which was calculated from Equation 4.2. 

(Equation 4.2) 

Where Do is the diffusion coefficient of S04 in seawater, which is 10.7 cni i 1 at 25°C 

(Li & Gregory 1974), and e is the tortuosity of the sediment. The tortuosity of the 

sediment was approximated by Equation 4.3. 

(Equation 4.3) 

Where F, the formation factor is given by Equation 4.4, after Boudreau (1997). 

(Equation 4.4) 

(aS04 / ax )0 is the concentration gradient in S04 across the sediment water interface, 

which was calculated from polynomiallines fitted to the measured S04 concentration 

versus depth; x is the depth (cm); and Woo is the burial velocity (cm y-l) at the base of the 

core, which has been obtained from the estimates of MAR. 

The burial flux of sulfur at the base of each core can be calculated by 

multiplying the concentration of sulfur accumulated in the sediments since deposition 

(Saee; mol g-l) by MAR (g cm-2 i 1). 

Sulfur burial rate = Saee x MAR (mol cm-2 i') 
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To calculate Sacc, whole sediment strong acid soluble S measurements (I.S; mol 

g-l) are corrected for the sulfur contained in the dissolved phase (S04mol mL-1
) and 

organic matter (OC; mol g-l). This was calculated by Equation 4.6, 

Sacc = LS(l- <l»p- S04<PP - OCO.008(1- <l»p (mol cm-3
) (Equation 4.6) 

in which; ¢ is the porosity, and was calculated using the dry mass of material 

collected within a slice of known volume, less the mass of solids in the water. p is the 

specific gravity, assuming a specific gravity of 2.5 for the dry solids and 1.03 for the 

water. Organic sulfur, hosted within particulate organic matter, was assumed to be 0.8% 

by weight of organic carbon (OC /lmol g-l) (Middelburg 1991). 

Equation 4.6 does not account for solid phase sulfur containing minerals that 

may be deposited in detrital form. The amount of detrital (solid phase) sulfur deposited 

at the sediment water interface upon burial was not considered to be significant because 

sites are intertidal and are periodically exposed during low tide. Periodic exposure 

would result in the oxidation of sulfide exposed at the sediment water interface. 

4.2.4.2 Method 2 - Integrated sulfate reduction rate versus sulfur accumulated 

Under steady state diagenesis, and high sulfide retention rates, the amount of 

sulfur accumulated in sediments since burial at any depth (Sace) should be equal to the 

sum of sulfate reduced during burial to that depth (LSred) (Berner 1980). Under steady 

state conditions of porosity and burial rate, the rate of sulfate reduction ( RS04 ) can be 

described by Equation 4.7 (Berner 1980). 

a so 
W 4 = R (mol mL-1 y-l) ax S04 

(Equation 4.7) 

In Equation 4.7, S04 is the concentration of sulfate in the pore water (mol mL-1
), 

x is the depth (em). aso4 I ax and a2 S04 I ax2 were calculated from 4th or 5th order 

polynomial lines fitted to plots of measured S04 concentration versus depth (e.g., 

Chanton et al. 1987). w is the average burial rate of the core (em il) that is estimated 

from MAR. 

However, changes in porosity and burial rate with depth were found to occur in 

all cores (see Figure 4.4) and this indicates non steady state conditions with respect to 
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these parameters. Under non steady state conditions of porosity and burial rate sulfate 

reduction rates can be calculated by Equation 4.8 after Murray et al (1978). 

a( 4>3Do~) 
ax <P.ffi a~04 = <pRso (mol mL-1 y-l) (Equation 4.8) 

oX 4 

In Equation 4.8, <t> is predicted by a polynomial curve fit to the porosity data versus 

depth and cj>x is the porosity at the bottom of the core. Equation 4.7 and Equation 4.8 

have been used to calculate sulfate reduction rates to examine if changes in porosity are 

a significant influence upon the models. 

The total amount of sulfate reduced (LSred) during burial of a layer to depth x=0 

to its present depth can be calculated using Equation 4.9 (Berner 1980). If sediments are 

undergoing steady state diagenesis, and all sulfate reduced in the sediment is retained 

r,Sred = Sacco Variations in this relationship can be used to identify processes affecting 

the accumulation of sulfur in the cores. 

(Equation 4.9) 

4.2.5 Models of organic carbon decomposition and sulfate reduction 

If sulfate reduction is the dominant process resulting in decomposition of 

organic matter, and there are high retention rates of sulfide, the amount of sulfur 

accumulated in an interval will be in proportion to the organic matter decomposed. This 

will be at a rate of approximately 1 mole of sulfide for every 2 moles of organic carbon 

oxidised (Berner 1980). An estimate of the amount of sulfate reduced (ESR) in any 

sediment interval since burial to depth x due to the decomposition of organic carbon can 

be obtained by Equation 4.10. 

(Equation 4.10) 

OCx is the concentration of organic carbon remaining in the sediment at depth x, 

which has been measured. OCo is the initial concentration of organic carbon deposited 

at the sediment water interface, now buried to depth x, and was not directly measured. 

However, aco can be estimated using published rates for the decomposition of organic 

matter. 
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The model of Middelburg (1989) recognises that the decay constant for organic 

carbon (kt) is a function of time and decreases over time with a power type decay 

(Equation 4.11). The decay constant is claimed to be predictable over several orders of 

magnitude and is relatively invariant upon the environment of deposition. 

k
t 
= 0.16(a + t)-O·95 (Equation 4.11) 

In Equation 4.11, a is the apparent initial age ofthe organic carbon upon 

deposition. It is required to be approximated and the effect of varying a upon the model 

outcome have been evaluated. As a starting point, the minimum value of a is assumed to 

be the average age of the mixed layer, which was calculated using the probable age of 

sediment deposition (Table 3.3). The parameter t is the time since deposition of the 

sediment and is derived from models of MAR, using the probable age of sediment core 

slice deposition (Table 3.3). 

By assuming first order kinetics for the oxidation of organic matter (Equation 

4.12), and by combining Equations 4.11 and 4.12 followed by integration, the 

concentration of organic carbon remaining (OCx) at any depth below the sediment water 

interface is given by Equation 4.13 (Middelburg 1989). 

dOCx =-kOC 
dt (0 (Equation 4.12) 

(Equation 4.13) 

OCo can be calculated by arranging Equation 4.13 into Equation 4.14. 

OC _ 0(" 
0- [ 005] exp 3.2( aO.0

5 
- (a + tJ' J 

(Equation 4.14) 

The estimate of sulfate reduced (ESRJ can then be calculated by combining 

Equation 4.10 with Equation 4.14 to form Equation 4.15. This equation assumes that 1 

mole of sulfate is reduced for every 2 moles of organic carbon oxidised. 

{ oc.y 005} OCx 
exp [3.2(aO

.
05 -(a+tJ' J] 

ESR=~~------------~----
2 
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The ratio ESRlSacc is a measure of the sulfate reduced, under modelled 

conditions relative to the actual sulfur accumulated in the sediment. The difference in 

this ratio among cores and within cores can be used to evaluate the influences of the rate 

of organic carbon decomposition upon sulfur accumulation. This ratio will also be 

compared with the ratio of organic carbon to sulfur, the degree of pyritisation (DOP) 

and the degree of sulfidation (DOS). These measures have been approximated by 

Equations 4.16 and 4.17. The pyrite concentration is estimated to be half the residual 

concentration of Sacc after A VS has been subtracted (O.5[Sacc-AVS)J). This assumes that 

the residual sulfur species is FeS2, and that AVS is FeS. 

DOP= _________ O_.5~(_S=acc~-_A __ VS~) ________ _ 
Whole sediment strong oxidising acid soluble Fe 

DOS= _______ O_.5(~S=ac~c_-_A_V,~S)~+ __ SE_M __ F_e ____ __ 

Whole sediment strong oxidising acid soluble Fe 

4.3 Results 

4.3.1 Bulk sediment geochemistry 

(Equation 4.16) 

(Equation 4.17) 

Significant variation in the concentration of AI, OC and Ca are created by 

variations in grain size and mineralogical composition within and among cores (Figure 

4.2). Muddy fine-grained sediments (Cores 1831 and 1832) contain higher 

concentrations of Al than do coarser grained sandy sediments (Cores 1827 and 1829). 

High concentrations ofOC in cores 1831 and 1832 are influenced by the location of 

these cores in small mangrove fringed creeks, whereas higher concentrations of ea in 

cores 1827 and 1829 are influenced by the presence of more calcium carbonate 

sedimentary materials and are indicative of more marine source of sediment at these 

locations. 
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Figure 4.2 Sediment core profiles of Eh, pH, whole sediment strong acid soluble 
elemental concentrations and dissolved elemental concentrations in pore waters. Cores 
1831 and 1832 are enriched in OC relative to cores 1827 and 1829, which are 
relatively enriched in Ca. Eh (e), pH (0), whole sediment Al (e), whole sediment 
Ca (0), whole sediment OC (e), whole sediment S (0), Pore water Fe .(e), Pore 
water 804 (0). 
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A plot of 1M Hel soluble Fe against Succ (Figure 4.3) indicates a general trend 

within cores of declining 1 M Hel solub le Fe concentrations with increasing Sncc. This is 

most apparent within core 1832 (Figure 4.3) that has samples distributed perpendicu lar 

to the trend of increasing 1M He l soluble Fe with increasing Sacc. The plot of strong 

acid soluble Fe versus Slice indicates that strong acid so luble Fe concentrations greatly 

exceed Sacc concentrations (Figure 4.3). Therefore, Fe does not limit accumulation of 

su lfur. 

500r-------------, ,-- ------- -----, 

400 -'" (5300 
E 
~ 

j200 

100 

o lL---

• 1:1 ,­
o ,­,-
~ • 
o 

¢ 

200 300 

1 M Hel solubleFe (~mol 9-1) 

0 
1:1 

,/ . 
/ -\ ... .-/ .., s / '" !~l • / I\..-~ ¢ !i. '" • 

o 200 400 600 800 
Strong acid soluble Fe (I-\mol g-1) 

Figu re 4.3 Relationships bctwccn SCM..v.:, 1M fIel soluble Fe and strong acid soluble 

Fe. Strong acid soluble Fe exceeds the Sacc in all cores. Core 1827 (e ); Core 1829 (El); 

Core 183 1 W: Core 1832 (0). 

Profiles of Eh and pH are used to demonstrate qualitative trends in sediment 

geochemical properties. Cores exhibit more positive Eh potentials near the surface and 

grade to more negative as well as constant potentials by 20 cm depth (Figure 4.2). The 

values of pH are near 7.5 and constant at the base of each core. These trends in Eh and 

pH are best demonstrated by cores 1827 and 1832 that are Al rich fine-gra ined 

terrigenous muds. 

The trends in Eh and pH in core 1829 are complicated by changes in sediment 

composition (Figure 4.2), where reduced, fine-grained and Al rich sediments overlay 

more oxidising coarser grained sediments_ The trends in Eh, pH and pore water S04 in 

core 1831 are complicated by a significant ra in event (> 150 mm in 24 hours) that 

occurred during the sample period. This resulted in freshwater infi ltration in core 183 1 

and is responsib le for the decay in pore water S04 concentrations towards surface and 

pH values less than 7 near surface. 
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For mass balance calculations in core 1831 the pore water S04 concentrations 

were substituted with values that were considered to be representative of normal tidal 

influences (Figure 4.4). These values were obtained by assuming surface water S04 

concentrations are between 30 to 35 mmol L'I and fitting a polynomial curve to a 

surface concentration of 32.5 mmol L'l and measured S04 concentrations below 30 cm. 

The high S04 concentrations (> 30 mmol L'l) in surface waters are characteristic of the 

region during the dry season (e.g., Walker 1981). Within the intertidal zone they are 

further enhanced by the presence of hypersaline salt flats adjacent the creeks. This effect 

is most obvious in core 1829 where pore water concentrations are> 35 J.!mol mL'l 

below 10 cm depth. 

4.3.2 Sulfur mass balance 

The sulfur mass balance attempts to reconcile the diffusive flux of sulfate, based 

upon the decline in the pore water S04 concentrations with depth, with the measured 

increase in Saee concentrations with depth (Figure 4.4). Methods 1 and 2 indicate a 

greater rate of sulfur burial at the base of each core relative to the flux of sulfate across 

the sediment water interface, and the total sulfate reduced (Table 4.1). This indicates 

that the decline in concentration of pore water S04 with depth is insufficient to account 

for the sulfur that has accumulated in each core since burial. 

The difference between using Equation 4.7 relative to Equation 4.8 to calculate 

the total sulfate reduced is negligible. The similarity of both these results (Table 4.1) 

indicates that changes in porosity and burial rate are not a source of the observed 

imbalance between of}:Sred with Sacco This suggests that the pore water S04 

concentration profiles are non steady state and are prone to fluctuations. 

The low rate of decline in pore water S04 concentrations suggests that the pore 

waters are open to the resupply of sulfate. Processes other than simple diffusive 

resupply of sulfate are implicated in the resupply process by the presence of a sub 

surface peak in pore water S04 concentrations at depth in core 1832 (Figure 4.4). This 

interval corresponds to a more silt rich interval. Similarly, steep profiles of pore water 

S04 concentrations also occur in core 1827 and 1829, which have intervals of silt to 

sand rich sediments, This suggests that resupply is enhanced in coarser grained 

sediments, probably by flow through more permeable sediment. 
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Table 4.1 Summary of the results of sulfur mass balance calculations for sediment cores from Cleveland Bay. Methods I and 2 have been 

calculated using parameters determined by the minimum MAR and probable MAR. The sulfur burial flux is calculated for the base of each core 

(98cm depth for 1827, 1829 and 1832, *60cm depth for 1831) 

Minimum MAR Probable MAR 

Method 1 1827 1829 1831* 1832 1827 1829 1831* 1832 

Sulfate flux (mol m-2 y"l) 
0.41 0.24 1.52 1.95 0.41 0.12 1.25 1.10 (Equation 4.1) 

Sulfur burial flux (mol m-2 y-l) 
1.05 2.78 8.48 7.69 1.05 4.5 21.56 12.88 (Equation 4.5) 

Sulfate fluX/sulfur burial (%) 40 9 18 27 40 3 6 8 

Method 2 

Total sulfate reduced (r..Sred ~mol cm-3
) 

3.4/11.9 20.8/31.2 77/117 47.1143.5 3.4111.9 15.2/23.0 41.4/57.3 32.9/24.1 (Equations 4.714.8) 

Sulfur accumulated (Sace ~mol cm,3) 
105 91 440 194 105 91 440 194 (Equation 4.6) 

r..Sred I Sace (%) 3111 23/34 18127 24122 3111 17/25 9112 17/12 
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Figure 4.4 Sediment core profiles of Sacc, S04 and porosity used to calculate the 

sulfur mass balance. Sacc (e); S04 (0); porosity (0) polynomial fitted to S04 and 

porosity profiles (- - - ). 
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4.3.4 Influence of organic carbon decomposition upon sulfu r 

accumulation 
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The estimate of sulfate reduced ( ESR) was calculated by Equation 4. 13 using 

parameters based upon the probable MAR (Table 3.3). In these ca lcula(ions the initial age 

parameter (0) is assigned the average age of the mixed layer. The plot of Sax versus ESR 

for each core is presented as Figure 4.5 . The trends displayed are characterised by a 

positive linear relationship, with a coeffic ient of detennination (R2) greater than 0.8, except 

core 183 1 (R2 = 0.6 1). If the bottom four samples are removed from core 183 1 the R2 value 

increases to 0.88. This indicates that the ESR, which is based upon a model of the kinetics 

of organic carbon decomposition, can explain the majority of the variation in Sacc among 

and within cores. 
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Figure 4.5 Plots of Sacc versus ESR fo r cores 1827, 1829, 183 1 and 1832. The line of 

regress ion and coefficient of detennination (R2) is presented for each core. a is the value of 

the initial age parameter used in calcu lation of Equation 4. 13. Two lines ofregression are 

presented for core 183 1, where one excludes 4 samples from the base of the core. Core 

1827 (0); core 1829(0); core 183 1 (0); core 1832 (0). 
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The slope afthe line of regression fanned for cores 1827, 1829 and 1832 is 

characterised by a value that is > 1 (Figure 4.5). This indicates that Equation 4.13, used 

to calculate the ESR, consistently predicts more organic matter is decomposed during 

burial than can be accounted for by the sulfur accumulated since burial. Assuming that 

the rate constant of Middelburg (1989) is correct, either a constant portion of the sulfate 

reduced is lost, or some of the organic matter in the mixed layer does not undergo 

decomposition by sulfate reduction. 

Core 1831 has a distinctly lower slope than other cores, which is influenced by 

at least 4 outlying samples, which come from the lower 4 sample intervals (Figure 4.5). 

If these samples are removed from the regression the core still has a lower slope than 

other cores. This indicates that this core retains a greater amount of the sulfate reduced 

(high sulfide retention rate), or that more organic matter undergoes decomposition by 

sulfate reduction relative to other sites. 

Adjusting the slope of the relationship between Sacc and ESR, can be used to 

estimate differences in the relative amounts of organic carbon undergoing 

decomposition, or the retention rate of sulfide. Changes in slope can be made by 

multiplying the value of ESR by a correction factor (r), or by changing the value of a. 

The correction factor (r), which results in parity between ESR and Sacc, is different for 

each core, and ranges between 0.55 to 0.85, where 1832 (0.55) < 1827 (0.68) < 1829 

(0.74) < 1831 (0.85). This correction does not result in changes to the R2 value between 

ESR and Sacc (Figure 4.6a). Increasing the value of a in Equation 4.13 can also result in 

parity between ESR and Sace (Figure 4.6b). Core 1827, which has the lowest MAR is 

required to have the largest increase in the value of a to achieve parity (Figure 4.6b). 

The intercept of the line of regression for each core is variable. Cores 1827 and 

1829 have a distinct non-zero intercept that is created by very low Saee near surface 

(Figure 4.4). This suggests significant loss of sulfide from the top of these cores. In 

contrast Core 1832 has a strong positive intercept. This suggests the input of sulfide into 

the sediment near surface 
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4.4 Discussion 

4.4.1 Identifying influences upon sulfur accumulation from mass 

balances 

Mass balance approaches can be applied to assess influences upon sulfur 

dynamics in marine sediments (e.g., Casey & Lasaga 1987; Chanton 1987; Aller & 

Blair 1996). However, the environment of deposition of the cores in this study are 

unusual, in respect of the very high mass accumulation rates of terrigenous sediments 

and time frames of deposition (typically < 30 years). 

Measuring sediment accumulation rates over short time scales is essential if the 

rates of early diagenetic processes are to be estimated. The short period of deposition of 

sediment makes the application of 210Pb radiochemistry to constrain mass accumulation 

rates (MAR) and infer rates of early diagenetic processes problematic. Based upon near 

homogenous radio tracer distributions (Figure 3.5), sediments in cores 1829, 1831 and 

1832 could be interpreted to be near homogenously mixed, or a consequence of a single 

sediment deposition event. 

If sediments were homogenously mixed, or were a result of single depositional 

event, the profiles of Sacc (Figure 4.4) would not exhibit a consistent and smooth 

increase with depth. This feature, which is apparent in all cores, supports the 

assumption of continuous flux of sediment to each site, with a fixed and shallow « 1 0 

cm) mixed layer depth (Table 3.3). Significant breaks in sedimentation, or 

sedimentation events, would be marked by irregular profiles of Sacc with depth. Other 

evidence supporting that the cores are not homogenously mixed include, the absence of 

234Th below 2 em depth (Table 3.3) and distinct changes in sediment composition in 

cores (e.g., 1829, Figure 4.2). The homogenous distribution of radioisotopes is therefore 

a function of the relatively long half-life of the isotopes measured (~25 years), relative 

to the short time intervals being examined « 30 years). The apparent mixing is entirely 

a function of the behaviour and half-life of the parameter being used as a tracer of 

mlxmg. 

The flux of particulate materials to the sediment water interface is variable in 

composition over time (Figure 4.2). Surface water and pore water concentrations are 
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variable (Figure 4.2) and the sediments undergo significant compaction and porosity 

changes during burial (Figure 4.4). The changes in these parameters with depth indicate 

that sediments in cores 1827, 1829, 1831 and 1832 are undergoing non steady state 

diagenesis. 

Because of non steady state conditions, sulfur mass balances have been 

calculated using two methods. Method 1 (Equation 4.7) assumes a steady state burial 

rate, no compaction and steady state pore water sulfate concentration profiles. Method 2 

(Equation 4.8) takes into account changes in porosity and burial rate. Furthermore, 

because of the uncertainties in estimating the time of deposition of sediments in cores 

1829, 1831 and 1832, calculations have been undertaken using both the minimum MAR 

and probable MAR (Table 4.2). 

Both mass balance methods indicate pore water sulfate profiles underestimate 

the amount of sulfate being reduced. There is also little difference in the total sulfate 

reduced calculated using Equation 4.7 relative to Equation 4.8 (Table 4.2). This 

indicates that changes in burial rate and sediment porosity within cores have little 

influence upon the total amount of sulfate reduced (Table 4.2). The effect of using the 

probable MAR, rather than the minimum MAR, is to increase the burial rate of sulfur at 

the base of each core. However, using both the minimum MAR and probable MAR, the 

rate of sulfur burial is greater than can be accounted for by the diffusive resupply of SO., 

based upon the decline with depth in concentration of pore water sulfate (Table 4.2). 

The sulfur burial rates, calculated at 20 em depth for each core using the 

probable MAR, are 0.27 (1827), 0.47 (1829), 11.82 (1831) and 3.14 (1832) mol m·2 y-I. 

These rates are of a similar order of magnitude to the depth integrated (18-20 em) 

sulfate reduction rates measured in Hinchinbrook Channel of8.7-1 1.2 mol m-2 y-l by 

Alongi (1995). The similarity of these rates suggests that the sulfur burial rates 

approximate real sulfate reduction rates. This also supports the conclusion that the 

decline in pore water sulfate is anomalously low. This is interpreted to indicate that the 

resupply of pore water sulfate is much greater than the rate of sulfate reduction. 

The high burial rate and short time scales being investigated result in incomplete 

early diagenetic processes (e.g., Berner 1980). In all cores the reactive Fe is not 

exhausted, metabolisable organic carbon is available over the entire core length, sulfate 
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supply is unlimited, and the limit of sulfate reduction is not reached. Therefore the 

accumulation of sulfur is not limited by the supply of sulfate. 

4.4.2 Influences upon sulfur accumulation identified by models of 

organic matter decomposition. 

ESR is an estimate of the sulfate reduced that is predicted by a model of organic 

matter decomposition (Equation 4.15). For each core the rate of decay of organic matter 

is held constant and the initial age parameter (a) is determined by constraints placed 

upon average age of the mixed layer by models of MAR (described in chapter 3). 

Examining the relationships between ESR and Sacc, where Saee is the measured amount 

of sulfur accumulated in sediments, can identify influences upon sulfur accumulation 

related to changes in rate of decay of organic matter. 

A linear relationship between ESR and Saee indicates that sulfur is accumulating 

in sediments in proportion to the rate of decomposition of organic matter. Parity 

between ESR and Saee indicates that all the organic matter is oxidised by sulfate 

reduction, and all sulfate reduced is retained in the sediment as authigenic sulfide 

minerals. 

The linear and positive correlation between ESR and Sace in Figure 4.5 indicates 

Equation 4.15 explains between 82% and 90% of the variation in Saee concentration 

within each core. This relationship also indicates that the rate of organic matter 

decomposition is the predominant influence upon the changes in Sace with depth in each 

core. 

The slope of the relationship between ESR and Sace is dependent upon the value 

of a, and parity can be achieved by increasing the value of a (Figure 4.6b). The value of 

a in Figure 4.5 is set as the average age of the mixed layer and the ESR predicted by this 

value consistently exceeds the measured Sace (slope> 1). This suggests that the true 

value of a is greater than the average age of the mixed layer used to calculate ESR in 

Figure 4.5. The reasons why increasing the value of a results in parity between ESR and 

Sace requires a greater understanding of what a represents. 
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The initial age parameter a 

The parameter a is introduced to Equation 4.13 as a time variable, that is a 

function of the MAR. It is used to recognise that not all of the initial concentration of 

organic matter that is oxidised goes towards the formation of authigenic iron sulfides. 

Organic matter may undergo decomposition prior to burial (Middelburg 1989), or 

during burial by processes that include: oxic degradation, nitrate reduction; Mn oxide 

reduction, Fe oxide reduction and sulfate reduction (e.g. Murray et al. 1978; Goldharber 

& Kaplan 1982;Veeh et al. 1999). 

The net effect of these processes is to degrade the metabolisable portion of 

organic matter, so that the organic matter available for sulfate reduction is more 

refractory. Increasing the value of a, or the period of oxidation of organic matter prior to 

burial, reduces the amount of metabolisable organic matter that is available for sulfate 

reduction, and lower values of ESR are predicted by Equation 4.15. The parameter a 

determines the metabolic properties of the organic carbon that is buried. 

The value of a used to calculate ESR in Figure 4.5 is the average age ofthe 

mixed layer. It represents the minimum possible age of the organic matter because it 

assumes that; 1) the initial age of the organic matter is the depositional age of the 

sediment (i.e., organic matter is pristine and not reworked detrital material); and 2) that 

oxidation of organic matter occurs only by sulfate reduction during burial. 

Using the average age of the mixed layer as the value of a, the correction factor 

(r) required to multiply ESR by to achieve parity with Sacc, is a measure of the portion of 

organic matter that is consumed by sulfate reduction and retained in the sediment as 

authigenic iron sulfide. For core 1831, r = 0.85, which indicates that at least 85% of the 

available organic matter is consumed by sulfate reduction, and the sulfate reduced is 

retained in the sediment as authigenic sulfide. All other cores have lower values of r 

(Figure 4.6a), with core 1832 having the lowest value (55%). 

Assuming sulfate reduction is the predominant process resulting in oxidation of 

organic matter, would indicate that between 15 to 45% of the sulfide formed is lost from 

the sediment. Alternatively, assuming no loss of sulfide, 15 to 45% of organic matter 

may be oxidised by processes other than sulfate reduction during buriaL However, a 

combination of loss of sulfide and oxidation by other processes probably occurs. 
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Loss of sulfide and sulfide retention 

Sulfide retention refers to the ability of sediments to retain the sulfide produced 

by sulfate reduction. If sulfate reduction is the predominant process oxidising organic 

matter, the values of r can be considered representative of sulfide retention rates. The 

value of r ranges from 55 to 85%, and is high when compared to other published sulfide 

retention rates. Berner & Westrich (1985) have found sulfide retention rates of up to 75 

%. However, retention rates are more commonly described to be less than 15% (e.g., 

Chanton et al. 1987; Aller & Blair 1996 Henneke et al. 1997). 

No independent measurements of sulfide retention rate have been made in this 

study. However, high retention rates of sulfide are supported in the cores being studied 

considering that; 1) All cores have high rates of burial (Table 3.3), which is known to 

increase sulfide retention (Morse & Berner 1995). 2) All cores have shallow mixed 

layers (Table 3.3) that limits the oxidation of newly formed sulfide by exposure to oxic 

conditions (e. g. Goldharber et al. 1977, Lord & Church 1983). 3) All cores have an 

abundance of reactive Fe (Figure 4.3) which will react with H2S to form insoluble 

sulfides and trap the sulfide in the sediment (e.g. Chanton et al. 1987; Martens 1993; 

Gagnon et al. 1995). 4) No H2S odours were noticed during sampling of cores, 

indicating very low concentrations of free H2S in the sediments. 

Loss of sulfide from cores 1827 and 1829 is evident by the positive intercept on 

the ESR axis of the line of regression fanned by between Saee and ESR (Figure 4.5). The 

positive intercept, and poor fit of near surface samples, which have low Sace values, 

indicates that there is a fixed amount of Saee lost from each interval relative to the ESR. 

The linear relationship for samples that have higher Saee values, and are located at lower 

depth intervals, indicates that there is no loss of sulfide at depth. Rates of loss should be 

greater near surface, due to the enhanced supply of oxygen created by bioturbation and 

exposure of sediment during low tide (e.g., Goldharber et ai. 1977; Casey & Lasaga 

1987; Martens 1993). Therefore, the non-zero intercept on the ESR axis for cores 1827 

and 1829 is consistent with the oxidative loss of sulfide from near surface sediments. 

In contrast to cores 1827 and 1829, a positive intercept occurs on the Saee axis 

for core 1832. This suggests there is more sulfide in the sediment that can be accounted 
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for by the ESR. This is probably due to the presence of detrital sulfides, but other 

sources such as diffusion of sulfide cannot be excluded (e.g., Murray et al. 1978). 

These data indicate that the oxidative loss of sulfide occurs near surface. 

However, the amount lost, which is given by the intercept of the line of regression 

between ESR and Sacc in Figure 4.5, is a fixed amount, and is less than the 15 to 45% 

indicated by the value of r. This suggests that other processes are creating a deficit in 

the measured amount of Sacc relative to the modelled ESR. 

Oxidation of organic matter 

Oxidation of organic matter, by biogeochemical processes, during burial results 

in degradation of the metabolic properties of organic matter. The metabolic properties 

of organic matter have been found to be a function of burial rate (e.g., Berner 1980). At 

higher rates of burial, greater amounts of met abo lis able organic matter is buried before 

it can be fully degraded. Cores that have high MAR require lower values of a because 

more organic matter is preserved. This is supported in the four cores from Cleveland 

Bay by the larger increase in the value of a required to achieve parity in core 1827, 

which also has the lowest MAR (Figure 4.7). However, the relationships between burial 

rate and the value of a can not be measured in the four cores examined because of the 

limited range of MARs in cores 1829, 1831 and 1832 (all very high). 

Differences in the metabolic properties of organic matter among cores can also 

be created by differences in source of organic matter. The organic matter contained in 

the mixed layer is derived from several sources, including detrital terrigenous and 

marine sources, as well as being produced in situ (e.g., Middelburg 1991). Detrital 

organic matter may be reworked and it may be more refractory than pristine organic 

matter. Terrestrial organic matter, in particular mangrove detritus, has also been found 

to be highly refractory relative to organic matter supplied from marine sources (e.g. 

Alongi 1990; Kristensen et at. 1992; Woolfe et at. 1995). The intertidal location of 

sites, situated in mangrove dominated environments, suggests that the predominant 

source of organic matter to the sites is relatively refractory mangrove detritus. 

If sulfide retention rates are high and sulfate reduction is the predominant 

process oxidising organic matter, then 15 to 45% of the organic matter could be 
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refractory. A 10% residual organic phase, which does not undergo decomposition, was 

used by Tromp et at. (1995) in global models for the decomposition of organic carbon. 

A higher residual portion of organic matter is probably justified in the cores of 

this study. because the dominant supply of organic matter is dominantly mangrove 

detritus. This would require modifying the power rate of decay model of Middelburg 

(1989), to form two discrete pools of metabolisable and refractory organic matter. The 

concept of a pool of organic matter that is not metabolisable is in line with several 

discrete pools of organic matter undergoing decomposition at different rates, which is 

the basis of the multi G model of organic carbon decomposition (Berner 1980; Westrich 

& Berner 1984). However, the power rate of decay of organic matter of Mid del burg 

(1989) attempts to rationalise several pools of organic matter undergoing different rates 

of decomposition, into a single pool undergoing time dependent rate of decomposition. 

Therefore the presence of a separate pool of refractory organic matter should not be 

necessary. 

These data indicate that the metabolic properties of organic matter are degraded 

during oxidation by processes other than sulfate reduction. The source of the 

degradation is probably due to reworking of organic matter prior to burial or 

degradation by other biogeochemical processes. 

4.4.3 Application of models to identify different influences upon sulfur 

accumulation 

The relationships between Fe, OC and S in sediments can be used to generate 

models that can identify the environment of deposition (e.g., Aller & Blair 1996; 

Gerritse 1999). This is because environments can be characterised by processes that 

influence sediment geochemical properties. For example, the ratio of OC and S can be 

used to discriminate between marine and freshwater environments of deposition (Berner 

& Raiswell 1983). 
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This is possible because in fresh water environments, where there may be an 

abundance of organic matter, sulfate reduction is limited by the supply of sulfate. In 

Figure 4.7a, the OC/S ratios have a range ofbetween 2.5-15 and have a near zero 

intercept. The range of this ratio includes normal marine conditions (1.5-4; Berner & 

Raiswell 1984). but is also within the range of saline to freshwater conditions (4-17; 

Woolfe et at. 1995). The large range in ratios is created by incomplete degradation of 

organic matter in the upper parts of the cores. This is indicated by changes in the OC/S 

ratios from 10-15 at the top of the core to 2.5-4.0 at the base (Figure 4.7a). 

The ratios DOP and DOS are referred to as the degree ofpyritisation (Raiswell 

& Berner 1985) and the degree of sulfidation (DOS) (Boesen & Postma 1988). DOS is 

used where the formation of Acid Volatile Sulfides (A VS) in sediments is significant. 

The benefit of this ratio can be observed for core 1831 in Figure 4.8 where the plot of 

OCIDOP appears to identify core 1831 as having very high DOP values relative to other 

cores. However, the plot of OC/DOS indicates the sediment does contain sulfidation 

ratios similar to other cores. This is because A VS is a more significant authigenic 

sulfide phase in core 1831. In Figure 4.8, the DOP and DOS ratios fall between 0 to 0.3 

and 0 to 0.6 respectively and are typical of marine sediments (Raiswell et al. 1988). 

These ratios indicate that sulfide in the cores is greatly exceeded by the reactive Fe, and 

therefore the formation of authigenic iron sulfide minerals is not limited by the supply 

of reactive Fe. 

Similar to the ratios OCIS, DOP and DOS, the ratio of ESR to Sacc can be used to 

identify differences between sites. It can be used to identify changes in the source of 

organic matter, if the changes are associated with changes in the metabolic properties of 

organic matter. This can be demonstrated by comparing the differences in the slope of 

the line of regression between ESR to Sacc among cores. 

Core 1831 has the lowest slope of 1.18 (Figure 4.5), and the correction factor (r) 

of this slope to achieve parity is 0.85 (Figure 4.6). This indicates that 85% of the 

organic matter is available for sulfate reduction at this site compared to other core sites 

(55-75%). If the outlying four points at the base of core 1831 are included, the amount 

of available organic matter is even greater (Figure 4.5). The outlying points at the base 

of core 1831 indicate a distinctly more metabolisable organic matter source at depth. 
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This suggests that the organic matter supplied to the site is more metabolisable than 

other sites, and has changed over time 

This interpretation is consistent with the location of core 1831 in Sandfly Creek, 

which also contains a treated sewage effluent outfall. This supports the hypothesis that 

that the organic matter supplied to this site has more favourable metabolic properties 

than that supplied to other sites. Similarly the outlying points at the base of core 1831 

indicate a change in metabolic properties of organic matter over time that may be 

related to upgrading of the facilities during the late 1980s (Pringle 1989). 

4.5 Conclusions 

Mass balance of dissolved and solid phase sulfur concentrations indicates that all 

cores are open to the resupply of sulfate. Despite being open to resupply of sulfate, 

sediments probably have a high retention rate of the sulfide due to abundant reactive Fe 

and high burial rates. 

A model of the rate of organic matter decomposition explains between 82 to 

90% of the variance observed in the sulfur accumulated in sediments of cores from 

Cleveland Bay. Therefore the rate of organic matter decomposition is the dominant 

influence upon sulfur accumulation within individual sediment cores. 

However, the model indicates that either 15-45% of the organic matter does not 

undergo decomposition via sulfate reduction, or that 15-45% of the sulfate reduced by 

decomposition of organic matter is not retained in the sediment. A combination of these 

two possibilities occur, where the deficit between the measured Sacc and predicted ESR 

is more a consequence ofthe degradation of organic matter by biogeochemical 

processes other than sulfate reduction in near surface sediments, rather than oxidative 

loss of sulfide. 

The ratio of the estimate of sulfate reduced, based upon the model for the 

decomposition of organic matter, versus the sulfur accumulated in sediments since 

burial can be used to identify differences in the source of organic matter if sources have 

different metabolic properties. Core 1831 has organic matter that is more metabolisable 

than other sites. The source of this organic matter is probably from a sewage treatment 

plant. 
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Chapter 5 

Influence of authigenic sulfides upon trace metal 

speciation - implications for the interpretation of 

I:SEM/AVS ratios 

5.1 Introduction 
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Sediments are not passive recipients of particulate materials, they are 

biogeochemical reactors that are fuelled by the decomposition of organic matter (Van 

Cappellen & Wang 1995). These biogeochemical processes result in changes to 

sediment geochemistry that have environmental implications. The most significant of 

these is the interactions of authigenic sulfide minerals with trace metals. 

The interaction of authigenic sulfide minerals with trace metals results in 

partitioning of metals into different sulfide mineral phases, which have different 

chemical properties (e.g., Morse 1995). The properties of each phase can have 

significant consequences upon sediment quality by determining the 'bioavailability' of 

metals (Di Taro et al. 1990). 

Interaction between authigenic sulfide mineral species and trace metals is 

generally described to occur within two operationally defined pools: 1) acid volatile 

sulfides (amorphous FeS, mackinawite [FeS], greigite [Fe3S4]); and 2) pyrite (FeS2) 

(e.g., Morse 1995). This interaction is typically found to result in the formation of 

insoluble metal sulfide mineral species that reduce the 'bioavailability' ofrnetals (e.g., 

Di Torro et at. 1990). The interaction of metals and polysulfide species has been 

theoretically found to result in the formation of soluble metal sulfide species, resulting 

in an increase in bioavailability (Davies-Colley et al. 1985). However, a non theoretical 

response between polysulfide and trace metals has been observed in simulations by 

Simpson et al. (1998), where polysulfide were not found to increase trace metal 

bioavailability. 
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The interaction of trace metals with Acid Volatile Sulfide (AVS) can be 

described by the molar ratio I:SEMI A VS. Where LSEM is the sum of all 

'simultaneously extracted metals', whose sulfide species solubility product (Ksp) is less 

soluble than that of Fe, extracted in 1 hour by 1M HCI simultaneously with A VS (Allen 

et al. 1991). Trace metal sulfide species are predicted to precipitate in order of their Ksp• 

i.e., Mn < Fe < Co < Ni < Zn < Pb < Cd <Cu (e.g., Hare et al. 1994). 

In anoxic sediments, if I:SEMI A VS > 1, trace metals are interpreted to be in 

excess of the sulfides binding capacity. Trace metals are then capable of being present 

in the dissolved phase and pose a greater risk of uptake by organisms. Conversely, if 

I:SEMJA VS < 1, metals are predicted to form insoluble metal sulfide species (MeS), 

with a consequent reduced risk of exposure (e.g., Mikac et al. 2000). The method 

represents a simple mechanistic approach that uses measured partitioning, between 

dissolved and solid phases, to predict toxicity of metals in sediments (Chapman & 

Mann 1999). 

However, this simple interpretation is often confounded by numerous other 

influences upon metal speciation, including the presence of other metal binding sites 

(sulfides, organics matter, Fe and Mn oxides and clays). Kinetic and thermodynamic 

constraints have been used to explain preferential incorporation of metals into sulfide 

mineral phases (e.g., Jacobs et al. 1985; Brennan & Lindsay 1996; Morse & Luther 

1999). 

Interaction of metals with pyrite (FeS2) has been described by Morse (1995) as 

the Degree of Trace Metal Pyritisation (DTMP, Equation 5.1). The ratio uses 

operationally defined categories made by the three step sequential acid digestion 

procedure of Huerta-Diaz & Morse (1990). The three steps in this procedure are: 1) 

Liberation of the reactive phase by cold 1M HCl digestion over 16 hours; 2) Liberation 

of silicate phases by HF digestion, and; 3) Liberation of metals bound in pyrite by 

concentrated RN03 . Preferential incorporation of trace metals into pyrite phase by this 

method has been found to follow the order Cu = Fe > Co > Ni» Mn > Zn > Pb > Cd 

(Morse & Luther 1999). 
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(Equation 5.1) 

The concentration and speciation of authigenic sulfide mineral species in 

sediments therefore has a significant influence on the speciation oftrace metals as either 

A VS or pyrite. A VS is often described as a metastable precursor to pyrite formation 

(Wilkin & Barnes 1997) and pyrite is often the predominant end product of sulfate 

reduction in marine sediments (King et al. 1985; Henneke et al. 1997). Exceptions to 

this do occur, where sulfide minerals are not preserved during burial, or predominantly 

AVS accumulates (e.g., Gagnon et al. 1995, Ferdelman et al. 1997). 

The mechanism of pyrite fonnation occurs by two pathways: The first is the 

relatively rapid and direct formation of pyrite (no Fe monosulfide precursor), described 

by the reaction (Equation 5.2) of Fe2+ with thiosulfate (Rickard 1975). This reaction is 

the path of pyrite formation in salt marsh sediments (Howarth & Teal 1979; Giblin & 

Howarth 1984) and when pH is > 7 (Morse & Wang 1997). 

(Equation 5.2) 

The second path is distinct from the former because Fe monosulfide precursors 

are required. It is considered to be a slower reaction (Equation 5.3) between Fe 

monosulfides and hydrogen sulfide (Berner 1984). This reaction has been attributed to 

the formation of pyrite in subtidal sediments (Rickard 1997). 

FeS2 + H2 (Equation 5.3) 

Equation 5.3 was found by Rickard (1997) to be the rate limiting step in a 

sequence of steps leading to pyrite formation. The rate of pyrite formation is dependent 

upon AVS concentration and hydrogen sulfide concentration given by Equation 5.4. 

(Equation 5.4) 

Where; FeS2 is the concentration of pyrite in mol L-!, FeS is the concentration of 

AVS in mol L- l
, HzS is the concentration of hydrogen sulfide in solution in mol L- l and 
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the second order rate constant k' = 1.03 X 10-4 L morl 
S·l at 25°C. This implies that 

pyrite concentrations are a function of AVS concentrations and time (t). 

In the previous chapter, the influences upon the sulfur accumulation have been 

identified in 4 sediment cores from Cleveland Bay (Figure 4.1). In this chapter, the 

influences upon speciation authigenic sulfide and their interaction with trace metals in 

these cores are described. Two operationally defined pools of sulfide species are 

evaluated jointly with trace metals. These results have been used to interpret 

r,SEMI A VS ratios, and statistically modelled enhancement of metal concentrations 

from anthropogenic sources. The aim is to demonstrate that individual metals are 

incorporated at different rates into different mineral species. It will also be demonstrated 

that in isolation from other sediment parameters, simple interpretation of !:SEMI A VS > 

1 is not an ideal method to determine metal toxicity in sediments. 

5.2 Methods 

5.2.1 Sampling and analysis 

In this chapter, chemical results from Cores 1827, 1829, 1831 and 1832 are 

examined. The methods of collection, analysis of Strong Acid Soluble (SAS) metals, 

Simultaneously Extracted Metals (SEM) and Acid Volatile Sulfides (A VS) have been 

described in previous sections (2.2.2.1 and 4.2.3). Models of accumulated sulfur (Sacc) 

and Mass Accumulation Rates (MAR) have also been determined in previous chapter 

sections (4.2.3 and 3.2.5 respectively). 

In addition to the previously described measures, concentrations of AI, Cd, Co, 

Cu, Fe, Mn, Ni, Pb and Zn simultaneously extracted with acid volatile sulfide (SEM) 

were obtained using the method of Allen et al. (1991). This method has been described 

previously in section 4.2.3. 
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5.2.2 Speciation 

5.2.2.1 Sulfide speciation and morphology 

Two separate determinations of sulfur concentration have been made that are 

used to provide two operationally defined sulfur species, pyrite and A VS. The 

concentration of sulfur as A VS has been defmed by direct measurement of A VS. The 

concentration of sulfur as pyrite is defmed as Equation 5.5. Where Sacc (flIllol g-l) is the 

solid phase sulfur accumulated since burial. This assumes that the stoichiometry of the 

residual sulfur species is FeS2. 

Pyrite = Saee - AVS (~mol g-I) 
2 

(Equation 5.5) 

The rate of pyrite formation was calculated using Equation 5.6. Pyrite 

concentrations were obtained by fitting a third or fourth order polynomial curve fitted to 

the plot of pyrite concentration with depth. Difference in age was calculated using the 

probable mass accumulation rate (MAR, Table 3.3). 

Rate of pyrite formation = /).p~rite O..lllol g -I y" 1) 
I!.tlme 

(Equation 5.6) 

The sulfur burial rate was calculated from Equation 5.7, using the probable 

MAR (Table 3.3), and calculated concentrations of Sacc (Equation 4.6). 

sulphur burial rate = Sace x MAR (/-Lmo} cm-2 y"l) (Equation 5.7) 

Morphology and density of sulfide minerals were examined in fresh sediment 

samples under low vacuum conditions in a Jeol JSM-5000LV scanning electron 

microscope in back scatter mode. Samples were prepared by smearing a small amount 

of fresh sample on paper covered glass microscope slides. This method was chosen to 

limit the amount of sample preparation that could result in oxidation of sulfide species. 

Because samples are not polished, and contain some residual moisture, the resolution of 

images is less than optimal. 
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5.2.2.2 Trace metal speciation 

Two operationally defined trace metal species have been measured, Strong Acid 

Soluble (SAS) metal, and metals simultaneously extracted in 1M HCl with Acid 

Volatile Sulfides (SEM). SAS metals represent near total digestion of metals, and the 

recovery is dependent upon sediment composition (Section 2.3.1). This extraction 

would include metals from the pyrite phase, reactive phase and probably some of the 

silicate phase according to Huerta-Diaz & Morse (1990). 

SEM represents metal extracted with 1M HCI, and the digestion should include 

only some of the metals in the reactive phase ofHuerta-Diaz & Morse (1990). The 

digestion method of Huerta-Diaz & Morse (1990) also used 1M HCI, but for a duration 

of 16 hours rather than 1 hour. 

The ratio SEM/SAS is operationally defined as the 'lability' of a metal and 

ideally should range between 0 and 1. Where lability ~ 1 sediments have 100% of trace 

metals soluble in 1M HC!. 

Chapter 5 



Page 132 

5.3 Results 

5.3.1 Sulfide speciation and morphology 

In cores 1827, 1831 and 1832, the ratio AVS/pyrite is greatest at surface (Figure 

5.1 a) and declines with depth. The decline in the ratio is driven predominantly by 

increases in pyrite concentrations with increasing depth. Below a near surface 

maximum, A VS concentrations are relatively constant or exhibit a weak decline with 

depth. 

There is a positive linear relationship between rate of pyrite formation and AVS 

concentration (Figure 5.1b). The consistency of this relationship suggests that there is a 

single mechanism controlling the A VS/pyrite ratio among these cores. The 

concentration of A VS exceeds, or approaches, the concentration of pyrite only in near 

surface sediments of cores or in sediment that has high rates of pyrite formation (Figure 

5.la). 

Scanning electron microscope examination of fresh mud smears indicate that the 

unoxidised sulfide mineral morphology is dominated by disseminated euhedral 

individual crystals « 111m in width). Lesser amounts of amorphous aggregates « 5 !-lm 

width) and spherical clusters « 5 !-lm in width) occur (Figure 5.2). Euhedron, 

aggregates and framboids are present throughout the core, and no changes in density of 

euhedron or morphological form were apparent with depth. 
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Figure 5.1 Acid volatile sulfide and pyri te relationships within and among cores. 

a) Plot of AVS/pyritc versus depth for sediment core sampJes;b) Plot of AVS 
concentration versus the fate of pyrite formation 
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Figure 5.2 Images of Fe sulfide minerals at core site 1832 (Ross river). a) 

Disseminated euhedron in clay matrix at 2-4 cm depth with circular aggregate near 

middle of view. b) Enlargement of circular aggregate. c) Circular aggregate in left of 

view with disseminated euhedron in clay matrix at 8-10 cm depth. d) Enlargement of 

circular aggregate showing distinct sphericallframboidal morphology. e) Disseminated 

euhedron in clay matrix at 14-16 cm depth.}) Well fonned framboid comprised of 

euhedron in a clay matrix at 16-18 em depth. 

Chapter 5 



Page 135 

5.3.2 SEM and SAS metal relationships 

The order of average lability of metals (SEMlSAS), calculated for all core 

samples from lowest to highest lability is; Al (0.06) « Ni (0.17) < Cu (0.22) = Fe 

(0.22) < Co (0.30) < Zn (0.50) < Mn (0.70) < Pb (0.85) < Cd (1). A rapid change in 

lability of most metals occur in all cores near surface, but is strongest for Co and Cu, 

which exhibit a persistent decline with increasing depth in all cores. (Figure 5.3). 

Variation in lability of some metals correlate with patterns in OC and S 

concentrations (Figure 5.3). Cores 1831 and 1832, which have high OC and S 

concentrations compared to cores 1827 and 1829 (Figure 4.2), have distinctly lower Co 

lability. Cores 1831 and 1832 also exhibit greater lability of Cd and Ni relative to other 

cores. 

The elements Pb and Zn exhibit a consistent lability of between 0.5 and 1 among 

cores. A weak decline in lability ofPb and Zn does occur in some cores, but the amount 

of labile metal is higher than Cu, Ni and Co. This suggests that the processes that are 

affecting the lability of Cu, Ni and Co are not influencing the lability of Pb and Zn. 

5.3.3 Trace metal and sulfide species relationships 

The molar ratio of!:SEM (Cd + Co + Cu + Ni + Pb + Zn = !:SEM in nmol g-l) 

to AVS plotted against depth (Figure 5.4a) indicates that the :ESEM exceeds AVS in 

near surface sediments of Core 1827 and Core 1829. The variation in !:SEMJAVS 

between cores displays a strong negative relationship with the sulfur burial rate (Figure 

5.4b). 

Pyrite burial rate is compared to metal lability in Figure 5.5. There is a 

progressive decline in metal lability with increasing pyrite burial rate for Co, Cu, and 

Mn. In contrast to these metals, Ni exhibits a weak trend of increasing lability. The 

changes in lability of Cd, Pb and Zn is variable, and exhibit weak increases in lability 

within cores 1827 and 1829, while decreases occur in 1831 and 1832. 
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Figure 5.3 Plots of lability (SEMISAS) / versus depth in each core. The increase in Co lability and 

the decrease in Cd and Ni increase in Cores 1831 and 1832 compared to 1827 and 1829 is related to 

increases in OC and S concentration. 
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Simultaneously extracted metals (SEM) and acid volatile sulfide (A VS) 

relationships within and among cores. a) Plot of the retio ESEMIAVS with depth for 

sediment cores; b) Plot of sulfur buria l rate versus SEMIA VS. 
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Figure 5.5 Plots of pyrite burial rate versus lability (SEMlSAS). Co, Cu, Fe and Mn 

di splay distinct reduction in lability with increasing pyrite burial flux. Cd, Pb and Zn 

also di splay weak reduction in lability with increases in pyrite burial rate. Ni exhibi ts a 

weak increase in lability with increasing pyrite burial rate. 
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5.4 Discussion 

5.4.1 Influence of sulfur burial rate upon authigenic iron sulfide 

speciation 
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The relationships between A VS, pyrite and sulfur burial rate have been 

examined to determine why some cores have very high A VS concentrations relative to 

pyrite concentration. The accumulation of authigenic sulfide as either A VS or pyrite is 

significant when considering LSEMI A VS ratios in sediment quality assessment 

strategies (e.g., ANZECC 1999). In Cleveland Bay, the :!:SEMJAVS ratios among cores 

range over 5 orders of magnitude and have a linear relationship with sulfur burial rate, 

plotted on log log axes (Figure 5.4b). At low sulfur burial rates « 10 !-lmol cm"2 y"l) low 

A VS concentrations occur, and LSEM/A VS exceed 1. 

Low A VS/pyrite ratios occur in each core at surface (Figure 5.la). The low 

value can be explained in tenns of more oxidising conditions near surface, which would 

result in the preferential oxidation of A VS minerals and preservation of pyrite (e.g., 

Morse 1995). Oxidative loss of sulfide from near surface sediments has been described 

in cores 1827 and 1829, in Chapter 4. The amount of sulfur undergoing oxidation has 

not been measured. However, from the results it appears that the amount of sulfur 

oxidised is sufficient to impact upon trace metal speciation near surface but not the 

crude sulfur mass balances completed in Chapter 4. 

However, changes in the ratio A VS/pyrite among cores can be described in 

terms of the kinetics of pyrite formation. The increase in the rate of pyrite formation 

with increasing A VS concentration (Figure 5.1 b), agrees with kinetic constraints upon 

the rate of pyrite formation described by Rickard (1997), as Equation 5.4. The limitation 

of the rate of pyrite formation in Equation 5.4 is transport controlled and has been 

attributed to the rate of diffusion of colloidal FeS and H2S to the surface of pyrite 

(Rickard & Luther 1997). This limitation results in the accumulation of greater 

concentrations of A VS at high rates of sulfur burial, because A VS formation is more 

rapid than the formation of pyrite. 
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Alternative hypotheses regarding limitation of pyrite formation include; high 

burial rates result in preservation of A VS at depth (Berner 1964; Fergusson 1983); 

thermodynamic constraints cause the precipitation of metastable AVS in preference to 

more stable pyrite under high rates of sulfate reduction (Brennan & Lindsay 1996); 

acidic conditions result in more A VS converting to pyrite (Morse & Wang 1997); 

inhibition of pyrite nucleation by organic carbon (Morse & Wang 1997); slower 

reduction of a more refractory Fe oxide phase at depth subsequent to exhaustion of 

more reactive Fe (Lord & Church 1985; Henneke et at. 1997); high concentrations of 

reactive Fe inhibit the formation of pyrite by limiting the supply of newly reduced S 

species (Gagnon et al. 1995). Each of these hypotheses could be argued within the 4 

cores examined. 

However, further evidence for Equation 5.3 as the dominant reaction path, can 

be derived from the second order rate constant (k') for the reaction in Equation 5.4. 

Under experimental conditions k' was found by Rickard (1997) to be 1.03 x 10-4 L mor l 

s-I at 25°C. The rate of change of pyrite formation with increasing A VS concentration in 

Figure 5.1b has a slope of 0.107 (y"l). This is a first order rate constant that assumes a 

constant concentration ofH2S, No H2S measurements have been made in this study, but 

assuming maximum likely H2S concentrations of 0.1 to 100 ~ol L-], we can place 

limits upon the second order rate constants by Equation 5.8. 

(Equation 5.8) 

Where H2S is the estimated concentration ofH2S dissolved in the pore water in 

mol L-1
• The concentration of H2S in the pore waters has been estimated by 2 methods. 

Firstly, because no H2S was smelt during core dissection, the concentration in the gas 

phase can be assumed to be less than I ).tillol L-I and by using Henry's Law the 

concentration in solution must be < 0.1 j..lmol L-J
• Secondly, it has been asserted in 

Chapter 4 that the total pore water sulfur concentrations represent dominantly S04. 

Hence other S species can be assumed to be less than < 1 % of the total S concentrations 

(l00-300 j..lmol L-I). Using Equation 5.4 the range of the second order rate constantk' is 
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therefore between 3.39 x 10-2 and 1.13 x 10-5 L morl 
S-I, or within two orders of 

magnitude of the rate experimentally determined by Rickard (1997). 
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Pyrite end products of the reaction Equation 5.3 were described as mixtures of 

individual cubes (up to 0.8 llm in size) and subspherical aggregates up to 1.4 llm in 

diameter (Rickard & Luther 1997). However, Luther et at. (1982) considered the 

presence of near identical sulfide morphologies in salt marsh sediments to be a function 

of rapid pyrite formation by Equation 5.2. The morphology of the sulfide minerals in 

Core 1832 fit this description (Figure 5.2). The amount, size and shape of pyrite 

morphologies observed are constant with depth, and indicate the method of formation of 

these products is not depth dependent and very rapid « 30 years). 

In summary, the slower rate of pyrite formation, relative to AVS formation, 

results in high A VS concentrations in sediments that have high sulfur burial rates. 

Evidence for this is the linear relationship of the rate of pyrite formation and 

concentration of A VS among cores in Figure 5.3b. Discussion will now be directed 

towards the interaction of A VS and pyrite with trace metals. 

5.4.2 Trace metal partitioning and interaction with authigenic iron 

sulfides 

Partitioning of metals in sediments refers to the preferential incorporation of 

metals into operationally defined categories (species), which are based on their recovery 

from wet chemical extractions (e.g., Tessier et af. 1979; Huerta-Diaz & Morse 1990; 

Scancar et af. 2000). In this study, two operationally defined species have been 

measured, metals simultaneously extracted in 1M HCI with A VS (SEM) and strong acid 

soluble metals (SAS). The operational nature and limitations of the methods used to 

classify metal sulfide species, and partitioning, requires discussion before proceeding. 

Speciation methods 

Because acid digestion schemes cannot determine trace metal species (Van den 

Berg et al. 1998; Cooper & Morse 1999). For example, mineral phases soluble in 1M 

HCl are not limited to A VS, and include clays and oxides. Moreover, the recovery of 
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MeS phases by 1M HCI has also been found to be highly variable, where the recovery 

ofCuS, NiS, and HgS are less than CdS, FeS, PbS and ZnS (Cooper & Morse 1998a). 

In this study, it is the interaction between the operationally defined categories of 

metals and authigenic sulfide that are used to infer metal sulfide speciation. The tenn 

lability is used to describe the changes in recovery of metals from the SEM and SAS 

phases. Changes in lability represent changes in the acid soluble properties of trace 

metals. These changes are influenced by interactions with authigenic sulfides as well as 

other potential metal binding phases, which may be detennined by source of the metals 

(e.g., Simpson e( al. 2000). 

Rapid changes in lability occur in most near surface samples (Figure 5.3), and 

some changes in lability are not related to authigenic sulfides. This is emphasised here 

because ofthe potentially misleading similarity in the order oflability (AI« Ni < Cu = 

Fe < Co < Zn < Mn < Pb < Cd) compared to the order ofDTMP (Cu = Fe > Co > Ni» 

Mn > Zn > Pb > Cd) of Morse (1995). To demonstrate this Al has been included with 

other metals, and it has an average lability of 0.06. This low lability does not imply that 

Al is in a pyrite phase, and similarly the low lability of other metals such as Ni, Co and 

Cu should not be used to infer pyrite speciation. The operationally defined 'lability' is 

influenced by metal concentrations derived from silicate phases, whereas DTMP 

requires the removal of silicate phases before nitric acid digestion to recover the pyrite 

phase (Huerta-Diaz & Morse (1990). 

The plot of DTMP versus degree of pyritisation (DOP) has been used to describe 

the interaction between pyrite and trace metals (Morse 1995). In this study the plot of 

pyrite burial rate versus lability (Figure 5.5) is used to examine relationships. If there 

are correlations between changes in metal lability and pyrite fonnation, these changes 

may be related to pyritisation of sediments and metals. The trends displayed by metals 

should not be treated as true speciation as other factors (e.g., source) will also influence 

the acid soluble properties of metals. 

In Cleveland Bay, partitioning of metals is characterised by 2 trends. 1) The 

metals Cd, Pb and Zn exhibit consistently higher lability than Co, Cu and Ni, and 

suggest preferential formation of SEM species (Figure 5.4). This has environmental 
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significance because 1M HCI soluble metals (SEM) are often referred to as bioavailable 

(e.g., Langston et af. 1990, Reichelt & Jones 1994).2) The metals Co, Cu and Mn 

exhibit a decline in lability that is a function of pyrite burial rate (Figure 5.5). This 

represents a transition during burial from a SEM phase to a SAS phase. 

Trace metal sulfide interactions 

The partitioning among metals can be argued to be a consequence of the 

interactions between trace metals and authigenic sulfide species (AVS and pyrite). 

Interaction between A VS and trace metals in anoxic marine sediments and waters 

occurs via precipitation of metal sulfide species (Jacobs et a1. 1985; Di Toro et aZ. 1990; 

Brennan & Lindsay 1996) and adsorption with and coprecipitation onto amorphous to 

poorly crystalline FeS (Morse & Arakaki 1993; Coles et aZ. 2000). The partitioning of 

metals into MeS phases based upon thermodynamic constraints (e.g., order ofKsp, 

Mikac et at. 2000) does not explain the observed partitioning of metals into MeS phases 

(e.g., Jacobs et at. 1985). Both thermodynamic and kinetic constraints are required to 

explain partitioning the observed partitioning of metals into authigenic sulfide phases 

(Morse & Luther 1999). 

Kinetic constraints have been found to result in Pb, Zn and Cd preferentially 

forming MeS phases because they have faster water exchange reaction kinetics than 

Fe2
+. These metals form MeS phases prior to FeS formation and subsequent to pyrite 

formation (Morse & Luther 1999). In the samples from Cleveland Bay, on average 50% 

of Zn, 85% of Pb and 100% of Cd is held in the 1M Hel extract (SEM). This indicates 

that the majority of these metals are held in a labile 1M HCI soluble phase. The high 

lability of these metals and poor correlation between Cd, Pb and Zn with pyrite burial 

rate (Figure 5.5), is consistent with these metals being affected to a lesser extent by 

pyritisation. 

Cd lability remains near 100% in core samples and in surface sediment grab 

samples. It is therefore most strongly partitioned into the 1M HCI soluble phase. Cd 

concentrations have also been found to increase in proportion to strong acid soluble S 

concentrations in cores 1831 and 1832. The increases in sulfur are driven by the 

accumulation of authigenic iron sulfides as pyrite rather than A VS (chapter 4). 
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Therefore, the Cd is accumulating in sediments as a consequence of pyrite fOlmation, 

but is accumulating in a 1M HCl soluble phase. This behaviour has been attributed to 

Cd having only a single redox divalent state (Cd2j, making it less suitable to 

incorporate into a pyrite phase (Rosenthal et al. 1995). 

In contrast to Cd, Pb and Zn, the elements Co, Cu, Mn and Ni are held 

predominantly in a non 1M HCI soluble phase and undergo changes in lability with 

depth. The decline in lability of Cu, Co and Mn indicates that these metals are 

preferentially pyritised with depth. There is a distinct non-linear behaviour of Cu 

lability versus pyrite burial rate, relative to trends displayed by Co and Mn lability 

(Figure 5.5). Morse & Luther (1999) attributed the noise in plots ofDTMP versus DOP 

attributed to more than one Cu species being present. This may also be responsible for 

the trends in Cu lability where a more labile species is present near surface. 

The significant difference between the trends observed in the DTMP by Morse 

& Luther (1999) and lability in sediments from Cleveland Bay is the weak increase in 

the lability ofNi with increasing pyrite burial rate. The low lability reflects that Ni is 

held predominantly in a phase that is not soluble in 1M HCI, which could be a variety of 

more resistant mineral fractions, including pyrite and silicate phases. The increase in 

lability suggests that a small portion of the SAS soLuble Ni is incorporated within a 1M 

HCI soluble phase of sediments that have high pyrite burial rates. A specific mechanism 

for this to occur has not been identified. 

5.4.3 Interpretation of l:SEMI A VS ratios 

The ratio LSEMI A VS is recommended as a tool to be used in tiered sediment 

quality assessment strategies (e.g., Arake11995; Van der Hoop et al. 1997; ANZECC 

1999; Porebski et al. 1999). Generic application of apparently simple and cost effective 

methods, to assess metal bioavailability are desirable during sediment quality 

assessment (e.g., Chapman et al. 1999). However, simple interpretation of LSEMI A VS 

ratios (e.g., > or < 1) do not lend themselves to generic application for the assessment of 

sediment quality. 
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This is best demonstrated by 1:SEMIA VS ratios> 1 at the top of cores 1827 and 

1829 (Figure 5.4a). Both core sites are accumulating measurable amounts of authigenic 

sulfide (Figure 5.1), indicating sediments are reducing and sulfate reduction is 

occurring. Core 1827 is situated at the mouth of Ross Creek (Figure 4.1), and has been 

identified in Chapter 3 to contain enhancement of SAS trace metal concentrations, 

which are < 2 times the modelled background and are less than the ANZECC ISQV­

low. In contrast, core 1829 is located in the east of the bay and was used in Chapter 3 

along with other samples from the eastern bay to model background concentrations, and 

is not affected by anthropogenic influences upon trace metal concentrations. 

Both cores have low rates of sulfur burial in near surface sediments « 1 0 Jlmol 

m-2 y"t), relative to cores 1831 and 1832 (Figure 5.3). The ratio is discriminating 

between sites that have high rates of sulfur burial from those that do not, rather than 

discriminating differences in sediment quality. The low rates of sulfur burial result in 

low A VS concentrations in near surface sediments. Conditions favour the preservation 

authigenic sulfide as pyrite due to the low burial rate, and probably more oxidising 

conditions near surface (e.g., Morse 1995). High sulfur burial rates in cores 1831 and 

1832 result in very low !:SEMI A VS ratios and occur because such conditions favour the 

preservation of A VS rather than pyrite. 

These results indicate that the ratio !:SEMI A VS discriminates between 

sediments that have concentrations of A VS sufficient to allow the partitioning of labile 

metals into insoluble phases. Where !:SEMI A VS < 1 dissolved metals will form an 

insoluble AVS phase, and where :ESEMIAVS > 1 metals are capable of being present in 

the dissolved phase. The influences upon the ratio can be anthropogenic or natural. 

Differences in sulfur burial rate are the most significant influence upon the ratio 

in 4 sediment cores from Cleveland Bay. These results indicate that the can only be 

used effectively to identify anthropogenic influences upon sediment quality if used in 

conjunction with other methods, such as proposed in tiered sediment quality assessment 

strategy (e.g., Chapman et al. 1999). Dependent upon the management strategy for the 

location the next tier of assessment, involving toxicity testing, may be warranted where 

!:SEMIAVS> 1. 
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5.5 Conclusions 

During burial, interactions of Cu and Co with authigenic sulfides result in 

incorporation of these metals into a non 1M HCI soluble phase. The rate of 

incorporation of Cu into a non 1M HCI soluble phase is non-linear, and indicates that 

samples that have low pyrite burial flux will have disproportionately higher liabilities of 

Cu. In contrast, Ni exhibits a weak increase in lability with increasing pyrite burial flux. 

The elements Cd, Pb and Zn are preferentially incorporated within a 1M HCI 

soluble phase, and undergo only minor changes into non 1M HCI soluble phases with 

depth. Cd concentration increases in proportion to pyrite formation in cores that have 

high burial rates of sulfur. Despite these changes in concentration Cd remains almost 

100% soluble in 1M HeI. 

In Cleveland Bay, the predominant influence upon the ratio LSEMI A VS are 

processes that determine A VS concentrations. In near surface sediments, A VS 

concentrations are influenced by oxidation, and can result in very low concentrations of 

A VS. Below the effects of oxidation, A VS concentration is dependent upon the rate of 

pyrite formation. High A VS concentrations occur in sediments that have high sulfur 

burial rates, because the rate of pyrite formation from A VS precursors is slower than the 

rate of AVS formation. 

In the cores examined the ratio ofLSEMIAVS discriminates between sites that 

have high and low concentrations of A VS. The method does not distinguish between 

natural and anthropogenic influences. The method requires to be used in conjunction 

with other methods in a tiered risk assessment strategy if it is used as an indicator of 

sediment quality. 
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Chapter 6 

DGT measured metal fluxes: Interpretation and 

relevance to environmental surveys 

6.1 Introduction 
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Post depositional biogeochemical processes influence speciation of trace metals 

and can influence the risk of exposure of organisms to toxic metal concentrations (Allen 

& Hansen 1996; Lam et al. 1997; Fernandes 1997; Chapman et al. 1998). Rapid vertical 

changes in metal speciation can occur (Luther 1995; Zhang et al. 1995; Davison et al. 

1997; Lam et al. 1997). The vertical patterns in metal speciation are related to processes 

that result in the oxidation of organic matter (Bertolin et al. 1995; Morse 1994; Veeh et 

al. 1999). These processes follow a well recognised sequence with increasing depth of 

aerobic oxidation, denitrification, Mn reduction, Fe reduction, sulfate reduction and 

methanogenesis (Berner 1984; Stumm & Morgan 1996). 

Biogeochemical cycling of trace metals at the sediment water interface at sub 

millimetre scale has been demonstrated by Davison et al. (1997), using sampling 

devices that employ the technique of Diffusive Gradients in Thin-Films (DGT). DGT 

devices work by quantifying in situ fluxes of labile (or exchangeable) metal across a 

diffusive layer (thin film typically < 1 rom thickness) of known diffusive properties, 

where the diffusing ions are accumulated in a chelating resin located at the rear of the 

diffusive layer. The method offers three distinct advantages over other in situ passive 

sampling methods (such as dialysis membranes). 1) The diffusive layer places 

constraints upon mass transport to the chelating resin so that concentrations may be 

predicted. 2) High vertical spatial resolution « 1 mm) of sample intervals are possible. 

3) Metals are preconcentrated, in situ by the chelating resin, to allow detection by 

routine atomic adsorption spectroscopy. 

In this study, the DGT devices use a diffusive layer comprised of a 0.45 )..llTI 

filter membrane overlaying a macroporous polyacrylamide hydrogel. The diffusive 
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layer overlies a second polyacrylamide hydrogel containing Chelex resin on one 

surface, which acts as a collection media for diffusing metal ions. The gels are mounted 

on acrylic housings that expose a window (of known area) of the diffusive layer to a 

solution (Figure 6.1). 

The time averaged diffusive flux of an ion through the diffusive gel layer (Jt) 

can be calculated by Equation 6.1. 

(Equation 6.1) 

Where, m (mol) is the number of ions accumulating in the Chelex resin, behind 

the diffusive layer, a (cm2
) is the area of the gel exposed to the solution and, t (hours) is 

the time of deployment. 

Ficks first law of diffusion (Equation 6.2) may also be used to calculate the time 

average diffusive flux of metal. 

J D ac ( 1 ·2 h·l ) 
1= -mocm 

ax 
(Equation 6.2) 

Where D (cm2 hr'!) is the diffusion coefficient of an ion in the diffusive medium, 

andaC / ax (mol cm'l) is the gradient in concentration. If the diffusion coefficient of 

the DGT device diffusive layer (Dg) is known, the thickness of the diffusive layer (Ax; 

cm) is small and is significantly greater than the diffusive boundary layer (Figure 6.1c), 

Jt may also be calculated from Equation 6.3. 

(Equation 6.3) 

In Equation 6.3 the concentration of dissolved ions at the rear of the diffusive 

gel layer (Co) is 0, because of uptake of dissolved ions by the Chelex resin. The 

difference in concentration across the diffusive Layer is therefore equal to Cb, which can 

be calculated by combining Equations 6.1 and 6.3 to form Equation 6.4. 

(Equation 6.4) 
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Figure 6.1 Schematic illustration and cross sections of diffusive gradients in thin-films (DGT) sediment probe devices (adapted from Zhang & 

Davison 1995). a) Exploded view of sediment probe. Two layers of gel are held between perspex plates that are separated by a spacer. The spacer 

maintains the gel thickness and acts as a seal to prevent water flow between the plates. Plates are held together with nylon bolts. b) The sediment 

probe can be inserted across the sediment water interface to allow simultaneous measurement of metal fluxes in water and sediment. c) Theoretical 

cross section through a DGT device showing effects of sustained and unsustained supply of metals on metal concentration in the solution adjacent 

a DGT device. Low rates of resupply of metals taken up by the DOT device result in unsustained (depleted) concentrations adjacent to the probe. 
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A critical assumption of Equation 6.4 is that Cb remains constant during the time 

of deployment. In buffered and well mixed waters, Cb can be assumed to be constant 

because of fast resupply of the ions depleted by uptake into the DGT device by natural 

circulation of water (e.g., Zhang & Davison 1995). 

In sediments, uptake by the DGT probe can lower the concentration of dissolved 

metals in pore water and disrupt the equilibrium between dissolved and solid phase 

concentrations (Zhang et al. 1995). Resupply of pore water metal concentrations is by 

diffusive flux of metals across a gradient in concentration from adjacent pore waters, 

and by desorption of metals from particulate phases into the dissolved phase. Therefore, 

DGT fluxes measured by sediment probes are a function of the diffusive resupply of 

metals and the kinetics of resupply of metals between the solid and dissolved phase. 

Prediction of concentrations using flux measurements is not possible without 

knowledge of the kinetics of resupply between the dissolved and solid phase (Harper et 

al. 1998). 

DGT fluxes are used here to provide information on near surface metal 

speciation. DGT metal flux is also compared to other operationally defined metal 

speciation measures (dissolved metal, 1M HCI soluble metal) made in sediment cores 

collected adjacent to the DGT probes. This information is used to provide evidence for 

incorporation of metals into biogeochemical cycles and has implications for the 

determination of trace metal bioavailability to be used in sediment quality assessment. 

6.1.1 Study site 

An intertidal mud bank situated in Ross Creek was chosen as the study site 

(Figure 6.2a). It is typical of mud rich intertidal deposits of the region and is situated in 

an urbanised region that is used for recreational purposes. The area was also of interest 

because it is known to contain metal concentrations that exceed the ANZECC ISQV­

low (Table 3.2). 
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a) 

b) 

Figure 6.2 Photographs of the location and character of DGT sediment probe 

deployment site. a) Location of site in Ross Creek (red circle, aerial photograph from 

Townsville City Council, 0711211995, Run 4, #080); b) Close up view of sediment 

probes dep loyed in intertidal mud bank at low tide. Sediment core location is marked in 

left of view. DGT probes are 10 em wide with an exposure wiooQW that is 1 em wide. 
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The intertidal mud bank is located at the mouth of a small mangrove fringed 

creek « 4 m wide, < 30 m long) that drains an area of reclaimed land, now occupied by 

railway yards (Figure 6,2a). The mud bank forms part of the base of the Ross Creek 

stream bed. It is near horizontal, is located below the extent of mangrove root systems 

and is exposed at low tide (Figure 6.2b). The surface is covered in small pits < 20 mm 

deep, probably due to biological activity. 

6.2 Methods 

6.2.1 Sediment core sampling and analysis 

6.2.1.1 Sampling 

Two shallow « 0.3 m) sediment cores were collected within 1 m of where the 

DGT probes were deployed. A 150 mm diameter clear polycarbonate core tube fitted 

with a stainless steel core catcher was used to collect cores. The core was extruded 

within 2 hours of collection, using a tight fitting piston. This equipment allows the clean 

and rapid sampling of undisturbed sediment at em scale accuracy. One core was used 

for determination of dissolved metals in sediment interstitial pore waters. The second 

core was used for the measurement of Eh, pH, porosity and analysis of strong acid 

soluble metals, acid volatile sulfides and simultaneously extracted metals. 

6.2.1.2 Surface water and pore water sampling and analysis 

Upon extrusion of sediment intervals, sediment was immediately loaded into 60 

mL syringes. Syringes were placed under pressure using clamps, and pore waters were 

squeezed over a 4 hour period, through a 0.45 J.lm filter into a container spiked with 1 

J.lL of concentrated HN03 (ultrapure). 

Pore water samples were photolized for 18 hours in an Aceglass UV photolizer. 

Metal concentrations in the pore water samples after photolysis were determined on a 

Metrohm 746 VA Trace Analyser potentiostat using a Metrohm 747 V A hanging 

mercury drop electrode after adjustment of the pH. 8 mL of each sample was buffered 

with O.05M HEPES and O.02M HCl. Cu, Pb, Cd were analysed by ASV according to 

the methods described by Colombo & van den Berg (1997). Zn was analysed by ASV 
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using the standard ASV Method No. 231/1 a e (Metrohm 1997). The elements Fe, Mn 

and S were measured in the remaining sample by inductively coupled plasma atomic 

emission spectroscopy. Analytical results of pore water analyses are presented in 

Appendix 9.1. 

6.2.1.3 Porosity, Eh, pH, Strong acid soluble metals, SEM and AVS 

The procedures for the determination of Eh, pH, strong acid soluble metals (AI, 

Ca, Cd, Co, Cu, Fe,:Mil, Ni, Pb, S, Zn), organic carbon (QC), calcium carbonate (CC), 

SEM (AI, Cd, Co, Cu, Fe, :Mil, Ni, Pb, Zn) and A VS have been described in chapters 2, 

4 and 5. All analytical results are presented in Appendix 9.2 and 9.3. 

Porosity was determined calculating the difference between the wet and dry 

weight of samples using Equation 6.5, assuming a density (p in g cm-3
) of 2.5 and 1.03 

for sediment and 35 ppt salinity water respectively. 

wet weight - dry weight 

¢ = volume of water "" P water 

total volume dry weight wet weight - dry weight 
---=---=-- + ----==-------=---=--

(Equation 6.5) 

Psedimenl Pwater 

Porosity was then used to convert concentrations (mol g-l) of solid phase and 

dissolved phase (mol mL-1
) metals into moles per unit volume (mol cm-3

) of sediment 

by Equation 6.6 and 6.7 respectively. This is necessary to enable comparison of 

sediment and pore water concentrations with the number of moles of metal accumulated 

over the deployment period per unit area of the DGT device (mol cm-2
). 

Solid phase (mol cm-3
) = concentration x(1- ¢)Psediment (Equation 6.6) 

Dissolved phase (mol cm-3
) = concentration x ¢ (Equation 6.7) 

6.2.1.4 Operational speciation definitions and other categories 

Three operationally defined metal species have been determined: dissolved 

metals in pore waters (dissolved); simultaneously extracted metals (SEM); and residual 

metals_ The concentration of residual metal was calculated by subtracting the moles of 

dissolved metals and SEM contained within 1 cm3 of whole sediment from the amount 
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of metal held within 1 em} recovered by the strong acid soluble metals (SAS) of a 

whole sediment sample. 

Other operationally defined values used in this chapter include; the distribution 

coefficient (~), pyrite and lability. Ko was calculated by Equation 6.8, using 

concentrations converted to volumetric units, and is dimensionless. Pyrite was 

calculated by Equation 6.9, and is half the molar concentration ofS remaining when the 

concentration of S in pore water (Spw), S in organic matter (assumed to be 0.8% by 

weight) and concentration of AVS are subtracted from the strong acid soluble S 

concentration (see section 5.2.2.1). This assumes that residual authigenic iron sulfide 

species are FeS2. The ratio of metal simultaneously extracted with A VS in 1 M Hel 

(SEM), to the metal extracted by the strong acid digestion method (SAS) is 

operationally defined as lability (Equation 6.10). 

D · 'b' ,1+:' (K) SAS metal concentration 
lstrl utlOn coeJJlclen! d = -----------

Pore water metal concentration 

. SAS S(1-1»)2.5 - 0.0080e -lj>S w - AVS(1-1»)2.5 
PYrite = p 

L b 
./. SEM concentration a 1 lty = -------

SAS concentration 

2 

(Equation 6.8) 

(Equation 6.9) 

(Equation 6.10) 

6.2.2 DGT device manufacturing, calibration and deployment 

6.2.2.1 Gel manufacturing 

All equipment was acid washed prior to use in 10% HN03 CAR grade), and 

rinsed and soaked in distilled deionised (DDI) water (Continental Modulab Pure 1). 

Diffusive gel layers and resin gel layers were made by methods described by Zhang & 

Davison (1995). A gel solution was made up containing 30% acrylamide gel solution, 

and 15% AcrylAide ™ (BioProducts). Diffusive gel layers were made by mixing 10 mL 

of the gel solution with 75 ~L of ammonium persulfate (APS) and 25 ilL of 

tetramethylenediamine (TMED). Diffusive gels were cast by injecting the solution 

between two glass plates separated by a 0.5 mm spacer, and allowed to set in an oven at 

40° C. 
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Diffusive gels were hydrated in DDI for 24 hours, and stored in 100 mL of 

0.05M NaN03. After 24 hours residence time in the DDI gels swell to a new and stable 

dimension. The fmal thickness of the gel was measured using a 1O!lm graduated 

reference scale bar observed with a transmitted light microscope. The average thickness 

of the diffusive gel was found to be 0.78 mm. Measurement of0,45!lm cellulose nitrate 

membranes (Whatmann), that were soaked in DDI, were also measured by microscope 

and had an average thickness of 0.11 mm. Diffusive gels and 0.45 !lm filter membranes 

were stored in DDI, with the water changed regularly to eliminate electrical charge 

build up within the gel, which could impede the diffusion of ions through the gel (e.g., 

Zhang & Davison 1995). 

The resin gel was made as described by Zhang & Davison (1995) using 2.5 gm 

of Chelex 100 ® (Bio Rad) 200-400 mesh, sodium form in 10 mL of gel solution mixed 

with 60 ~ of APS and 20 JlL ofTMED. Prior to incorporation into the gel, the Chelex 

was washed twice in 2 bed volumes of 2M HN03 (Ultrapure) and regenerated in 2 bed 

volumes of 1M NaOH (Aristar), followed by extended flushing in DDI water to lower 

pH to less than 10. 

Resin gels were injected between glass plates separated by 0.5 mm spacers. The 

lower volumes of APS and TMED provide a longer setting time of the gel. That allows 

the Chelex resin, which is negatively buoyant, to accumulate on one side of the gel 

when the casting assembly is laid flat. Resin gels were allowed to set at room 

temperature. Resin gels were immersed in DDI and the water was changed regularly. 

6.2.2.2 Calibration of DGT devices 

The diffusive properties of the gels, prepared as described above, have been 

found by Zhang & Davison (1995) to be similar to seawater. The diffusive coefficient of 

an ion in seawater (Do) can be obtained from literature (e.g., Li & Gregory 1974). 

However, Alfaro-De la Torre et al. (2000) have found the diffusive properties of the gel 

to be < Do. Therefore, the diffusive properties of the DGT device (Dg) have been 

measured directly. 
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The diffusive layer of the DGT devices comprised a 0.78 mm thick diffusive gel 

layer and a 0.11 mm thick 0.45 !lID cellulose nitrate filter membrane, which overlay a 

0.80 mm thick resin gel (Figure 6.1a). The resin gel and diffusive layer were mounted 

on a 25 mm diameter acid washed acrylic gel holder that has a 20 mm diameter 

exposure window. 

Measurement of Dg was completed in the laboratory, by measuring the uptake of 

low concentrations of metals from seawater. Triplicate DGT devices were placed into 

metal spiked seawater solutions for 21.5 hours. During that time the solution was stirred 

continuously and the pH and temperature monitored. This was done to ensure that 

constant equilibrium beween dissolved and adsorbed metal phases in the experimental 

apparatus was maintained. 

Experiments were completed in 10 L of 4!lm filtered seawater (pH 8.2, 35 ppt 

salinity) stirred continuously at 25° C. Seawater solutions were spiked with small 

volumes of standard Cu and Pb solutions to provide a concentration < 100 nmol L·1
• 

The solutions were stirred for 48 hours prior to inserting DOT devices, to ensure that 

equilibrium between the metals introduced to the solutions and the surfaces of the 

container had been achieved. 

A 10 mL subsample of the seawater solutions was collected and acidified with 

10 IlL of concentrated HN03 (Ultrapure) 15 minutes after insertion and immediately 

prior to removal of the DGT devices. The concentrations of eu and Pb were measured 

in these solutions by ASV methods described in section 6.2.1.2. These measurements 

are required to ensure the concentration remained constant during the experiment. 

Upon removal, the gel assembly was rinsed in DDl water and dismantled. A 20 

mm resin gel slice was cut from the exposure window, rinsed in DDl water, padded dry 

to remove excess water and placed in an acid washed 6 mL tube. The weight of the 5 

mL tube was measured prior to and after inserting the geL Assuming that the density of 

the resin gel is near 1, the volume of the gel can be calculated by difference in weight. 

Metals were leached from the resin gel by adding 2 mL of 2M HN03 to the 6 mL tube. 

After at least 24 hours, 4 mL of DDI was added, and the solution analysed by 

inductively coupled plasma - mass spectroscopy (ICP-MS). 
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The concentration ofa metal in the seawater solutions (Cb) can be calculated by 

modification of Equation 6.4, to accommodate analytical procedures, to fonn Equation 

6.11. Where; m is the concentration of metal measured in the elutent, v is the volume of 

elutent, w is the weight ofthe resin gel eluted, 8x is the diffusive layer thickness, Dg is 

the diffusion coefficient of an ion in the gel, a is the area of the gel undergoing elution, t 

is the period of deployment;fis the elution factor (recovery). 

C
b 
= m(v+w)8x 

Dgatf 
(Equation 6.11) 

Dg can be calculated by arranging Equation 6.11 to form 6.12. 

(Equation 6.12) 

Where Dg was not measured, published diffusion coefficients of metal ions in 

seawater were substituted (e.g., Li & Gregory 1974). A nominal elution factor of 0.8 

(80%) was used (e.g., Zhang & Davison 1995). 

6.2.2.3 DGT sediment probe deployment 

DGT sediment probes comprised a 0.8 mm thick resin gel layer overlain by a 

diffusive layer comprised of a 0.78 mm thick diffusive gel layer and a strip of 0.11 mm 

thick cellulose nitrate 0,45 ~ membrane layer (Hybondextra C®-Amersham-Life 

products). Gels were mounted between two acrylic plates (Figure 6.1). The plates are 

separated by a spacer, which maintains the gel thickness and ensures no solutions enter 

the device between the plates. The upper plate has an exposure window of 10 mm x 270 

mm. Once gels were loaded into the probes they were placed in DDI water and 

deoxygenated by bubbling with nitrogen for 48 hours prior to deployment. 

Three DGT sediment probes were deployed in aIm x 1 m area. The probes 

were removed from the nitrogen purged DDI and pushed vertically into the sediment, so 

that at least 70 mm of the probe was above the sediment, and about 200 mm below the 

surface. They were deployed within I m of sediment core sample sites. The gels were 

deployed at low tide and were retrieved 72 hours later at low tide. 
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Once removed from the sediment DGT probes were washed in seawater to 

remove mud, rinsed thoroughly in DDI water, padded dry, and sealed in plastic bags. 

Within 4 hours of collection, probes were dismantled, and a 10 mm x 270 mm resin gel 

strip, which was located beneath the exposure window was removed by cutting with a 

scalpel. The resin gel strip was rinsed thoroughly in DDI and padded dry to remove 

excess water. This resin gel was dissected using a scalpel on an acid washed glass 

cutting board at 5 mm or 10 mm intervals. Narrower sampling intervals were made over 

the area of gel that straddled the sediment water interface, 

Gel slices were placed in 6 mL pre weighed acid washed tubes and the weight of 

the gel determined by the difference in the weight of the tube and gel. Metals were 

eluted from the resin gel in 2 mL of 2M HN03 for 24 hours at 25°C, before being 

diluted with 4 mL ofDDI, and analysed for Cd, Co, Cu, Fe, Mn, Ni, Pb and Zn by ICP­

MS. 

The total number of moles of metal accumulated in the resin gel are presented in 

Appendix 10 as the time average flux (1"t) in mol cm,2 hr-I. For samples that were 

located below the sediment water interface a deployment period of 72 hours has been 

used. Gel samples that were above the sediment water interface and exposed at low tide, 

have been assigned a deployment period of 62 hours. 

6.2.2.4 Resupply coefficient 

Using ASV measured pore water concentrations (Cpw) it is possible to calculate 

a time averaged DGT flux assuming sustained resupply of metals as Equation 6.13. This 

flux is referred to as the initial flux (Jo) because it should closely approximate the real 

time average flux not long after inserting the DGT probe. 

C 
J =D ~ o g Lh (Equation 6.13) 

The ratio of Jo to the DGT probe measured time average flux (JI) can be used to 

identify differences in the resupply rate of metals. This ratio is referred to as the 

resupply coefficient (R), Equation 6.14. 
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(Equation 6.14) 

If R is near 1, this indicates high rates of resupply of metals. If R is less than 1, 

this indicates that pore water concentrations are not sustained. The relative differences 

in the value of R can be used to qualitatively assess changes in resupply of metals. 

The concept of R was introduced by Harper et al. (1998) who found during 

modelling studies that after 5 hours deployment in sediments the time average DGT flux 

closely approximates the actual flux. However, the ratio of Harper et al. (1998) used a 

concentration predicted by Equation 6.11 divided by an independent measure of pore 

water concentration. In this study, R is based upon flux measurements because it should 

not be inferred that DGT measured fluxes represent dissolved concentrations of ions 

adjacent the diffusive layer. 

R has been calculated for each metal for 9 sediment sample intervals, where 

dissolved metal concentrations were also available. A depth average DGT flux value 

was used in calculations because there was typically 4 DGT flux measurements for each 

interval where pore water was recovered. 

Chapter 6 



Page 160 

6.3 Results 

6.3.1 Sediment core chemistry 

6.3.1.1 Sediment core description and major element chemistry 

Sediment cores were 30 cm deep and collected within 1 m of the DGT probe 

deployments (Figure 6.2b). A near surface brown coloured oxidised layer was present 

and was less than 20 mm thick. Below this interval, the sediment was a homogenous 

soft grey to black, poorly sorted muddy silt. It contained minor gravel sized lithic 

fragments, and skeletal calcium carbonate fragments were rare. The homogenous nature 

of the core is demonstrated by the relatively constant concentrations of strong acid 

soluble major element, organic carbon and carbonate carbon concentrations (Table 6.1). 

Sediment porosity is near 80% in surface intervals and declines to 65% by 5 cm 

depth (Figure 6.3). Sediment Eh exhibits a similar rapid decline over the top 5 cm of the 

core. The pH has an abrupt step from 7.1 to 7.4 at 8 cm depth (Figure 6.3). 

Table 6.1 Whole sediment chemical analyses of major elements from a shallow 

core collected adjacent to DGT sediment probe deployments in Ross Creek. 

Depth At Ca CC Fe Mn OC 

(cm) lJl1101 g-! )lIDol g-! )lffiol g-' )lmol g'! )lffiol g-! )lIDol g'l 

0-2 1620 179 89 476 9.1 1170 

2-4 1718 87 4 473 4.1 1015 

4-6 1982 78 117 513 3.9 1113 

6-8 1891 97 23 529 4.4 1063 

8-10 1739 98 28 530 4.1 1102 

10-12 1682 98 62 513 4.6 933 

12-14 1798 93 49 560 4.2 1074 

14-16 1616 100 54 504 4.4 1059 

16-18 1806 97 47 563 4.1 935 

Average 1761 103 53 518 4.8 1052 
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Figure 6.3 Profiles of porosity, Eh and pH from a shallow core in Ross Creek located 

adjacent DGT sediment probe deployments. Porosity and Eh decline with depth. The pH 

profile is characterised by a step from 7.1 to 7.4 at 8 to 10 cm depth. 

6.3.1.2 Solid phase trace metals 

Concentrations of strong acid soluble Cd, Cu, Pb and Zn in whole sediment 

samples exceed the modelled natural background (Table 6.2). The models used to 

detennine background have been described in Chapter 3. The average enhancement 

above background (measured/upper 95% prediction level) is presented in Table 6.2. The 

average concentration of Cu, Pb and Zn also exceeds the Draft ANZECC ISQV -low 

(Table 6.2). 

Increases in the concentration of SEM and residual phase metals below surface in 

Figure 6.4 are influenced by the decline in porosity with depth (Figure 6.3). Below 5 cm 

depth, Co, Cu, Ni, Pb and Zn exhibit relatively constant concentrations of SEM and 

residual metal. However, Cd exhibits a distinct increase in SEM concentrations and 

decline in residual metal concentrations. 

The average lability (Equation 6.9) of individual metals is; Co (0.01) < Ni (0.06) 

< Cu (0.10) = Fe (0.12) < Mn (0.21) < Pb (0.34) = Cd (0.34) < Zn (0.63). These results 

are in line with the order of lability found in Chapter 5. Cd exhibits a distinct increase in 

lability with depth and Cu a likely decline in lability with depth (Figure 6.5). 

The increase in lability of Cd with depth is proportional to the increases in the 

concentration of pyrite and AVS (Figure 6.6). Pore water sulfate concentrations are 

constant with depth, despite these increases in authigenic sulfide concentration. The 

1:SEMI A VS exceeds 1 between 0 to 6 cm depth, but typically exhibits a decline with 

depth (Figure 6.6). 
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Table 6.2 Whole sediment strong acid soluble metal concentrations from a 

shallow core collected adjacent DGT sediment probe deployments in Ross Creek. 

Average enhancement above background is based upon regression models developed in 

Chapter 3_ The average enhancement above the Draft ANZECC ISQV-Iow is the ratio 

of measured value/ANZECC ISQV-low. Not applicable (n_a.). 

Depth Cd Co Cu Ni Pb Zn 
(cm) pmo1 g-! nmol g-! nmol g-! nmol g-! nmol g-! nmol g-! 

0-2 4213 137 1209 252 2042 7832 

2-4 6915 175 1460 279 1604 10559 

4-6 8600 184 1650 302 1616 12652 

6-8 7044 186 1499 313 1681 11403 

8-10 6668 168 1309 243 1589 10625 

10-12 6327 165 1101 244 1617 9484 

12-14 5972 158 1308 238 1660 10179 

14-16 6326 164 1131 232 1610 9618 

16-18 6155 160 1294 269 1610 10075 

Average concentration 6469 166 1329 264 1670 10270 

Average enhancement above 
82 1.1 6.4 0.8 21.5 2.0 modelled background 

(measured/upper 95% prediction level) 

Average enhancement above 
0.5 1.3 0.7 6.9 3.4 Draft ANZECC ISQV-low n.a. 

(measured/ISQV -low) 
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Figure 6.5 Profiles oflability (SEMISAS) from a shallow core located adjacent to DGT 

deployment sites in Ross Creek. Cd exhibits an increase in lability with increasing 

depth. Whereas Cu exhibits a decrease in lability with increasing depth. 
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Figure 6.6 Profiles of dissolved sulfur in sediment pore waters, pyrite, acid volatile 

sulfide (A VS), and the ratio of the sum of simultaneously extracted metals to acid 

volatile sulfides (LSE1vU A VS) from a shallow sediment core located adjacent to DGT 

deployments in Ross Creek. 
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6.3.1.3 Pore waters 

Between 5 to 10 mL of water was squeezed from each core slice over a 4 hour 

period. Initial attempts to directly measure dissolved Cd, Cu, Pb and Zn concentrations 

by ASV failed to detect any metaL After UV irradiation metal concentrations could be 

detected. This suggests that metals were complexed with dissolved or colloidal organic 

compounds. The concentration of metals in sediment pore waters (mol mL-1
) exceeds 

the Draft ANZECC guidelines trigger levels for Cu, Pb, Mn and Zn (Table 6.3) in 

marine waters. Profiles of 'dissolved' phase metals are presented in Figure 6.4. A 

decline in dissolved metal concentration per unit volume of sediment (mol cm-3
) with 

depth in Figure 6.4 is due to declining porosity with depth. 

Table 6.3 Surface water and pore water concentrations from a shallow core 

collected adjacent DOT sediment probe deployments in Ross Creek. Cd, Cu, Pb and Zn 

were determined by ASV. Fe, Mn and S were determined by ICP-AES. Draft ANZECC 

water quality trigger levels are the interim guideline levels used to trigger a response 

(follow up) in marine waters. Not applicable Cn.a.); not determined (n.d.). 

Depth Cd Cu Fe Mn Pb Zn 

(cm) nmoIL'] nmolL-1 /ll1lo1 L-1 ~mol L-1 nmol L-1 nmol L-1 

Surface water 5.9 111 1.07 0.73 13 646 

0-2 4.9 59 5.37 60.61 n.d. 1589 

2-4 2 n.d. 11.46 28.21 23.2 1324 

4-6 3.9 283 4.29 22.57 92.7 306 

6-8 1 87 2.33 23.66 3.9 413 

8-10 2.9 44 4.29 13.47 8.7 n.d. 

10-12 3.9 70 1.97 11.28 8.7 840 

12-14 2 55 1.43 17.47 9.2 257 

14-16 7.8 37 0.547 10.19 2.9 488 

16-18 2.9 148 1.43 11.65 89.8 526 

Draft ANZECC water 15 5 
quality trigger levels 

n.a. 0.855 3.8 43 
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6.3.2 DGT device calibration 

The diffusion coefficients of Cu and Pb for the DGT device (Dg) were calculated 

to be 4.75 and 5.0 x 10-6 cm2 sec-] respectively. These Dg values are 64% and 53% less 

than published Do values, of7.33 and 9.45 x 10-6 cm2 sec- l for Cu and Pb respectively 

(Li & Gregory 1974). A summary of the experimental results used to derive Dg, and the 

effects of using Do, are presented as Table 6.4. The average of the initial and final ASV 

measured concentration of Cu and Pb has been used to calculate Dg (Table 6.4). 

Table 6.4 Calibration of DGT device diffusion coefficient (Dg) for Cu and Pb. 

Concentration of the bulk solution is under estimated using the published diffusion 

coefficients ofCu and Pb in seawater (Do) (Li & Gregory 1974). 

ASV measured concentration DGT measured concentration 

(nmol mL-1
) (nmol mL-1

) 

Initial Final Dg;;; Do = 7.33 Dg=4.75 

t = 0.25h t = 20.5h (10-6 em -2 sec-I) (10-6 em -2 sec·I) 

Cu blank 17.0± 1.6 15.6 ± 1.6 12.5 ± 4.4 18.5 ± 6.5 

addition 1 19.5 ± 3.1 31.0 ± 4.7 21.2 ± 1.9 31.4 ± 2.8 

addition 2 49.6 ± 3.1 63.4 ± 7.9 36.6 ± 2.7 54.1 ± 4.1 

addition 3 98.2 ± 3.1 74.8 ± 12.6 59.4 ± 5.0 87.7 ± 7.4 

Initial Final Dg=Do = 9.45 Dg;;; 5.00 

t = 0.25h t = 20.5h (10.6 cm -2 sec·l ) (10.6 cm -2 see·l ) 

Pb blank 3.9 ± 1.0 3.9 ± 1.0 l.5 ± 0.6 2.8 ± 1.2 

addition 1 4.3 ± 0.5 8.7 ± 0.5 4.9 ± 0.6 9.3 ± 1.0 

addition 2 18.8 ± 0.5 18.8 ± 1.4 11.3 ± 0.5 21.4 ± 1.0 

addition 3 26.5 ± 3.9 29.9 ± 1.9 15.0 ± 0.6 28.4±1.2 
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Figure 6.7 Calibration of DOT devices for Cu and Ph in seawater. Triplbate DGT 

devices were immersed in 10 L of 4 fJ..m filtered seawater at 25°C and stirred 

continuously for 21_ 5h_ Error bars represent 1 standard deviation. 

Despite Dg 0 Do, the positive linear increase in DOT predicted metal 

concentration versus ASV measured metal concentration occurs in Figure 6.7. These 

data indicate that with calibration of the diffusive properties, the DGT method can be 

used to measure low concentrations of metals in well mixed waters. The Dg for all 

metals could not be determined because insufficient diffusive gel was available to allow 

calibration for all metals in the laboratory and replication of DGT probes in the field. 

6.3.3 DGT Deployment 

6.3.3.1 DGT measured fluxes 

Depth profiles of the minimum and maximum DGT flux measured for Cd, Co, 

Cu, Fe, Mn, Ni, Pb and Zn, from three DGT probes, located within aIm x 1 m area, are 

presented in Figure 6.8. The variation in minimum and maximum value of the time 

average flux measurements of individual metals, made at equivalent depth from the 

seidment water interface, is typically within larder of magnitude. This indicates that 

within 1 ID2 the variation in time averaged DOT flux of metals will be less than 1 order 

of magnitude_ Therefore, the average of three, time averaged DGT flux measurements, 

at equivalent depths relative to the surface water interface, are used herein to describe 

the measured time average flux from this site (DGT flux or Jt). 
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In Figure 6.8, at least three discrete vertical zones in DGT metal flux can be 

distinguished. The 3 zones can be classified on the basis of relationships of Fe and Mn 

with trace metal fluxes (Figures 6.9 and 6.10). Zone 1 is characterised by an overall 

decrease in trace metal DGT flux towards surface, above a maximum DGT flux of trace 

metals at 2.5 em. In this zone the DGT flux of Co, Ni, Pb and Zn has a positive linear 

correlation with Mn DGT flux (Figure 6.10). 

Zone 2 occurs from 2.5 cm to 9 cm, and is characterised by consistently high 

DGT flux of Co, Fe, Mn, Ni, Pb and Zn (Figure 6.8). The DGT fluxes of Co, Ni, Pb and 

Zn exhibit a positive linear correlation with DGT flux of Fe and Mn over this interval 

(Figure 6.9 and 6.10). In contrast, Cd and Cu display distinctly different DGT flux 

profiles characterised by rapid decline in flux from the near surface peak at 2.5 cm. The 

peak Fe flux occurs in this interval near 5 cm depth, below the peak flux of other metals 

at2.5cm. 

Zone 3 occurs below 9 cm depth and is characterised by a decline in DGT flux 

of all metals. The slope of the relationships between Fe and trace metals in Figure 6.8 

also changes. This suggests a distinct change in the rate ofDGT flux of trace metals 

relative to Fe and Mn in this zone. 

6.3.3.2 Constraints upon metal resupply 

Among metals, a high R value indicates greater resupply rates of metals from the 

solid phase. This can be demonstrated by the linear relationships between Rand Kd for 

each metal (Figure 6.11) when plotted on log axes. This relationship occurs because the 

DGT devices have been deployed for an extended (> 24 hours) period of time. This 

resulted in pore water concentrations being depleted and resupply is predominantly a 

function of the rate of resupply of metals from the solid to the dissolved phase. 
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6.4 Discussion 

6.4.1 Relationships between DGT flux and concentration 

Conversion ofOOT flux measurements (mol cm-2 hr')) to concentrations (mol 

cm,3, mol gol) is desirable if measurements are to be compared directly with other metal 

speciation measures (e.g., pore water concentration). It is possible to calculate dissolved 

metal concentrations in well buffered circulating waters using Equation 6.10 (Zhang & 

Davison 1995; Denney et al. 1999; Alfaro-De la Torre et al. 2000). Under such 

circumstances, the metals depleted from solution adjacent to the DOT device, by uptake 

into the device, are replenished by relatively fast resupply of metals by water 

circulation. The concentration of metals adjacent the DOT device is constant and 

Fickian diffusive properties, assumed by Equation 6.11, are maintained. 

In sediments, uptake of metals from pore waters by the DOT probe, results in 

depletion of dissolved pore water metal concentrations adjacent the DOT probe (Zhang 

et al. 1995). The depletion disrupts the equilibrium between dissolved and solid phase 

metals and results in desorption of metals from the solid phase to the dissolved phase 

(e.g., Zhang et al. 1995). The efficiency of resupply is dependent upon the response 

time of the exchange process (Harper et al. 1998). If there is a large pool of 

exchangeable metal and the rate of exchange is rapid to sustain pore water 

concentrations, Equation 6.11 can be used to predict pore water concentrations. 

The resupply coefficient (R) for all metals is less than 1 and this indicates that 

pore water metal concentrations are not sustained during the deployment period. 

Therefore the rate of resupply of all metals is insufficient to maintain the pore water 

concentration at the initial concentration. Because the concentration of metals in pore 

water is not constant, Equation 6.11 cannot be used to calculate pore water metal 

concentrations. The linear relationship between R and Kd in Figure 6.12 indicates that 

the time average diffusive flux is more representative of the resupply of metals from the 

solid phase rather than the metals hosted in the dissolved phase. 

Alternative methods for calculating metal concentrations, under conditions 

where the concentration adjacent the diffusive layer is not constant, have been 
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developed and are based upon models of diffusive and desorptive resupply rates during 

deployment (e.g., Zhang et al. 1995; Harper et al. 1998). These methods are 

computationally arduous and are beyond the scope of this study. 

In this study, only a single deployment period and diffusive layer thickness has 

been used and the diffusion coefficients of all metals have not been detennined for the 

DGT device. Quantitative calculation of sediment pore water concentrations is therefore 

not possible. However, qualitative limits to the volume of sediment affected by DGT 

uptake can be made. The limits can be based upon the relationship between the number 

of moles of a metal accumulated by the DOT sediment probe per unit area (mol cm'2), 

and the number of moles of a metal held in different operationally defined phases of 1 

em3 of sediment (Figure 6.13). 

In Figure 6.13a, the total moles of each metal accumulated by the DOT probe 

per cm2 (mol cm'2) over the 72 hour deployment period is greater than the number of 

moles of each metal contained in the dissolved phase in 1 cm3 of sediment. The ratio of 

mol cm·2 to mol cm,3 yields a value with units of em. This value can be interpreted as 

the distance (cm) from the diffusive layer into the sediment required to host the 

equivalent number of moles accumulated by the DOT device. Therefore, if resupply is 

only from the dissolved phase, the distance into the sediment affected by depletion over 

a 72 hour deployment, is greater than 1 cm for most metals. 

In Figure 6.13b, the number of moles of each metal accumulated by the probe is 

typically less than the 10% of the number of moles of each metal contained in the 

dissolved and SEM phases of 1 cm3 of sediment (Figure 6.13b). This suggests that if 

resupply is from the dissolved phase and all of the metal in the SEM phase is 

exchangeable, the distance away from the diffusive layer affected by resupply is less 0.1 

cm for most metals. 

Therefore the metals accumulated by the DOT device during a 72 hour 

deployment represent the entire dissolved phase and only a small portion « 1 0%) of the 

SEM phase contained in 1 em3 of sediment This is in line with modelling by Harper et 

al. (1998) who found that the region of influences to be less than 1 mm thick for a 

deployment of 24 hours. 
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6.4.2 Significance of DGT flu x and metal speciation to environmental 

surveys 

Despite the complications of converting single or replicate DOT probe flux 

measurements to concentration under condi tions of low resupply rate, the 

measurements can provide valuable information on meta l speciation (Harper el al. 

1998; Denney el 01. 2000; McNee & Robertson 2000). DOT flux measurements are 

time dependent operatIOnally detined speciation values, for which the properties can be 

standardised (e.g., device diffusive properties, diffusive layer thickness, time of 

deployment). Metals available for uptake by DOT devices ill this sluuy an; I.:apablt:: of 

diffusing through the diffusive layer and are dissolved ionic species. The metals are 

capable of being collected by Chelex resin , which h::ls a hi gh affinity for trace metals 

cations. 

DOT fluxes are measured in situ, with minimum disruption ot"sediment redox 

status. Redox status has been found to be an important influence upon the preservation 

of metastable Fe monosu lfides (A VS), which nrc easily oxidis::d (Vanden berger al. 

1998) 
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The oxidation of A VS can result in the liberation and increased bioavailability 

of metals bound in the AVS phase (e.g., Simpson et af. 2000; Morse 1995). The time 

dependent uptake of metals across a membrane by the DOT device is also consistent 

with models of metal uptake by organisms (e.g., Van Leeuwen 1999). Such models 

recognise that the kinetics of resupply of metals is also critical to determining metal 

bioavailability. 

Therefore the metals collected by DGT probes are potentially a more meaningful 

measure ofbioavailability than concentration based parameters measured in sediment 

core intervals. However, it has been found that Chelex available metals in surface 

waters overestimate the amount of some metals available for uptake by organisms (e.g., 

Apte & Batley 1995). 

DGT fluxes can also be measured at high spatial resolution (e.g., Zhang et al. 

1995; Davison et al. 1997; Shuttleworth et al. 1999). In this study, the high vertical 

spatial resolution of sampling has enabled three vertical zones to be identified (Figure 

6.8), which can be discriminated on the basis of the relationships between Fe, Mn and 

trace metals (Figure 6.9 and 6.10). The high spatial resolution allows collection of 

several samples from each of these zones and more clearly identifies the relationships 

among metals within each zone. 

The zones identified are present in each of 3 sediment probes deployed within a 

1 m2 area. The processes creating the zonation are therefore laterally persistent over 

larger areas. However, within the 1 m2 area, the DGT measured fluxes vary by up 1 

order of magnitude for individual metals. 

Sediment core speciation measurements 

The significance ofDGT speciation and the vertical zonation of fluxes to 

environmental surveys can be demonstrated by comparing the results with operationally 

defined speciation measures made in sediment cores adjacent to the DGT deployments 

and the Draft ANZECC interim sediment/water quality values. Operationally defined 

speciation measures assumed to represent bioavailable metals made in this study are 

dissolved metals in pore waters, 1M He} soluble metals (SEM) and l:SEMI A VS. 
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In the sediment cores, collected adjacent to the DGT deployments, there is no 

strong vertical zonation in solid phase SEM and residual phase metal concentration 

(Figure 6.4). The average concentration of strong acid soluble (SAS) Cd, Cu, Ni, Pb and 

Zn in whole sediment samples (mol g-l) exceed the modelled (described in Chapter 3) 

natural variation in sediment concentration (Table 6.2). The average concentrations of 

SAS Cd, Cu, Pb and Zn in whole sediment samples exceed the Draft ANZECC ISQV­

low threshold (Table 6.2) and this suggests that concentrations may have a deleterious 

effect upon sediment quality. 

The trends in acid soluble lability (SEMISAS) of metals in sediment cores are 

characterised by high lability of Cd, Pb and Zn and low lability of Co, Cu and Ni 

(Figure 6.5). Cd is the only metal to exhibit distinct changes in lability with depth and is 

characterised by an increase in lability with depth. These results indicate that Cd, Pb 

and Zn are preferentially incorporated into a more 'bioavailable' phase than Co, Cu and 

Ni. This is in line with the patterns of lability of trace metals described in Chapter 5 

from sediment cores located in other parts of the intertidal zone of Cleveland Bay. 

:r.SEMlAVS ratios> 1 occur to 6 cm depth (Figure 6.6) and this indicates that in 

the absence of other binding sites, trace metals could occur in the dissolved phase in this 

interval. This would increase the risk of organisms being exposed to metals in near 

surface sediment. 

The pore water concentrations ofMn and Zn (nmol L- 1
) exhibit an increase in 

concentration towards surface (Table 6.3). Other metals do not exhibit distinct vertical 

zonation in concentration. The concentration ofCu, Pb and Zn in the dissolved phase 

(mol L-1
) exceeds the ANZECC water quality guidelines trigger levels (Table 6.3). This 

suggests that the concentrations of these metals in the pore water of sediments are 

potentially harmful. 

In summary, the parameters measured in the sediment cores at 2 cm intervals 

indicate that there are no strong patterns in vertical zonation in the concentration of 

metals in the solid (Table 6.2) or dissolved phases (Table 6.3). The concentrations 

measured in the dissolved phase and solid phase exceed the Draft ANZECC guideline 

trigger levels, and suggests that there is potential for the concentrations to adversely 

Chapter 6 



Page 177 

effect sediment quality. The LSEM/AVS ratios suggest metals are capable of being 

present in the dissolved phase from 0 to 6cm depth. 

DGT speciation 

In contrast, the DGT flux profiles identifY strong vertical zonation of all metals. 

The zones can each be characterised on the basis of the relationships between the DGT 

available trace metals with DGT available Fe and:Mn. These associations provide 

strong evidence that Fe and Mn reduction are influencing the availability of trace metals 

to the DGT probe near surface (e.g., Zhang et at. 1995). Trace metals are incorporated 

as passive participants in the reduction or oxidation of Fe and Mn (e.g., Klinkhammer et 

al. 1982; Sawlan & Murray 1983; Morse & Arakaki 1993; Douglas & Adeney 2000). 

This is due to the capacity of Fe and:Mn oxide species to adsorb trace metals and 

release them upon reduction (e.g. Hem 1977; Morse 1995). 

Zone 1 extends from the sediment water interface to 2.5 cm depth. It is 

characterised by high porosity and more oxidised conditions than deeper in the core 

(Figure 6.3). The availability of Cd, Co, Cu, Mn, Ni, Pb and Zn to the DGT probe over 

this zone typically declines towards surface, above a sub surface maximum at 2.5 cm 

depth. The changes among metals correlate positively with the DGT available Mn 

(Figure 6.9). This suggests that metal lability in this interval is related to the reductive 

dissolution ofMn oxides, with trace metals becoming more labile with the reduction of 

Mn oxides (e.g., Yu et al. 2000). 

This relationship suggests that despite LSEMIAVS > 1 in the 0 to 2 em interval, 

metals are probably less bioavailable nearer the sediment water interface due to the 

presence ofMn oxides. The maximum amount ofDGT available metals occur at 2.5 cm 

below surface, which probably also represents the interval of peak metal bioavailability. 

Interpretation of this near surface interval is critical to determine if the sediment 

behaves as a source or a sink for metals (e.g., Cheevaporn et al. 1995; Anshutz et al. 

1997). The patterns in DGT available metals do not support or exclude the diffusive 

fluxes of metals across the sediment water interface. The trends do suggest that the 
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behaviour of Mn in this near surface interval probably regulate diffusive fluxes of trace 

metals. Therefore fluxes will be dependent upon the redox status of this interval. 

Zone 2 occurs from 2.5 to 9 em depth. Interpretation of this zone is critical to 

understanding bioavailability of metals, because the majority of sediment organism 

interactions occur in the top 10 cm of sediments (Boudreau 1998). The presence of a 

peak in the amount ofDGT available Cd, Cu, Ni, Pb andZn at 2.5 cm (Figure 6.8), 

indicates that a portion of all trace metals in this interval are periodically available for 

redistribution and concentration at a redox interface (e.g., Rosenthal et al. 1995; Clark 

et al. 1997). 

The zone is characterised by a positive linear correlation between DOT available 

Co, Ni, Pb and Zn with Fe and Mn, and declining DOT available Cd and Cu (Figure 

6.8). The correlation between DOT available Co, Ni, Pb and Zn with Fe and Mn in this 

interval indicates that DGT availability is determined by Fe and Mn reduction. This 

interval is also the peak interval of Fe and Mn reduction, which is supported by the 

separation of the peak DOT available Fe and Mn within this zone. The separation with 

depth represents classical separation of their reduction peaks over a redox gradient (e.g., 

Stumm & Morgan 1996). 

In contrast to Co, Ni, Pb and Zn, the rapid decline with depth in DOT available 

Cd and Cu is independent of Fe and Mn DOT availability (Figure 6.8). The changes in 

DOT available Cd and Cu are proportional to increases in both A VS and pyrite 

concentrations measured at 2 cm intervals (Figure 6.6). This suggests that the 

interaction with authigenic Fe sulfide is the predominant influence upon Cd and Cu 

availability to the DOT probe. Cd is progressively partitioned into a 1M HCI soluble 

authigenic sulfide phase with depth and Cu partitioned into a non 1M HCI soluble 

authigenic sulfide phase (Figure 6.5). 

Below 9 cm there is a distinct break in sediment pH and availability of metals to 

the DGT probe. The break is characterised by a decline in the DOT availability of all 

metals to values, which are at least half the values occurring between 2.5 to 9 cm. The 

slope ofthe relationship between DOT available trace metals and Fe also changes, 

relative to the interval from 2.5 to 9 cm (Figures 6.8 and 6.9). The change in metal DOT 
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availability is also associated with a marked step in the pH from 7.1 to 7.4 (Figure 6.3). 

The progressive decline in DGT availability is associated with a progressive increase in 

pyrite and A VS. This suggests that the amount of metal that is available for exchange 

with the DGT probe below 9 cm depth is decreased by the interactions with authigenic 

sulfides. 

The vertical zonation ofDGT metal flux indicates that Mn, Fe and sulfate 

reduction each playa highly significant role in determining the availability of metals to 

the DGT probe. The effects of Fe and Mn reduction are not apparent within the wet 

chemical speciation methods used to analyse sediment core samples at 2 em intervals. 

The processes observed are entirely a function of the sample interval spacing and the 

speciation method (e.g., Zhang et al. 1995). 

At 2 cm sample intervals, the trends with depth in acid lability (SEMISAS) of 

metals indicate significant changes in Cd and Cu lability only (Figure 6.5) and pore 

water concentrations do not identify the interval of high DGT available metal from 2.5 

to 9 em depth (Table 6.3). The partitioning of metals based on patterns in DGT 

availability, into DGT available (Co, Ni, Pb and Zn) and non DGT available (Cd and 

Cu), is in contrast to the partitioning based on the solubility of metals in 1M HCt 

Partitioning of metals based upon acid 1M Hel soluble properties (Figure 6.5) 

indicate partitioning of Cd, Pb, Zn into 'bioavailable' 1M HCI soluble phases relative to 

Co, Cu, Ni (Figure 6.5). If 1M HC} soluble metals are considered to be bioavailable 

(e.g., Langston et al. 1999), then the DGT speciation provides very different measures 

ofbioavailability to sediment core samples. 

These results suggest that concepts of metal bioavailability in sediments based 

upon 1M HCI solubility and the capacity of some metals to form insoluble A VS or 

pyrite phases, may not be relevant in near surface sediments due to other interactions. In 

this study Fe and Mn reduction greatly influences the availability of Co, Ni, Pb and Zn 

to exchange with the DGT probes between 0 to 9 em depth. 

The partitioning of Cd and Cu into non DGT exchangeable sulfide phases in 

preference to other metals is not adequately explained by the kinetic and 
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thennodynamic constraints described by Morse & Luther (1998) and described 

previously in Chapter 5. The data presented here suggests that Cd and Cu have a greater 

affinity to form sulfide phases between 2.5 to 9 cm depth than Co, Ni, Pb and Zn, which 

are affected by Fe and Mn reduction. 

The mechanism behind the observed partitioning has not been resolved. As such 

the observed DOT partitioning may be as much a function of the source of the metals as 

the interaction with early diagenetic processes (e.g., Simpson et al. 2000). More work is 

required to corrfmn the mechanisms that result in the observed partitioning of trace 

metals by DOT. 

6.5 Conclusions 

DOT fluxes, measured in triplicate sediment probes, differ by up to an order of 

magnitude within 1 m2
. Despite this large variation in absolute flux, the patterns in 

vertical zonation of DOT trace metal flux created by Fe, Mn and S04 reduction are 

consistent between probes. This indicates these processes are laterally extensive and 

each playa major role in detennining the amount of trace metal available to exchange 

with the DGT device. 

Quantitative measurements of pore water concentrations cannot be derived from 

DOT probe deployments used in this study. However, the flux measurements can be 

considered as operationally defined, time dependent, metal speciation values. The 

speciation data can be integrated with other measurements to provide a greater 

understanding of the behaviour of trace metals in sediments. 

DOT flux measurements indicate that from 0 to 2.5 em depth the DGT available 

metal is regulated by the presence ofMn oxides. The maximum DGT flux of all trace 

metals occurs at 2.5 cm and combined with the results ofLSEMIAVS ratios, which are 

> 1 at this interval, suggests that this represents the interval of maximum bioavailability 

of trace metals. 

From 2.5 to 9 em, high DOT availability of Co, Ni, Pb and Zn are influenced by 

Fe and Mn reduction and declining DGT availability of Cd and Cu are influenced by the 
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interaction with authigenic sulfides. Below 9 cm depth, all trace metals exhibit a decline 

in DGT availability, probably due to the interactions with authigenic sulfides. The 

partitioning of metals, into DGT available (Co, Ni, Pb and Zn) and unavailable (Cd and 

Cu), from 2.5 to 9 em depth indicates that interactions with authigenic sulfide are less 

significant for Co, Ni, Pb and Zn than for Cd and Cu. However, below 9 em depth the 

interaction with authigenic sulfides is significant for all metals. 

The results indicate that the application ofLSEMIAVS theory and partitioning 

of metals into bioavailable and non bioavailable phases based upon 1M HCI properties, 

are potentially confounded by interactions with other processes occurring within near 

surface sediments. DGT speciation provides an alternative tool for the determination of 

the behaviour of metals in near surface sediments. Further work is required to 

determine; I) the mechanisms that determined preferential interaction between Cd and 

Cu with authigenic sulfide relative to Co, Ni, Pb and Zn; 2) if the patterns in DGT 

speciation represent bioavailability. 
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MidShdr 

MidSh.lf 
MidShl!lf 

MidSh,lf 

Mid Shelf 
MidSht!lf 

MidSh,lf 

Mid Shelf 

MidSholf 

MidSholf 
MidSh,lf 

LLlc~nda 

Lw::indft 
Ludmm 

Lucinda 
LU(;inda 

Wnchinbroo!r.; C1i:uJ.ncl 

Hinchinbrook Ch"nn~1 
Ilinchinbrook C1mnn~1 
Hincllinbrook OIM.m:1 

Hioc~)inbrook Channel 
Ilincninbl'OOk eh.mn-el 
Hinchirlbrook dmnnd 
Hinchil'lbrool:: Clwmd 

liinchinbrook dutnncl 

HinehinblUDk Channel 

Birtchirtbl'OOk Cha:tmcl 

Hiru::hirtbrook Channel 

Hinohinbrook Channel 
11inchinbl'Ook Channel 

Ilinthinbrook Ckmnel 
Hinchinbmok. Channel 

lIinchil\brook Channcl 

Hinchinbrook Chatlnd 

Hincliinbrook Ch~ncl 
Hinchinbrook a.anne! 

IJil'lChinbmok. ChMflcl 

Hinchinhrook Ch.mnel 
J1inohinbrook ClwJncl 
Ilinchinhrook Clmtme:1 

Ilinchinbrook Channel 
rlinohil1.brook Qlatll'lel 

Appendix 1 
Surface sediment grab samples - location data and strong acid digestion analytical results 

Decimal 
Lutitud. 

·IS.5333 
-18.5333 
-18.5333 
·18.5333 
·18.5333 
-18.5350 
-18.5333 
-18.5333 
·18.5350 
-18.4583 
-18.4600 
-18.4583 
·18.4600 
·18.4583 
-18.4583 
-18.4583 
-18.4583 
·18.4583 
-18.4583 
·18.4583 
·18.4583 
-18.4583 
-18.4583 
-18.4850 
·18.4883 
-18.4900 
-18.4867 
-18.4867 
-18.4850 
-18.4733 
-18.4733 
-18.4700 
-18.4667 
-18.4483 
-18.4367 
-18.3583 
-18.2783 
-18.2800 
-18.2800 
-18.2800 
-18.2800 
-18.2800 
-18.2850 
-18.2750 
-18.3333 
-18.3333 
-18.3333 
-18.3333 
-18.3333 

Dedmol 
Longitude 

146.4183 
146.4367 
146.4533 
146.4700 
146.4883 
146.5067 
146.5233 
146.5583 
[46.5917 
146.5933 
146.5583 
146.5233 
146.5067 
146.4883 
146.4717 
146.4533 
146.4367 
146.4183 
146.4017 
146.3833 
146.3667 
146.3483 
146.3317 
146.2967 
146.2967 
146.2883 
146.2817 
146.2367 
146.1900 
146.1800 
146.1800 
146.1817 
146.1817 
146.1933 
146.1850 
146.1433 
146.0917 
146.0833 
146.0733 
14M617 
146.0550 
146.0517 
146.0533 
146.0483 
146.1600 
1<\{i.1517 
146.1417 
146.1333 
146.1250 

Sample 
date 

29.Aug-93 
29-Aug-93 
29-Aug-93 
29-Aug-93 
29-Aug-93 
29-Aug-93 
29-Aug~93 

29-Aug-93 
29-Aug-93 
29-Aug-93 
29-Aug-93 
29-Aug-93 
29-Aug·93 
29-Aug·93 
29·Aug-93 
29-Aug-93 
29-Aug-93 
29-Aug-93 
29-Aug-93 
29-Aug-93 
29-Aug-93 
29-Aug-93 
29·Aug-93 
29-Aug-93 
29-Aug-93 
29-Aug-93 
29-Aug-93 
3D-Aug-93 
30-Aug-93 
30-Aug-93 
30·Aug-93 
30-Aug-93 
3D.Aug-93 
30-Aug-93 
30·Aug-93 
30·Aug-93 
30·Aug-93 
30·Aug-93 
30-Aug-93 
30-Aug-93 
30-Aug-93 
30·Aug-93 
30-Aug-93 
30-Aug-93 
30·Aug-93 
30-Aug-93 
30-Aug-93 
3D-Aug.93 
30.Aug.93 

Water 
depth 

m 

19.00 
21.00 
23.00 
25.00 
39.00 
30.00 
26.00 
31.00 
33.00 
36.00 
32.00 
26.00 
26.00 
26.00 
24.00 
23.00 
22.00 
21.00 
20.00 
17.00 
11.00 
7.00 

10.00 

1.00 

2.00 
2.00 
1.00 
1.00 
1.00 
1.00 
1.00 
2.00 

12.00 
17.00 
2.00 
3.00 
1.00 
1.00 
l.00 
l.00 
5.00 
4.00 
9.00 
6.00 

Al 
].URollg 

1009 
914 
783 
472 
292 
520 
511 
349 
363 
356 
335 
344 
353 
463 
492 
828 
726 
943 
1024 
2254 
1488 
646 
481 
3159 
2595 
1701 
2945 
1582 
2666 
3056 
2898 
2170 
2246 
2855 
2151 
1952 
1318 
1998 
413 
1572 
962 
1172 
1417 
532 
1266 
1368 
1030 
2112 
1756 

C. 
)l.IIIolig 

2459 
3303 
4047 
3441 
5636 
3573 
2700 
5936 
5793 
4406 
4049 
2272 
3119 
3181 
4044 
3648 
2695 
2715 
3086 
1191 
543 
322 
399 
94 
103 
77 
lOS 
77 
94 
108 
146 
112 
164 
100 
112 
532 
804 
406 
1805 
2174 
2844 
461 
687 
557 
545 
850 
1406 
608 
290 

CC 
"molls 

2406 
3214 
3889 
3240 
5134 
3389 
2643 
5956 
5945 
4448 
4122 
2239 
3110 
3119 
3947 
3584 
2615 
2605 
2947 
1062 
428 
232 
316 

1 

I 
I 
I 
1 

262 
228 
415 
549 
8ll 
332 
1803 
2082 
2724 
416 
654 
531 
252 
859 
1315 
609 
263 

Cd 
pmollg 

<D.L. 
<D. L. 
355.87 
<D.L. 
177.94 
204.63 
<D.L 
<D.L. 
<D.L 
106.76 
115_66 
<D.L. 
<D.L. 
97.86 
151.15 
<D. L. 
97.86 
115.66 
124.56 
177.94 
195.73 
lM.76 
<D. L. 
355.87 
364.77 
364.77 
329.18 
613.88 
293.59 
533.81 
418.15 
498.22 
943.06 
364.77 
364.77 
258.01 
<D. L. 
142.35 
<D. L. 
<D. L. 
<D. L. 
<D. L. 
142.35 
<D.L. 
329.18 
<D. L. 
<D. L. 
142.35 
222.42 
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Co 
nmolJ: 

73.82 

41.08 

39.96 

60.59 

87.66 

144.70 

113.28 

184.83 
94.26 

148.87 

119.21 

146.07 

132.66 

Cu 
nmollg 

105.45 
94.43 
73.97 
47.21 
33.05 
51.94 
51.94 
36.20 
34.62 
36.20 
31.48 
34.62 
34.62 
42.49 
48.79 
70.82 
69.25 
83.41 
62.95 
111.74 
133.77 
72.40 
44.07 
380.86 
369.85 
234.50 
295.88 
216.63 
335.22 
355.68 
368.27 
350.96 
336.80 
316.34 
250.24 
195.15 
119.61 
140.07 
34.62 
89.71 
70.82 
62.95 
103.87 
28.33 
111.74 
97.58 
78.69 
180.99 
121.18 

Fe 
"mollg 

308 
282 
267 
167 
179 
166 
117 
157 
121 
l3S 
123 
121 
134 
169 
174 
258 
235 
292 
321 
648 
456 
258 
226 
806 
891 
516 
794 
401 
618 
587 
544 
585 
634 
657 
587 
590 
359 
542 
220 
816 
444 
307 
361 
384 
394 
486 
63l 
530 
476 

Mil 
J.lffioliS 

5.24 
4.93 
4.51 
3.36 
ll.61 
3.19 
6.29 
4.17 
3.38 
2.75 
2.70 
3.55 
4.31 
4.47 
3.85 
4.56 
3.98 
4.61 
5.66 
8AO 
7.14 
7.04 
8.47 
4.01 
6.12 
4.64 
5.85 
2.43 
2.48 
2.25 
2.26 
2.36 
2.58 
2.46 
237 
3.48 
3.72 
6.14 
4.54 
8.51 
4.69 
3.62 
3.91 
13.85 
3.00 
4.99 
5.53 
4,48 
4.04 

Ni 
nmolJi 

157.47 

19.59 

81.44 

132.18 

167.26 

217.64 

82.93 

345.26 
187.62 

248.34 

163.60 

166.67 

219.21 

OC P 
"moJig "moJig 

295 8.97 
284 10.09 
277 11.50 
225 8.36 
152 16.33 
256 9.25 
248 8,47 
241 15.09 
263 12.87 
246 9.71 
235 8.82 
195 6.53 
190 7.86 
226 8.69 
223 9.23 
322 10.44 
261 10.08 
317 9.62 
296 10.15 
691 13.44 
827 9.90 
326 6.46 
218 6.24 
3947 13.99 
4355 13.00 
3530 8.44 
3788 13.63 
2864 6.76 
5822 1l.87 
7227 13.09 
6083 11.78 
5592 9.94 
5504 9.81 
2523 9.90 
3322 9.99 
3430 10.29 
1351 7.59 
1050 8.69 
364 5.14 
1455 15.81 
586 11.05 
657 5.90 
745 6.47 
2W 5.28 
4230 10_81 
1594 7,87 
774 11.97 
1690 10.15 
1398 8.37 

Pb 
nmoJig 

36.68 
32.34 
28.96 
21.24 
19.31 
19.79 
21.72 
17.37 
13.03 
14.48 
14.48 
16.89 
18.34 
18.34 
17.86 
25.58 
28.47 
33.30 
37.16 
%.04 
85.91 
43.44 
38.61 
192.08 
175.68 
117.76 
178.09 
150.(0 
166.99 
166.02 
162.64 
147.68 
128.86 
139.48 
106.18 
109.56 
72.88 
92.66 
32.34 
80.60 
50.68 
60.33 
69.98 
50.19 
83.98 
63.71 
59.85 
106.18 
89.77 

S 
"mollg 

42.11 
41.08 
46.79 
39.08 
30.96 
44.45 
41.24 
52.37 
57.89 
48.63 
41.36 
32.69 
40.11 
39.39 
43.23 
45.91 
38.96 
39.99 
37.24 
92.70 
104.68 
43.64 
34.19 
333.oJ 
552.40 
455.08 
294.57 
356.83 
369.00 
495.32 
425.76 
674.36 
762.94 
454.46 
671.87 
395.82 
13032 
14S.38 
33.56 
(82.41 
52.28 
55.05 
102.46 
25.74 
375.55 
129.73 
58.86 
144.85 
116.87 

TC 
Ilmollg 

2701 
3498 
4166 
3464 
5286 
3644 
2892 
6197 
6208 
4694 
4357 
2434 
3300 
3344 
4170 
3906 
2871 
2922 
3244 
1753 
1255 
559 
534 

3947 
4355 
3530 
3788 
2864 
5822 
7227 
6083 
5592 
5766 
2751 
3737 
3979 
2162 
1382 
2166 
3537 
3310 
1073 
1400 
741 

4482 
2453 
2090 
2299 
1661 

Zn 
nmoll: 

355.97 

190.30 

183.11 

284.69 

399.11 

686.71 

369.13 

1184.79 
810.00 

752.18 

564.48 

639.67 

725.D3 

P.agc 2J2 



AIMS 
catalogue 

399 
400 
401 
402 
403 
404 
405 
406 
401 
408 
409 
410 
411 
412 
413 
414 
415 
416 
417 
418 
419 
420 
421 
422 
423 
424 
425 
426 
427 
428 
429 
430 
431 
432 
433 
434 
435 
436 
437 
438 
439 
440 
441 
442 
443 
444 
445 
446 
447 

S~.lf 

po,tti.n 

InnerShe!f 

Inner Shelf 
Jnn~r Shelf 

In.nI:TSh~lf 

InllcorShelf 
1I\n~Shcl[ 

11l.l1t:~Shclf 

Inm:f Shelf 

lnn~rSilcir 

l-nnerShelf 

Innl:T Shelf 

lnnerSholf 
InnerShclf 

lnm:~ Shclf 

MidShdf 
MidShdf 
MidShdf 

MidSh.lf 
MidSholf 
InncrShclf 
InncrShclf 

InncrShelr 

Inm:rShclf 

IIlncr5helf 

lIlhcrShelf 

Inn<rSh.lf 
InncrShelf 

l"norSbclf 
InncrSheif 
I:rmerShclf 

iIlne:rShdf 

ItmcrShclf 
InncrShdf 

hlRerShelF 

InncrSheif 

mn~Shclf 

Mid Shelf 
MidSheir 

MidSbeU 

Mid Sholf 
MidSh.lf 
Mid Shelr 

Mid Shelf 
Mid Shelf 
MidShdf 

Mid ShcU 

MidShcU 

Mid Shelf 
MidShclf 

Ceographlc 
region 

I-linchinbrook: Channel 
Hinchinbrook ChMncl 
lUnclltnbrook Channe1 

Rockinghm1 Bay 

RO(;kinghmn Bay 
Rocldngham &oy 
Rockingham Boy 

Rockingham Boy 

R.ockinf,hrun Bay 

Rockingh= &or 
Rod:.ingham B:tIy 

Rn<kingh= 8"y 
RockiD.@.hamBay 

RockinghMn Bay 

Mid Shelf 
MidShclf 

MidSh(llf 

Mid Sh.lf 
MidShcif 

Rockingham Bay 
Rockingham Bay 

Rockingham Bay 
Roc:Jcingh;::un Bay 

R<K:kil1gham Bay 

Roc::kihBham Bay 

Rockingham Bay 
Rockircg.h;Utl Bay 

Rockinghom Boy 
Rockingham Bay 

~kinsham Bay 
R~kin2h:llt1 Bay 

Rockingham Bay 

Rtx:killgham B .. y 

Rookingham Bay 
Rockingham Bay 

Rockingh:nn Bay 

MidSbclf 
MidShcif 

MidSheif 

Mid Shelf 

MidSllclf 
MidSheif 

Mid Shelf 
Mid Shelf 

MidShol( 

Mid Sbeif 

MidSl1elf 

Mid Shelf 
Mid Shelf 

Appendix 1 
Surface sediment grab samples - location data and strong acid digestion analytical results 

Veclmal 
Latitude 

-18.3333 
-18.3333 
-18.3333 
-18.0567 
-18.0583 
-18.0567 
-18.0583 
-18.0567 
-18.0583 
-18.0583 
-18.0583 
-18.0583 
-18.0567 
-IS.0567 
-18.0583 
-18.0567 
-18.0567 
-18.0567 
. I 8.0583 
-18.1783 
-18.1783 
-18.1783 
-18.1783 
-18.1783 
-18.1783 
-18.1783 
-18.1783 
-18.1783 
-18.1783 
-18.1783 
-18.1783 
-18.1783 
-18.1783 
-18.1783 
-18.1783 
-18.1783 
-18.1783 
-18.1783 
-18.1783 
-1&.1783 
-18.1783 
-1&.1783 
-18.1783 
-18.1217 
-18.1217 
-IS.1217 
-18.1217 
-1&.1217 
-18.1217 

Decimal 
Longitude 

146.1167 
146.1067 
146.0967 
146.0367 
146.0550 
146.0717 
146.0900 
146.1067 
146.1250 
146.1417 
146.1600 
146.1767 
146.1950 
146.2117 
146.2300 
146.2467 
146.2650 
146.3000 
146.3350 
146.1383 
146.1217 
146.1050 
146.0867 
146.0700 
146.0517 
146.0333 
146.0167 
146.Q1l7 
146.0250 
146.1833 
146.2017 
146.2183 
146.2367 
146.2550 
146.2717 
146.2883 
146.3067 
146.3233 
146.3417 
146.3600 
146.3783 
146.4117 
146.4467 
146.4300 
146.3950 
146.3600 
146.3433 
146.3250 
146.3083 

Sample 
date 

3J-Aug-93 
31-Aug-93 
31-Aug-93 
01-Sep-93 
01-Sep-93 
OI-Sep-g3 
01-Sep-93 
01-Sep-93 
OI-Sep-g3 
01-Sep-93 
OJ-Sep-93 
OI-Sep-93 
OI-Sep-93 
OJ-Sep-93 
OI-Sop-93 
OJ -Sep-93 
OJ-Sop-93 
01-Sep-93 
01-Sep-93 
OI-Sop-93 
01-Sop-9] 
OI-Sop-93 
01-S.p-93 
OI-Sop-93 
01-Sop-93 
OI-Sop-93 
OI-Sop-93 
OI-Sop-93 
OI-Sep-93 
02-Sep-93 
02-Sop-93 
02-Sop-93 
02-Sop-93 
02-Sop-93 
02-Scp-93 
02-Sep-93 
02-Sop-93 
02-Scp-93 
02-Sep-93 
02-Sop-93 
02-Sop-93 
02-Sep-93 
02-Sep-93 
02·Sop-93 
02-Sep-93 
02-S.p-93 
02-Sep-93 
02-Sop-93 
02-Sep-93 

Water 
dcpt~ 

m 

1.00 
3.00 
2.00 
2.00 
7.00 
9.00 

10.00 
10.00 
11.00 
12.00 
13.00 
14.00 
15.00 
18.00 
19.00 
20.00 
21.00 
24.00 
25.00 
3.00 
3.00 
5.00 
6.00 
6.00 
5.00 
5.00 
4.00 
1.00 
5.00 

13.00 
12.00 
13.00 
13.00 
15.00 
18.00 
19.00 
23.00 
25.00 
27.00 
29.00 
29.00 
31.00 
33.00 
34.00 
31.00 
28.00 
27.00 
26.00 
26.00 

Al 
I1mollg 

992 
1309 
2191 
715 

2460 
1316 
1176 
931 
834 
994 
1039 
1156 
1119 
1002 
1130 
856 
738 
543 
365 
967 
540 
711 
680 
852 
1107 
1422 
2485 
591 
1745 
1350 
1017 
12OO 
1514 
1865 
1543 
1293 
1474 
968 
728 
485 
519 
284 
286 
301 
385 
397 
433 
507 
756 

c. 
I1mollg 

2251 
4152 
246 
110 
669 
1504 
1116 
975 
1018 
1391 
2026 
2099 
2794 
2837 
3006 
3603 
3650 
3685 
3500 
2094 
1333 
3782 
5374 
5536 
5212 
4828 
762 
(62 

3678 
3151 
1860 
1530 
1011 
1252 
1933 
2507 
2562 
3738 
3952 
4733 
4137 
4890 
6500 
4993 
5654 
5886 
3174 
3857 
3204 

cc 
IlmoVg 
2274 
3904 
394 
103 
616 
1481 
1137 
950 
1021 
1399 
2059 
2142 
2871 
2915 
3145 
3707 
3628 
3722 
3405 
2008 
1266 
3613 
5113 
5236 
4990 
4511 
64S 
58 

3443 
3000 
1753 
1422 
911 
1117 
1826 
2381 
2441 
3652 
3872 
4751 
4473 
5349 
6383 
5012 
5681 
OO30 
3246 
3921 
3226 

Cd 
pmollg 

<D. L. 
<D.L. 
231.32 
<D.L. 
142.35 
<D_ L. 
<O.L. 
97.86 

<D_ L. 
142.35 
<D.L. 
<D. L. 
<D. L. 
<O.L. 
142.35 
106.76 
<D.L. 
<D.L. 
<D. L. 
<D. L. 
<D.L. 
<D.L. 
<D.L. 
<D. L. 
<D.L. 
<D.L. 
<D. L. 
<D.L. 
<D. L. 
<D.L. 
<D. L. 
<D.L. 
<D.L. 
177.94 
115.66 
115.66 
106.76 
204.63 
213.52 
<D.L. 
142.35 
<D. L. 
<D.L. 
< D. L. 
106.76 
<D.L. 
<D.L. 
<D. L. 
204.63 

Appendix f 

Co 
nmolll 

102.66 

133.72 
92.15 

135.06 

126.76 

123.64 

106.39 

85.54 

90m 

10S.71 

120.72 

Cu 
nmollg 

73.97 
75.54 
176.27 
23.61 
132.20 
103.87 
119.61 
78.69 
75.54 
97.58 
100.72 
113.31 
103.87 
94.43 
108.59 
99_15 
72.40 
51.94 
34.62 
83.41 
42.49 
61.38 
69.25 
75.54 
100.72 
108.59 
190.43 
37.77 
135.35 
132.20 
94.43 
114.89 
135.35 
168.40 
133.77 
12L18 
141.64 
92.85 
77.12 
45.64 
45.64 
28.33 
26.75 
33.05 
33.05 
39.35 
42.49 
51.94 
70.82 

Fe 
(1mollg 

311 
505 
598 
242 
648 
405 
381 
334 
315 
346 
344 
363 
348 
323 
341 
275 
248 
In 
138 
316 
258 
317 
332 
419 
423 
433 
640 
168 
456 
405 
373 
401 
466 
550 
450 
3% 
445 
355 
280 
206 
192 
III 
108 
140 
1M 
192 
171 
214 
253 

Mn 
[1m01lg 

3.29 
5.90 
359 
7.97 
8.06 
7.38 
7.36 
8.00 
8.17 
7.78 
7.77 
7.47 
7.67 
&.21 
7.24 
5.95 
5.25 
5.34 
3.45 
6.11 
6.25 
6.17 
5.87 
6.64 
5.87 
4.96 
7.57 
4.46 
5.49 
6.83 
7.54 
7.56 
8.24 
7.84 
6.68 
6.45 
7.23 
6.44 
4.73 
4.49 
3.97 
3.30 
3.19 
2.99 
4.15 
4.33 
3.88 
5.08 
5.17 

Ni 
omoll 
560.98 

260.35 
77.38 

176.72 

140.27 

153.38 

144.95 

101.69 

110.54 

146.91 

151.25 

OC 
Ilmollg 

960 
IiSl 
3580 
85 

104{; 
528 
365 
330 
221 
255 
334 
306 
309 
276 
296 
219 
175 
196 
125 
370 
182 
359 
322 
421 

567 
716 
1147 
391 
894 
461 
327 
433 
568 
656 
464 
396 
459 
267 
231 
183 
219 
162 
197 
177 
239 
206 
168 
195 
240 

p 
j.lmoVg 

8.24 
15.25 
9.44 
4.85 
14.34 
10.02 
9.09 
9.20 
9.08 
9.84 
10.77 
11.31 
11.37 
11.04 
11.06 
10.51 
10.01 
10.01 
7.98 
8.19 
6.15 
9.97 
12.25 
14.20 
15.01 
11.36 
9.89 
3.31 
10.33 
13.69 
9.57 
9.94 
10.98 
12.09 
10.75 
10.71 
11.84 
13.85 
11.56 
11.15 
11.44 
9.93 
11.09 
10.10 
12.22 
12.15 
8.41 
10.46 
9.62 

Pb 
ntnollg 
44.88 
57.92 
117.28 
32.34 
103.28 
57.43 
52.61 
45.85 
41.51 
43.92 
45.37 
48.75 
41.99 
40.06 
40.06 
31.85 
27.99 
22.68 
15.93 
42.95 
30.&9 
35.71 
38.13 
46.33 
57.43 
58.88 
106.18 
32.82 
69.50 
56.95 
48.26 
55.50 
64.67 
74.81 
58.40 
47.30 
48.75 
33.30 
26.06 
18.34 
17.86 
13.51 
12.55 
14.48 
17.37 
19.31 
18.82 
21.24 
27.03 

S 
j.lmollg 

66.94 
87.37 

439.18 
22.67 
127.11 
62.73 
58.98 
37.80 
32.94 
35.43 
41.73 
37.96 
43.33 
44.88 
46.07 
40.52 
41.36 
43.48 
38.33 
57.27 
35.59 
44.35 
47.07 
48.28 
61.51 
74.77 

234.97 
65.28 
96.44 
52.96 
36.28 
42.61 
56.96 
72.96 
49.53 
46.51 
50.69 
40.92 
36.40 
42.17 
46.76 
51.72 
64.l0 
52.03 
52.25 
47.44 
37.27 
35.34 
36.93 

TC 
IlmoVg 
3234 
5085 
3974 
187 
1662 
2009 
1503 
1280 
1241 
1653 
2393 
2449 
3180 
319Q 
3440 
3926 
3802 
3918 
3530 
2379 
1447 
3971 
5435 
5657 
5557 
5227 
1795 
450 

4338 
3461 
2081 
1855 
1479 
1773 
2290 
2777 
2900 
3919 
4103 
4934 
4692 
5512 
6581 
5189 
5920 
6236 
3414 
4115 
3466 

Zn 
nmolll 
461.60 

826.07 
388.01 

565.00 

473.54 

479.19 

450.01 

351.14 

369.97 

524.50 

479.74 
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AIMS 
catalDgue 

448 
449 
450 
451 
452 
453 
454 
455 
456 
457 
458 
459 
460 
461 
462 
463 
464 
465 
466 
467 
468 
469 
470 
471 
472 
473 
474 
475 
476 
477 
478 
479 
480 
481 
482 
483 
484 
485 
486 
487 
488 
489 
490 
492 
493 
494 
495 
496 
497 

Sh.IF 
positioD 

MidSh,lf 

MidSh,lf 

IntlerShel.f 

llin~rShclf 

Innc:rShclf 

11inet'Shclf 
InncrShdf 

IMerSh('lf 

InlicrShe!f 
lnnerShelf 

Ill.nerShelf 

InncrShclf 
hme-rShclf 
]nncrr Shelf 
l=Sh.lf 
I_Shelf 

lnno- Shelf 

Inner S'bclf 

Inm::rShelf 

I:tlnerSileiC 

tIlncrShclf 

hmerSl:1dr 
InncrShc]f 

lrmc:rShclf 

InnetShelC 

lnocrShclf 
[nnerShelr 

Innc:rShclf 

hmcrShelf 
innerShclf 

tnneTShclf 
hmerShelf 

InncrShdf 

rnncrShclf 

lIJhcrShelf 

InnerShclf 
InncrSheJf 
rnnerSheJf 

I!:lnetShclr 

InncrShclf 

1 •• crSh,lf 
InncrShclf 

inncrShelf 

Inner-Shelf 

lnncrShelf 

innaShdf 
innerShcl( 

h11'1ct"Shclf 
fnncrShelf 

G<ogruphic 
region 

MidSh.lr 

MidShc1r 
Rockingham Bay 

Rockingh:lm B~y 

R(lCkingh:tm lby 

Rockingh~m B"y 

Rockiogh"l\ u..y 
Rookinghoon~y 

Rockinghmn Btly 

Rockingh"" B:oy 
Rockihgh.lltn Bay 

Rockinghorn Iloy 
Rocki~&,y 

Rookinghorn 0"" 
Rockingham Bay 
Rockingh3rn. Bay 
Rookingh"l\ !loy 

Ro<ki.gIwrn Boy 
RCJCldngham Bay 

Missionary Bay 
Mi~.~innary Bay 

MissiooaJ"fBny 
M1ssioo:uyBny 

Mis:sioo~Bay 

M-ili5ilmill'y Buy 

M±MiiDIliU)1 Bay 
Mi$iotllll')l Bay 

Rockingh:tm Bil)' 
Rookingham Bny 
Rockin1!h;nn Bny 
RClCkinghiIDl Bay 
Rocxinglirun Bay 
RGCkinghnm Bay 

Rockirtgru.m Bay 
Roc::kingtmm Buy 

R.ockingham Bay 
Rockinghnm Bay 
Rookill.ghwll Bay 

Rackinghnm Bay 

Rrn:kinghrun Bay 

R.ockingham Bay 
Roclcingham Bay 

Hinchitlhrook C'h.3r1nct 
Halifax: Bay 

HaUIaxBI\)' 
Hnlir~nl'l)' 

Haliru Day 

H;:111faxBay 
Halifax Bar 

Appendix 1 
Surface sediment grab samples - location data and strong acid digestion analytical results 

Decimal 
Latitude 

-18.1217 
-18.1217 
-18.1217 
-18.1217 
-18.(217 
-18.1217 
-18.1217 
-18.1217 
-IB.1217 
-18.1217 
-18.1217 
-18.1217 
-18.1217 
-18.1217 
-IB.l217 
-18.1217 
-18.1217 
-18.1417 
-18.1567 
-182967 
-18.2967 
-18.2817 
-18.2783 
-18.2700 
-18.2583 
-18.2450 
-18.2283 
-18.2167 
-18.2067 
-18.1983 
-18.1917 
-182150 
-18.2167 
-18.2167 
-18.2167 
-18.2167 
-18.2150 
-18.2150 
-18.2150 
-18.2150 
-18.2167 
-18.2167 
-18.3717 
-18.7950 
-18.7950 
-18.7950 
-18.7950 
-18.7950 
-18.7950 

Dedmul 
Longitude 

146.2900 
146.2733 
146.2550 
146.2383 
146.2200 
146.2017 
146.1850 
146.1683 
146.1500 
146.1333 
146.1150 
146.0983 
146.0800 
146.0633 
146.0450 
146.0283 
146.0117 
146.0617 
146.0817 
146.2483 
146.2450 
146.2367 
146.2233 
146.2317 
146.2167 
146.2083 
146.1983 
146.1861 
146.1717 
146.1567 
146.1467 
1462183 
146.2017 
146.1667 
146.1500 
146.1317 
146.1133 
146.0967 
146.0783 
146.0617 
146_0433 
146.0267 
146.l333 
146_2917 
146.3267 
146.3617 
146.3967 
146.4317 
146.4667 

Sample 
dote 

OI-Sep-93 
02-Sep-93 
02-Sep-93 
02-Sep-9] 
02-Sep-9] 
02-Sop-93 
02-Sep-93 
02-Sep-93 
02-Sop-93 
02-Sep-93 
02-Sep-9] 
02-Sep-93 
02-Sep-9] 
OZ-Sep-93 
02-Sep-93 
02-Sep-93 
D2-Scp-93 
02-Sep-93 
02-Scp-93 
03-Scp-93 
03-Scp-93 
03-Sop-9] 
03-Sop-93 
D3-Sep-93 
03-Scp-93 
03-8"1'-93 
OJ-Sop-93 
03-Sop-93 
03-8"1'-93 
03-Sop-93 
03-Sop-93 
04-Scp-93 
04-5"1'-93 
04--Sep-93 
04-Sep-93 
04-Sep-93 
04--Sop.93 
04--Sep-93 
04-Scp-93 
04-Sep-93 
04--5"1'-93 
04--Sop-93 
04--Sop-93 
12-S.p~93 

12-Sep-93 
12-Sop-93 
12-5"1'-93 
12-Sep-93 
12-Sop-93 

Water 
depth 

m 
23.00 
16.00 
17.00 
15,00 
14.00 
13.00 
ILOO 
10.00 
9.00 
8.00 
7.00 
7_00 
7_00 
6.00 
6.00 
5.00 
3.00 
6.00 
6,00 

1.00 
1.00 
3.00 

2.00 
1.00 
2.00 
3.00 
5,00 
7.00 
5.00 
2.00 
6.00 
5.00 
5.00 
4.00 
3.00 
4.00 
7.00 
9.00 
7.00 
4.00 

7.00 
9.00 

12.00 
13.00 
14.00 
18.00 

AI 
~mollg 

1295 
798 
847 
784 
894 
725 
1038 
935 
865 
795 
837 
967 

1102 
1382 
1752 
2728 
1721 
1381 
1152 
2397 
1690 
2192 
2064 
1074 
1069 
905 
868 
826 
895 

1216 
1162 
569 
758 
940 
893 
1055 
902 
550 
634 
482 
1799 
2241 
2854 
756 
673 
310 
688 
607 
715 

c. 
~mollg 

3124 
3745 
3810 
2680 
2175 
2337 
2221 
1598 
1164 
1119 
1236 
1441 
1856 
2283 
2695 
422 
283 

3161 
3623 
196 

1600 
291 
282 

4411 
4568 
1115 
1066 
1114 
1842 
2237 
2276 
1314 
2378 
1280 
1830 
1334 
1131 
1289 
906 
1628 
3256 
1017 
125 
1060 
1165 
W93 
1813 
3064 
2862 

CC 
~moVg 

3081 
3615 
3721 
2513 
2094 
2252 
2125 
1514 
1155 
1044 
1163 
1370 
1864 
2311 
2619 
328 
192 

3025 
3493 
o 

1456 
475 
223 

4169 
4300 
1126 
999 
1061 
1864 
2216 
2229 
1196 
2360 
1290 
1733 
1258 
1031 
1209 
840 
1614 
3249 
932 
o 

1045 
1209 
2160 
1904 
3137 
2942 

Cd 
pmollg 

97.86 
204.63 
<D.L. 
<D_ L. 
97.86 

<D. L. 
115.66 
97.86 

<D_ L. 
258.01 
<D. L. 
106.76 
<D.L, 
<D.L. 
<D, L. 
240.21 
<D. L. 
<D. L. 
<D.L. 
320.28 
409.25 
355.87 
240.21 
275.80 
329.18 
231.32 
<D.L. 
115.66 
<D. L. 
142.35 
204.63 
97.86 
115.66 
302.49 
97.86 

<D. L. 
409.25 
<D.L. 
<D. L. 
97.86 

364.77 
169.04 
195.73 
<D. L. 
115.66 
124.56 
<D. L. 
<D. L. 
115.66 
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Co 
nmollJ 

119.03 

123.31 

\31.30 

125.66 

177.46 

125.70 

90.51 
123.66 

114.30 

108.11 

119.74 

119.76 

98.19 

154.36 

113.57 

93.06 

74.87 

Cu 
nmoVg 
80_26 
73.97 
53_51 
69_25 
89_71 
69_25 
6L33 
72.40 
72.40 
59_80 
6L38 
70.82 
88.13 
105.45 
99.15 
169_97 
99.15 
113.31 
99.15 
185.71 
119_61 
146.36 
140.07 
110_17 
107.02 
&4.99 
77.12 
75.54 
97.58 
136_92 
113_31 
59.80 
B3.41 
96.00 
96.00 
116.46 
110.17 
59.80 
70.82 
53.S1 
176.27 
180.99 
234_50 
83.41 
83.41 
96.00 
78.69 
81.84 
97.58 

Fe 
~oJlg 

382 
280 
260 
264 
301 
257 
351 
346 
341 
339 
339 
368 
351 
397 
466 
700 
476 
394 
365 
683 
547 
664 
591 
312 
356 
344 
334 
325 
333 
366 
355 
228 
309 
328 
317 
345 
347 
278 
358 
474 
560 
570 
718 
262 
317 
275 
252 
238 
241 

Mn 
~oVg 

5.92 
6.29 
5.45 
5.31 
5.87 
5.56 
6.35 
7.68 
7.73 
8.00 
7.48 
7.56 
7.16 
6.52 
5.54 
7.46 
7.74 
6.04 
6.40 
3.64 
3.69 
3.93 
4.12 
2,69 
3.96 
7.12 
7.76 
7.99 
7.34 
6.35 
6.23 
5.14 
7.39 
7.83 
7.54 
7.16 
8.09 
8.39 
7.18 
10.57 
6.73 
7.38 
3.32 
9.76 
11.87 
7.28 
6.15 
14.30 
5.66 

Ni OC 
nmoll~ Ilmollg 

313 
244 
316 
247 
306 
246 
352 

146.91 311 
286 

132.52 286 
331 

140.69 398 
499 

178.76 683 
800 

304.80 1290 
917 
714 
607 

4001 
234.20 3813 

)547 
2190 
2481 

141.46 1127 
148_87 1298 

475 
353 

136.09 348 
578 
430 
500 

123_66 455 
317 

136.09 362 
667 

133,03 1077 
440 

101.26 301 
241 

220.49 915 
1252 
6744 
318 

13:5.84 178 
227 

124.68 179 
165 

119.66 195 

p 
Itmollg 

11.66 
10.12 
1(UO 
9.10 
8.72 
9,07 
10.02 
9.50 
8.38 
8.27 
8.19 
8.63 
8.56 
9.86 
9.57 
11.69 
8.85 
9.71 
10.31 
10.16 
27.28 
10.l! 
10.37 
11.86 
11.51 
S.20 
7.92 
7.83 
8.74 
9.56 
9.32 
5.65 
9.23 
8.24 
8.69 
9.11 
8.57 
8.00 
8.47 
16.68 
15.54 
10.36 
9.89 
7.89 
3.53 
9.98 
7.94 
9.12 
9.11 

Pb 
nmollg 

38.61 
29.92 
34.27 
30.89 
36.68 
36.68 
51.64 
50.68 
47.78 
43.44 
50.19 
53,09 
55.50 
66.12 
73.36 
136.10 
89.77 
64.67 
55.02 
97.97 
13.36 
96.04 
95.08 
55_98 
57.43 
58.40 
55.50 
52.12 
55_02 
65.64 
65.64 
41.02 
49_23 
55_02 
53.57 
59.36 
58.40 
40_54 
:53.09 
50.68 
80_12 
101.83 
12l.62 
48.26 
47.78 
39.58 
36.20 
30.89 
33.78 

S 
Ilmollg 
60.70 
42.79 
45.73 
32.56 
35.43 
30.8u 
36.21 
32.97 
34.19 
37.37 
42.05 
52,84 
57.80 
7252 
119.99 
174.77 
119.31 
70_09 
57.49 
520.90 
549.28 
475.67 
244_29 
208.23 
92.95 
120,43 
55_27 
42_05 
34_68 
56_14 
4L20 
94.79 
47_10 
36.24 
36_93 
70.15 
96.23 
33.72 
24.01 
29_41 
105.40 
144.10 
717.09 
53_93 
26.73 
38_62 
25.38 
32_56 
30.S7 

TC 
)lmollg 

3454 
3859 
4037 
2760 
2400 
2499 
2477 
1825 
1441 
1330 
1494 
1768 
2363 
2994 
3419 
1618 
1110 
3739 
4105 
4001 
5269 
4021 
2413 
6651 
5427 
2424 
1474 
1414 
2212 
2794 
2659 
1696 
2814 
1608 
2095 
1925 
2107 
1649 
1141 
1855 
4164 
2184 
6744 
1363 
1387 
2387 
2083 
3301 
3m 

Zn 
nmoM 

462.71 

435.26 

478.84 

569.22 

1001.47 

7l3,26 

457.94 
481.80 

441.97 

427.15 

463.15 

460,42 

340.88 

734.28 

795.59 

343.66 

354.05 
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AIMS 
catalogue 

498 
499 
500 
501 
502 
503 
504 
505 
506 
507 
508 
509 
510 
51 I 
512 
513 
514 
515 
516 
517 
518 
519 
520 
521 
522 
523 
524 
525 
526 
527 
528 
529 
530 
531 
532 
533 
534 
535 
536 
537 
538 
539 
540 
541 
542 
543 
544 
545 
546 

Shelf 
position 

Inner Shdr 
InncrShelr 

rnn;rSh~lr 

MidSllclf 
MidSh.lf 

MidSllclf 

Mid Shelf 
Mid Shelf 

Mid Shelf 

MidSbr.:lf 

MidShclf 

MidShelf 

MidShclf 

MidShelf 

MidSh.lf 
MidShclf 

Mid Shelf 
hmerShc"lf 
(rlflet' Shc~f 

TnnerShctf 
h",,,Shelf 
InncrShdf 
MidShdf 

Mi<lS~oIf 

MidSh<lf 
MidShclf 
Mid Shelf 

Mid Shelf 

Mid Shelf 

MtdShelf 

InnctShelf 

InncrShdf 

InrlcrShdf 
Inner Shelf 
lOflcrShclf 
Jnl1crShtlf 

Inner Shelf 
Mid Shelf 

Mid Sh~lr 

MidShdf 
Mid Shelf 

Mid Shelf 

MidShoif 
Mid Shelf 

MidShdf 

MidShl:1f 
MldSbdf 

MidSh,lf 
MidShl:lf 

Geograpbic 
region 

HaiiflJ~BI1Y 

HaHflu:Ba.y 
Hftlif,1,;;S;ty 

MidShdf 
MidShdf 
MidShdf 

MidSIi(llf 
Mid Sht!lr 

MidShdr 

MidShdf 

Mid Shelf 

MidSh,lf 
MidSholf 
MidShelr 

MidSh.lf 
MidShdf 

MidShdf 
IbJifa.'lB3), 

JhJifin:: B~y 

HalifiIXB.ay 

lIa1ifa~ B3Y 

HlllifaxBay 

MidSheir 

Mid Shelf 
MidSh,lf 
MidShdf 
Mid Shelf 

Mid Shelf 

MidShtif 
MidShdf 

Hiu(;hinbmok Shelf 

ltinchinbrQOk Shelf 

Him::hinbrook Shelf 

Hinchinbro(lk Shelf 
Hincllinbroc;k ShelF 

Him:::hinbroQk Shelf 

Hincllinbrook Shelf 
MidShelI 

MidShc:1r 

MidShdf 

MidSbeir 

MidShclr 

Mid Shelf 

MldSh,lf 
MidShe1r 

Mid Shelf 

Mid Shelf 
Mid Shelf 
MidShel£ 

Appendix 1 
Surface sediment grab samples - location data and strong acid digestion analytical results 

Decimal 
Latitude 

-18.7950 
-18.7950 
-18.1950 
-18.7950 
-18.7950 
-18.7950 
-18.7967 
-18.7950 
-18.7950 
-18.7950 
-18.7950 
-18.7033 
-18.7033 
-18.7017 
-18.7017 
-18.7033 
-IS.7017 
-18.7050 
-IS.7167 
-18.7083 
-18.6667 
-IS.6800 
-18.3917 
-18.3933 
-18.3933 
-18.3933 
-18.3933 
-18.3933 
-18.3933 
-18.3933 
-18.3933 
-18.3933 
-18.3933 
-18.2933 
-18.2933 
-18.2933 
-18.2933 
-18.2933 
-18.2933 
-18.2933 
-18.2933 
-18.2933 
-18.2933 
-18.2933 
-18.2933 
-18.2933 
-18.2933 
-18.2167 
-18.2167 

Decimal 
Longitude 

146.5017 
146.5367 
146.5717 
146.6067 
146.6417 
146.6761 
146.7117 
146.7467 
146.7817 
146.8183 
146.8517 
146.7750 
146.7383 
146.1033 
146.6683 
146.6333 
146.6167 
146.5633 
146.5650 
146.4867 
146.4700 
146.4933 
146.5483 
146.5117 
146.4183 
146.4600 
146.4433 
146.4250 
146.4067 
146.3900 
146.3733 
146.3550 
146.3383 
146.2867 
146.3050 
146.3217 
I 46.34{)O 
146.3567 
146.3750 
146.3917 
146.4100 
146.4267 
146.4450 
146.4600 
146.4800 
146.5150 
146.5500 
146.5000 
146.4650 

Sample 
date 

12-8ep-93 
12-Se1'"93 
12-501'"93 
12-S01'-93 
12-S01'-93 
12-So1'"93 
12-50[>-93 
I2~Sep-93 

12-8ep-93 
12-Sop-93 
12-Scp-93 
12-Sep-93 
12-Scp-93 
12-Sep-93 
12-5"1'-93 
12-8e1'"93 
12-8e1'"93 
12-Sep-93 
12-Sep-93 
12-Sep-93 
12-Sop-93 
12-Sop-93 
13-80[>-93 
13-Sop-93 
I3-Sep-93 
13,Sep-93 
13-Sep-93 
13-Sop-93 
13-Sep-93 
13-Sep-93 
13-Sep-93 
13-Sep-93 
13-Sep-93 
13-Scp-93 
I3-So[>-93 
13-Sep-93 
13-Sep-93 
13-Sop-93 
13-Sep-93 
13-Sop-93 
13-Sep-93 
I3-Sep-93 
13-Sop-93 
13-Sop-93 
13-Sop-93 
13-Sop-93 
13-Sop-93 
1)-Sop-9) 
13-Sop-93 

Water 
deptb 

m 

20.00 
23.00 
13.00 
22.00 
23.00 
24.00 
25.00 
29.00 
28.00 
30.00 
32.00 
32.00 
32.00 
32.00 
30.00 
25.00 
21.00 
20.00 
16.00 
20.00 
23.00 
17.00 
34.00 
29.00 
28.00 
26.00 
25.00 
24.00 
23.00 
22.00 
20.00 
14.00 
8.00 

10.00 
12.00 
16.00 
19.00 
20.00 
22.00 
23.00 
25.00 
26.00 
27.00 
28.00 
28.00 
32.00 
34.00 
33.00 
30.00 

AI 
flmoVg 

801 
920 
667 
503 
460 
503 
453 
456 
31 I 
311 
272 
284 
450 
553 
618 
624 
550 
263 
283 
741 
1049 
731 
213 
220 
490 
504 
595 
666 
884 
901 
2208 
2056 
385 
529 
772 
1230 
1138 
708 
652 
484 
448 
398 
308 
207 
197 
133 
140 
184 
218 

C. 
flmolJg 
4873 
5736 
6143 
6282 
6362 
6791 
6906 
6397 
6801 
7108 
6213 
5843 
7206 
1333 
6198 
5171 
6028 
7038 
7021 
5257 
5479 
5888 
3386 
3114 
4148 
3099 
2740 
2887 
2345 
1806 
1438 
704 
706 
623 
1734 
1954 
2236 
2036 
2522 
3004 
3486 
3438 
4037 
4421 
3286 
4736 
5289 
6170 
5524 

CC 
flnlolfg 
5013 
5964 
6541 
6586 
6711 
7330 
7511 
6884 
721B 
7630 
6815 
6345 
7550 
7340 
6151 
5792 
6155 
7006 
7318 
5383 
5514 
5929 
3476 
3267 
4821 
3150 
2778 
2912 
2384 
1902 
1402 
609 
630 
536 
1619 
1832 
2026 
1959 
2364 
2897 
3341 
3313 
3998 
4429 
3364 
4806 
5429 
6234 
5615 

Cd 
pmollg 
<D.L. 
151.25 
115.66 
<D.L. 
106.76 
151.25 
<D.L. 
tl5.66 
177.94 
124.56 
<D. L. 
<D. L. 
<D. L. 
169.04 
160.14 
97.86 
151.25 
213.52 
124.56 
186.83 
115.66 
169.04 
<D. L. 
<D. L. 
<D.L. 
<D. L. 
115.66 
97.86 
97.86 
186.83 
151.25 
142.35 
560.50 
<D. L. 
302.49 
418.15 
213.52 
284.70 
204.63 
<D.L. 
<D~L. 

<D. L. 
97.86 
<D~ L. 
97.86 

<D. L. 
186.83 
177.94 
177.94 

Appcrulix I 

Co 
nmolJ: 

71.61 

50.91 

Cu 
nmolfg 

100.72 
129.05 
72.40 
53.51 
45.64 
56.66 
44.07 
45.64 
33.05 
42.49 
26.75 
26.75 
44.07 
53.51 
61.38 
59.80 
61.33 
48.79 
36.20 
75.54 

105.45 
78.69 
25.18 
23.61 
50.36 
50.36 
64.53 
66.10 
91.28 
97.58 
226.63 
210.89 
34.62 
45.64 
72.40 
127.48 
111.74 
75.54 
61.38 
44.07 
39~35 

39.35 
28.33 
22.03 
20.46 

<D. L. 
<D.L. 
18.89 
25.18 

Fe 
flmollg 

248 
272 
230 
207 
195 
191 
[80 
174 
123 
120 
100 
116 
209 
226 
225 
196 
164 
119 
120 
229 
288 
2ll 
107 
107 
195 
210 
212 
246 
286 
290 
643 
561 
196 
252 
302 
389 
363 
247 
230 
194 
201 
180 
149 
101 
74 
74 
36 
72 
85 

Mn 
flrnolfg 

5.74 
6.23 
6.38 
6.26 
6.39 
7.52 
4.87 
7.94 
4.65 
4.28 
3.21 
4.03 
4.11 
3.84 
5.44 
3.73 
3.23 
2.41 
4.03 
4.85 
4.21 
3.65 
1.99 
3.58 
3.43 
3.62 
3.28 
4.04 
4.03 
4.32 
7.96 
7.60 
8.09 
8.82 
8.38 
6.73 
5.89 
5.52 
4.13 
3.53 
3.47 
3.45 
3.44 
3.37 
2.77 
3.21 
2.56 
2.74 
3.58 

NI 
nmoV, 

144.18 

94.11 

OC P 
IimolJg IimolJg 

276 14.76 
328 12.35 
243 13.32 
218 12.91 
205 12.80 
210 15.09 
206 15.70 
258 15.79 
199 12.84 
241 13.41 
197 11.58 
172 1l.08 
243 15.73 
275 16.27 
252 12.90 
266 12.01 
391 11.30 
139 11.29 
189 10.92 
246 11.68 
386 12.68 
304 11.60 
142 7.47 
168 7.39 
252 11.38 
206 9.6Q 
221 8.67 
211 9.77 
230 8.84 
240 8.12 
639 12.64 
751 I UO 
76 5.30 
116 7.80 
24Q 8.68 
353 9.93 
335 10.02 
237 8.29 
214 8.91 
183 8.65 
189 9.99 
195 9.71 
184 9.63 
154 8.86 
155 6.73 
177 8.21 
178 10.06 
230 10.01 
231 10.22 

Pb 
nmolJg 

34.27 
33.78 
28.47 
25.10 
23.65 
28.47 
23.17 
23.65 
16.41 
15.93 
13.51 
14.48 
18.34 
21.72 
21.72 
21.72 
19.79 
20.27 
19.79 
21.03 
32.34 
26.06 
14.00 
15.44 
21.24 
22.20 
23.65 
26.54 
32.34 
34.75 
82.53 
83.49 
29.44 
31.85 
38.61 
54.05 
45.37 
30.41 
24.61 
24.13 
21.24 
20.27 
17.86 
15.93 
13.03 
13.03 
13.03 
12.55 
15.44 

S 
~lmollg 

46.10 
51.34 
52.03 
54.43 
51.72 
56.05 
53.71 
58.39 
63.13 
61.60 
63.07 
56.77 
61.29 
64.00 
62.26 
55.86 
69.37 
50.50 
75.14 
54.05 
59.92 
56.99 
43.29 
42.70 
48.41 
36.46 
38.27 
35.53 
33.44 
29.48 
111.70 
tt2.04 
26.17 
25.12 
40.80 
44.14 
34.00 
29.78 
34.40 
31.32 
36.34 
35.93 
44.88 
54.05 
47.32 
62.51 
56.58 
66.28 
6t.l7 

TC 
IimolJg 

5348 
6292 
6784 
6804 
6916 
7540 
7717 
7142 
7417 
7871 
1013 
65J7 
7793 
1615 
6403 
6058 
6546 
7145 
7507 
5630 
5900 
6233 
3618 
3434 
5074 
3356 
3000 
3123 
2613 
2142 
2041 
1360 
705 
652 
1858 
2185 
2361 
2196 
2578 
3081 
3530 
3508 
4182 
4583 
3518 
4984 
5607 
6464 
5845 

Zn 
nmoll: 

351.18 

207.26 

Pase 2J5 



AIMS 
catalogu.e 

547 
548 
549 
550 
551 
55~ 

553 
554 
555 
556 
557 
558 
559 
560 
561 
562 
563 
564 
565 
566 
567 
568 
569 
633 
635 
637 
639 
641 
643 
646 
648 
650 
652 
653 
654 
655 
656 
657 
658 
659 
660 
661 
662 
663 
664 
665 
666 
667 
668 

Shelf 
position 

MidS,,1C 
MidShclf 

Mid Shelf 
Mid Shelf 

MidSh.lf 
MidSheif 
MidShclf 

InlluShdf 

lnoerShelf 
ItlrlcrShclf 

Inner Shelf 
Inner Shelf 
Inner Sh~f 

lnm:r Shelf" 
InnerShe!f 

Tl'tmlrShe~f 

Inner Sh¢lf 

Jnm:rShclf 
Inner Shelf 

lnnt!; Shelf 
lnn:r Sh¢lf 

Inn~Sllclf 

Inm:rSllclf 

lon~ Shelf 

Inn~Shclr 

Inner Shelf 

Inner Shclf 

Mid Shelf 
IImer Shelf 
MidShc1f 
IoncrShclf 
hmerSh¢lf 

I!lncrShclf 

fnncrSheiC 

InncrShelf 

rnncrShc-lf 

InncrShelf 
{nncrShelf 

Inner-Sbelr 

fnnc-Shelf 

[LIner Slu:lr 
rnoe!' Shelf 

TnncrSbeir 
Inner Shdl" 

InnerShelr 

lrmcrShelf 
JnncrSheif 

TnncrShelf 
Tnnl;TShg:lf 

Geographi< 
region 

Mid Sh,lf 
Mid Shelf 

Mid Shelf 

MidSh<lf 
MidShdf 

MidShdf 
Mid Shelf 

Rockinghilm Bay 

Roclcinglmm Bay 

Rrn:kingluun BlIY 

Rockingham B~y 

RocklnghiLt'l'l Bi:1y 

lWokmgh3rn \J,y 
Rockingham Btty 

Roc1::illgl~ [by 

llincllinbroo-k Ch<wncl 

Hinchinbroo-k Ch<ltlrlcl 
Hinchinbrnok Charmel 
Hinchinbrook Char!nel 

~1in(;hinbmck Channel 

Hirlchiubrook. Channel 

Roclcing1mrn Bay 
Mi&S.ionary Bay 

R.ockingJl3t11 Bay 
Rockingham Bay 

MissimlilJ'yBay 

Rockingham U=lY 

Mid Shelf 

Rockingh:Jm Bay 

MidSllc!.f 

RockinSh+tm Bay 
Rookingham Bny 

Bow1ing Shelf 

BowIing Shelf 
Bow!ihg Sh¢lf 

Bowling Green Bay 
Bowling Green Bay 

EklwlinS Grcf!tl. Bay 

Dowling GreCrt B~y 
Bowling GfOCfI :ailY 
Bowlitlg Green Bay 

UpslllrtBay 

UpsIlIrtB4Y 
Upe:L1rtDay 
UpsUrtB(JY 

UpsiartBIlY 

Up~lrut ElILy 

Up:dnrtBay 

UpstlrtBilY 

Appendix 1 
Surface sediment grab samples - location data and strong acid digestion analytical results 

Decimal 
Latltllde 

-18.2183 
-18.2183 
-18.1183 
-18.2183 
-18.2183 
-18.2167 
-18.2167 
-18.2167 
-18.2167 
-18.2183 
-18.2167 
-18.1783 
-18.1350 
-18.1583 
-18.1550 
-1 B.4733 
-18,4983 
-18.4983 
-18.3867 
-18.3500 
-18.3683 
-! 8.2517 
-18.2467 
-18.1500 
-18.0750 
-18.2317 
-18.1950 
-18.0833 
·18.2333 
-1&.2067 
-18.1250 
-18.1917 
-192683 
-19.2833 
-19.3000 
-19.3183 
-19.3350 
-19.3517 
-19.3683 
·19.3833 
-19.4000 
-19.7267 
-19.7267 
-19.7250 
-19.7250 
-19.7267 
-19.1267 
-19.7250 
-19.7250 

Deehnol 
Longitllde 

146.4267 
146.3950 
146.3767 
146.3600 
146.3417 
146.3250 
146.3067 
146.2900 
146.2717 
146.2550 
146.2367 
146.1750 
146.1633 
146.2900 
146.2800 
146.1800 
146.2917 
146.2683 
146.1450 
146.1267 
146.1350 
146.2783 
146.2250 
146.0283 
146.1167 
146.1867 
146.1200 
146.2500 
146.2633 
146.3267 
146.1183 
146.0367 
147.3533 
147.3533 
147.3550 
147.3567 
147.3583 
147.3567 
147.3567 
147.3567 
147.3550 
147.6250 
147.6417 
147.6583 
147.6750 
147.6917 
147.7083 
147.7250 
147.7417 

Sample 
date 

13-5,,!>-93 
I3.Se[»93 
13-So[»93 
13-Sop-93 
I3-Sop-93 
13-So[»93 
D-Sep-93 
13-3e[»93 
I3-Sep·93 
!3·Sep-93 
t3-Se[»93 
14-Sep-93 
14-Sep-93 
14-Sep'93 
I4-Sep-93 
27-001-93 
28-00t-93 
28-001-93 
30·00(·93 
30-00\-93 
30-001-93 
31-001·93 
31-Oot-93 
II-Feb-94 
II.F.b·94 
12-Feb-94 
12-Feb-94 
13-Feb-94 
I3·Feb-94 
J3·Feb-94 
14-Feb-94 
14-Feb-94 
26-Mar-94 
26-Mar-94 
26-Mar-94 
26-Mar-94 
26-Mar-94 
26-Mar-94 
26-Mar·94 
26-Mar-94 
26·Mar-94 
28-Mar-94 
28-Mar-94 
28-Mur-94 
28-Mnr-94 
28-Mnr-94 
28·Mar-94 
28-Mar-94 
28-Mar-94 

Water 
deptlt 

m 

29.00 
27.00 
26.00 
26.00 
26.00 
24.00 
25.00 
10.00 
8.00 
7.00 
6.00 

15.00 
l1.nD 
20.00 
20.00 

1.00 
l.oo 
1.00 
1.00 
1.00 
5.00 
9.00 
3.00 
5.00 

20.00 
6.00 

26.00 
9.00 
6.00 

18.00 
15.00 
12.00 
9.00 
7.00 
7.00 
5.00 
4.00 
4.00 
3.00 
5.00 
8.00 
9.00 
9.00 
9.00 
9.00 
6.00 

AI 
~ltnoVg 

327 
376 
497 
845 
1052 
961 
2913 
122 
173 
487 
484 
1581 
814 
775 
1040 
1570 
204 
I7l 

2393 
138 

2065 
1694 
2164 
2036 
922 
738 
623 
917 
338 
920 
827 
1299 
1562 
2843 
2476 
2325 
2411 
1385 
2239 
1860 
2315 
1432 
2624 
2807 
2923 
2583 
2023 
1254 
927 

Cft 
ILrnoVg 
5397 
4461 
3099 
3523 
2989 
3191 
890 
982 
273 
517 
655 
1894 
2116 
1689 
1394 
159 
98 
27 
169 
247 
106 
253 
430 
2328 
959 
1641 
1689 
3718 
709 

3256 
1213 
3905 
849 
549 
300 
185 
178 
279 
244 
217 
230 
141 
III 
130 
216 
589 
1507 
2410 
2402 

CC 
].tmoVg 

5525 
4557 
3085 
3837 
3117 
3274 
859 
951 
245 
485 
602 
1942 
2181 
1723 
1383 
o 

196 
o 
o 

197 
o 
o 

105 
2450 
952 
1635 
o 

3751 
651 

3165 
1208 
3890 
908 
634 
397 
267 
252 
291 
301 
216 
275 
249 
219 
213 
240 
632 
1160 
1763 
1745 

Cd 
pmolfg 

115.66 
97.86 

<D. L. 
231.32 
169.04 
320.28 
774.02 
<D. L. 
<D. L. 
195.73 
142.35 
195.73 
186.83 
<D. L. 
106.76 
391.46 
160.14 
<D.L. 
453.74 
<D. L. 
373.67 
275.80 
435.94 
I46H7 
<D. L. 
<D. L. 
169.04 
160.14 
195.73 
231.32 
685.05 
<O.L. 
186.83 
124.56 
160.14 
186.83 
<D. L. 
<D. L. 
97.86 
<D. L. 
<D. L. 
427.05 
293.59 
Ig5.73 
204.63 
160.14 
<D. L. 
<D. L. 
151.25 
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C. 
mnoll: 

86.46 
32.30 

239.66 

26S,04 

270.34 

269.62 

274.72 
257.51 

296.32 

251.26 

151.47 

Cu 
nmollg 

31.48 
37.77 
50.36 
86.56 
107.02 
100.72 
295.88 
37.77 
28.33 
56.66 
55.08 
173.12 
97.58 
89.71 
111.74 
242.37 
25.18 
18.89 

226.63 
<D.L. 
188.86 
182.56 
214.04 
151.09 
72.40 
69.25 
50.36 
83.41 
28.33 
83.41 
67.67 
113.31 
373.47 
405.89 
385.74 
367.01 
382.44 
212.15 
343.41 
304.85 
341.83 
292.89 
466.95 
493.55 
439.09 
367.80 
284.D7 
172.33 
145.47 

F. 
].tmollg 

139 
160 
185 
285 
332 
322 
779 
59 
57 

215 
253 
492 
329 
260 
321 
433 
79 
58 

575 
45 
524 
552 
658 
550 
365 
335 
321 
JI6 
163 
337 
365 
463 
761 
829 
786 
763 
772 
488 
736 
619 
757 
524 
80S 
828 
856 
744 
599 
401 
329 

Mn 
~lmo1fg 

3.51 
3.75 
4.48 
4.70 
4.98 
6.13 
7.49 
1.93 
1.52 

5.78 
7.92 
6.39 
6.28 
3.92 
4.81 
1.77 
1.80 
0.95 
2.14 
1.03 
2.70 
3.67 
4.63 
6.12 
7.68 
7.10 
6.98 
5.87 
5.13 
5.09 
7,48 
5.54 
7.02 
7.06 
8.17 
8.07 
7.94 
8.13 
8.60 
7.45 
9.64 
6.15 
8.71 
9.37 
8.08 
9.4S 
6.66 
5.69 
7.14 

Ni OC 
nmol/l! ~rnollg 

251 
185 
209 
306 
379 
331 
849 
85 
111 
!74 
154 
551 
324 
229 
331 

181.29 5495 
20.48 82 

88 
7693 
95 

4907 
9058 
2706 
951 
351 
376 
433 
303 
152 
335 
391 
744 

4g7.84 719 
728 

533.51 826 
798 

532.45 739 
440 

512.23 716 
574 

513.93 687 
362.19 697 

963 
581.33 807 

750 
506.07 715 

616 
238.43 471 

449 

P 
].tffiollg 

11.89 
10.03 
8.76 
11.75 
10.56 
9.96 
14.04 
3.00 
1.93 
5.41 
6.89 
11.95 
l0A2 
7.73 
8.02 
7.47 
2.45 
1.95 
12.04 
3.66 
9.43 
12.66 
13.46 
10.48 
8.77 
8.99 
8.26 
12.21 
4.13 
12.Q2 
8.37 
12.49 
13.09 
13.69 
12.84 
12.86 
13.05 
9.01 
12.40 
11.27 
13.05 
12.73 
15.64 
14.54 
14.44 
14.02 
14.10 
14.15 
14.24 

Ph 
nmollg 

18.82 
19.79 
22.68 
30.89 
37.64 
39.09 
105.21 
15.44 
16.89 
30.89 
31.37 
66.12 
43.44 
35.71 
41.99 
89.29 
18.34 
18.34 
87.84 
14.00 
88.80 
68.53 
90.73 
75.77 
47.30 
41.02 
43.92 
37.64 
25.58 
40.06 
45.37 
65.15 
79.73 
88.29 
98.77 
80.29 
97.43 
80.28 
93.37 
66.67 
105.95 
60.58 
90.21 
89.01 
86.16 
84.23 
78.06 
42.02 
44.20 

S 
I'mollg 
58.27 
45.98 
38.24 
40.46 
48.44 
35.53 
128.51 
12.86 
15.70 
27.26 
28.19 
75.64 
34.93 
27.51 
33.72 
530.57 
11.42 
13.70 

455.40 
16.51 

426.08 
410.79 
198.60 
152.12 
32.84 
43.76 
39.30 
45.38 
28.28 
32.13 
47.47 
53.46 
76.64 
78.04 
80,04 
80.72 
79.63 
44.98 
75.39 
49.75 
64.50 
79.41 
75.92 
75.55 
77.82 
88.15 
81.35 
61.29 
65.97 

TC 
].tmollg 

5776 
4741 
3294 
4144 
3495 
3605 
1708 
1036 
356 
659 
756 

2493 
2505 
1952 
1714 
5495 
277 
88 

7693 
291 

4907 
9058 
2811 
3401 
1303 
2011 
433 

4054 
803 
3499 
1599 
4634 
1628 
1362 
1223 
1065 
992 
731 
1017 
790 
962 
996 
1226 
1062 
1039 
1474 
2009 
2589 
2545 

Zn 
mnoll! 

676.27 
286.56 

1090.26 
1131.41 
1114.88 
1083.07 
1108.15 
714.39 
1046.66 
866.61 
1071.13 
863.70 
1201.16 
1219.52 
1231.45 
1104.18 
873.95 
584.31 
463.21 
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AIMS 
catalogue 

669 
670 
671 
672 
673 
674 
67S 
676 
677 
678 
679 
680 
681 
682 
683 
684 
685 
686 
687 
688 
689 
690 
691 
692 
693 
694 
695 
696 
697 
698 
699 
700 
701 
702 
703 
704 
705 
706 
707 
708 
709 
71{) 

711 
712 
713 
714 
715 
116 
717 

Shelf 
position 
Inncr-Shelf 
[nnerShl!lf 

JnnetSbelr 

rnl'l~ShE:lr 

[nn~ Shelf 
TnllcrSlu:ir 

lnoerShdf 
InncrShelr 

TmuShdr 

Inner Shdf 
InnerShdr 

JnnerShelf 
InncrShc,!lr 

rnnorShcM 
fnner Sh~lr 

Inner SheU 

lfiI1.crShelr 
Inn.crShdr 

JnncrShc1f 
JnncrS~lr 

Jnn¢l'Sh-clr 

fimcrShtlr 
JnnctShl:lr 

InncrShdr 

TnnerBhdr 
Il1nerShdr 

InnerShclf 
hmerShelr 

rl1n(:fSh~1[ 

Jnn¢J'Shelf 

JnncrShelf 
TnncrShdr 

IrmuShelf 
IflIlerShclf 
rtlncrShetr 
In:ac:rShelf 
Inner Shelf 

hmtrShdf 

JnncrShctf 

lrltlet'She1f 
Inner Shelf 
InncrShelf 

IlUlerShelf 
InncrShclf 

lnna-Shelf 

JnncrShdf 

Inn«Shdf 

l"""Sl>olf 
InncrShdf 

Geogrophic 
""glon 

Upsttlrt Bay 

Upstart Bay 

UplllartBay 

UpswrtBilY 
Up51artBay 
UpshrtBoy 

Upsl<lrt O~y 
UpsiartBay 

Ups!arl Bay 

Up$lartBay 

Up:>lilrl.BiLY 

UpstanBay 

Uplll!ll'tBay 

Up""rtll.y 
Up,l.3n Bay 
Upst('lrt Bay 

UpstutBOI.y 

Up~tart B~y 

Upfl;1rtBllY 
Up~t;ulB3y 

Up!OUrt B:ty 

UPStirt B~y 

Ufl~UrtB~ 

Up~tut Bny 

Upstart B!ly 

U('l~t;lrt))~y 

Up~tUmB~y 

UPltam Bay 

Up~Ulrt B~)' 

UPStm1. Bay 
Up,,,,,, Il>y 

Bowling Green Bay 

Bowling Green Bay 

Bowling Green Bay 

Bowiing Grcm Bay 
Bowltng Grom Bay 
Bowling Grectl &y 
BowIing Green B3Y 

Bowling Gn:e!l Bay 

Bowlin!!; Green B3Y 
Dowling GI'eCl1 Bay 
Bowling Green Bi1Y 

BowlingShc:lr 

BowliIlg Shdr 
Bowling Shdf 

Bowling Sh~lf 

Bowling Sh~tf 
Bowling Shelf 
Bowling Shelf 

Appendix 1 
Surface sediment grab samples - location data and strong acid digestion analytical results 

Decimal 
Latitude 
-19.7883 
-19.7867 
-19.1883 
-19.7867 
-19.7883 
-19.7867 
-19.7883 
-19.7883 
-19.8283 
-19.8183 
-19.8117 
-19.7133 
-19.1261 
-19.7367 
-19.7500 
-19.7583 
-19.7733 
-19.7850 
-19.7983 
-19.8067 
-19.7033 
·19.1033 
·19.7050 
-19.7Q33 
-19.7033 
-19.7033 
-19.7050 
-19.7033 
-19.7500 
-19.7500 
-19.7483 
-19.3517 
-19.3717 
·19.4083 
-19.4067 
-19.4083 
-19.3383 
·19.3550 
·19.3717 
-19.3883 
-19.3983 
·19.3200 
-19.3033 
-19.2867 
-19.2700 
-19.2533 
-19.2350 
-19.2200 
·19.2033 

Decimal 
umgltudc 
147,6433 
147.6600 
147.6767 
147.6933 
147.7100 
147.7261 
147.7433 
147.7500 
141.1611 
147.7517 
147.1450 
147.6250 
147.6417 
147.6533 
147.6700 
147.6861 
141.6950 
147.7011 
[47.7233 
147.7383 
147.6200 
147.6367 
147.6533 
147.6700 
147.6867 
147.7033 
147.7200 
141.7367 
147.7417 
147.7233 
147.7061 
141.4117 
147.4117 
147.4117 
147.3900 
147.3567 
147.2500 
147.2500 
147.2500 
147.2500 
147.2500 
147.2500 
147.2517 
147.2500 
147.2500 
147.2500 
147.2500 
147.2500 
147.2500 

Sample 
date 

29-Mar-94 
29-Mar-94 
29·Mor·94 
29·Mar·94 
29·Mor·94 
29-Mnr-94 
29-Mor-94 
29·M.r·94 
29-Mor-94 
29-Mor-94 
29·Mor·94 
29-Mor-94 
29·Mar-94 
29-Mar-94 
29·Mar-94 
29-M.,--94 
29-Mor-94 
29-Mar-94 
29·Mar-94 
29-M.r·94 
30·Mar-94 
30-Mar-94 
30-Mar-94 
30-Mnr-94 
30-Mar'94 
30-Mar-94 
30-Mar·94 
30-Mar-94 
30-Mar-94 
30·Mar-94 
30-Mar-94 
26-Mar-94 
26-Mar-94 
26-Mar-94 
26-Mar-94 
26-Mar-94 
26-Mar-94 
26·Mar-94 
26-Mar-94 
26-Mar-94 
26-Mar-94 
27-Mar-94 
27-Mar-94 
27-Mar-94 
27-Mar-94 
27·Mar·94 
27-Mar-94 
27-Mar-94 
27-Mar-94 

Water 
deptb 

m 
4.00 
4.00 
4.00 
6.00 
6.00 
6.00 
6.00 
5.00 
2.00 
2.00 
3.00 
4.00 
6.00 
8.00 
8.00 
7.00 
6.00 
6.00 
4.00 
4.00 
4.00 
6.00 

10.00 
12.00 
13.00 
14.00 
14.00 
16.00 
6.00 
8.00 
9.00 
1.00 
1.00 
1.00 
1.00 
1.00 
5.00 
2.00 
2.00 
2.00 
Loo 

14.00 
15.00 
17.00 
17.00 
18.00 
18.00 
19.00 
19.00 

Al 
"mollg 

903 
2034 
2209 
2301 
2198 
1713 
107S 
470 
852 
229 
558 

2467 
2223 
2780 
2887 
2766 
2599 
2341 
1699 
918 
461 
2345 
2681 
2915 
2678 
2169 
1606 
1172 
772 
1592 
2115 
687 
1834 
2403 
2252 
2333 
267 
290 
332 
342 
217 
2199 
2091 
1266 
1214 
944 
869 
612 
294 

Ca 
J1moVg 

839 
1102 
923 
837 
1533 
2291 
3423 
3800 
806 
721 
596 
106 
140 
130 
295 
712 
914 
1096 
1636 
687 
114 
104 
120 
174 
346 
1259 
1872 
2472 
3575 
2307 
2175 
1296 
338 
277 
291 
202 
124 
499 
380 
288 

3478 
770 
891 
1417 
2458 
2208 
2234 
2730 
1757 

CC 
J1ll1ollg 

596 
840 
726 
714 
1134 
1651 
2402 
2653 
643 
542 
454 
119 
210 
222 
313 
567 
740 
868 

1225 
523 
17 
183 
-619 
228 
351 
1006 
1456 
1826 
2613 
1646 
1560 
1083 
322 
320 
323 
281 
84 
97 

241 
203 
2939 
789 
878 
1313 
2198 
2063 
2008 
2573 
1607 

Cd 
pmollg 

<D.L 
<D.L 
1IS.66 
<D.L. 
<D.L. 
<D.L 
<D.L 
<D.L. 
151.25 
<D.L 
<D.L 
364.77 
293.59 
266.ot 
822.06 
17L71 
194.84 
142.35 
98.75 
130.78 
145.91 
599.64 
324.73 
345.20 
310.50 
31050 
201.96 
<D. L. 
<D. L. 
<D.L. 
<D. L. 
<D. L. 
151.25 
110.32 
119.22 
!l1.21 
<D. L. 
<D. L. 
96.98 

<D. L. 
<D.L 
165.48 
120.11 
102.31 
102.31 
120.11 
102.31 
<D. L. 
<D. L. 

AppClldix.l 

Co 
nmoll: 
209.90 
233.50 

233.21 

168.29 

70.71 
115.62 

106.60 

275.97 
235.81 

104047 

304.15 

277,42 

182.92 
138.93 
108.63 
166.52 

102.16 

269.01 

209.10 

137.67 

95.72 
71.31 

C. 
nmollg 
139.60 
299.18 
298.55 
307.37 
282.81 
195.00 
119.66 
31.48 
225.06 
31.48 
55.19 
399.12 
434.06 
439.88 
402.27 
396.76 
339.94 
311.14 
222.69 
108.12 
55.92 

415.96 
452.63 
463.02 
392.98 
301.38 
221.28 
181.62 
114.64 
221.28 
311.46 
IIUO 
282.81 
342.15 
317.12 
308.47 
31.48 
31.48 
104.06 
34.55 
31.48 

276.68 
260.78 
166.67 
142.90 
110.47 
97.48 
44.48 
31.48 

Fe 
j.lmollg 

380 
621 
679 
688 
598 
486 
321 
201 
272 
92 
200 
712 
737 
815 
829 
740 
693 
642 
482 
292 
200 
618 
792 
834 
752 
615 
482 
353 
254 
447 
564 
232 
563 
687 
662 
701 
97 
122 
146 
148 
106 
620 
600 
388 
385 
285 
261 
184 
98 

Mn 
j.lUlolig 

9.57 
8.19 
8.44 
7.17 
6.89 
6.31 
4.86 
4.81 
3AI 
2,42 
4.02 
7.30 
10.37 
10.91 
9.64 
8.97 
8.21 
7.07 
6.09 
4.94 
4.36 
6.00 
8.47 
10.30 
7.83 
7.20 
5.94 
6.22 
4.61 
5.80 
6.61 
4.12 
7.60 
9.52 
9.54 
12.28 
6.91 
9.90 
9.10 
8.75 
IL74 
6.89 
6.83 
4.89 
5.75 
4.73 
4.29 
4.40 
3.46 

Ni 
nmoll: 
184.88 
369.17 

413.17 

290.94 

76.61 
154.17 

91.17 

557.99 
460.51 

102.06 

607.58 

547.10 

325.09 
222.22 
144.47 
266.31 

137.51 

498.68 

420.96 

249.24 

172.76 
121.93 

OC P 
"mollg IlUlolig 

332 12.57 
661 13.92 
731 14.01 
792 14.28 
643 13.39 
555 12.51 
427 11.42 
271 12.08 
624 6.15 
114 2.92 
325 5.31 
810 13.12 
1231 13.97 
859 13.73 
707 13.42 
747 13.58 
7J5 13.86 
687 13.19 
614 12.35 
578 8.49 
53 5.22 
678 11.95 
1345 13.81 
799 14.42 
724 13.68 
640 13.74 
541 13.98 
452 12.92 
352 11.72 
518 B.1O 
566 13.23 
178 557 
497 10.82 
641 12,48 
611 11.79 
711 1355 
54 3.29 
48 4.42 
45 4.11 
42 4.71 
42 4.79 
511 10.73 
508 11.62 
297 8.61 
414 10.05 
264 7.08 
269 7.06 
211 6.60 
149 3.77 

Pb 
nmollg 
45.78 
19.41 
72.66 
73.25 
65.80 
56.31 
37.35 
26.29 
38.74 
18.89 
27.10 
80.45 
83.32 
103.28 
lUO.S7 
91.65 
100.10 
81.23 
61.81 
42.18 
29.05 
97.30 
101.64 
108,45 
98.99 
90.69 
62.07 
38.51 
31.03 
51.79 
68.34 
33.69 
74.11 
92.62 
89.91 
89.62 
17.47 
15.88 
21.67 
20,42 
18.05 
78.72 
75.00 
62.06 
53.98 
42.95 
38.66 
28.72 
19.89 

S 
J.lIt1011g 
39.58 
74.45 
80.88 
95.54 
87.74 
70.40 
58.36 
40.21 
125.05 
24.81 
49.91 
M.l5 
114.19 
75.17 
85.03 
95.32 
92.45 
89.18 
84.93 
76.61 
18.77 
88.93 
77.98 
78.13 
83.94 
76.17 
67.47 
61.17 
45.51 
68.03 
85.09 
17.93 
43.48 
68.75 
72.89 
119.49 
9.48 
9.09 
8.75 
13.61 
18.33 
75.64 
49.84 
30.16 
32.31 
28.62 
29.77 
31.09 
27.70 

TC 
"mollg 

1048 
1670 
1604 
1649 
2005 
2539 
3312 
3458 
1396 
765 
871 
)025 
1483 
1125 
1084 
J427 
1604 
1729 
2086 
1206 
73 

898 
1102 
1072 
1146 
1848 
2290 
2644 
3491 
2494 
2440 
1261 
818 
961 
934 
992 
138 
145 
286 
245 

2981 
D05 
1385 
1610 
2612 
2327 
2277 
2784 
1756 

Zn 
nmoll: 
576.41 
946.00 

1002.45 
1033.35 
860.49 
685.79 
457.09 
225.49 
370.20 
156.65 
249.81 
Ill5.65 
1109.84 
1201.41 
1186.63 
1055.68 
1008.57 
933.61 
693.44 
406.15 
324.00 
l085.97 
ll52.21 
1217.38 
1105.11 
910.66 
699.71 
492.58 
342.21 
634.24 
808.Q2 
343.58 
873.80 
1038.70 
1007.50 
105324 
133.29 
150.37 
181.58 
202.54 
141.88 
918.16 
849.01 
552.39 
530.67 
414.56 
350.31 
246.44 
166.59 
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AIMS 
... talogu. 

718 
719 
no 
721 
722 
723 
724 
725 
726 
727 
728 
729 
730 
731 
732 
733 
734 
735 
736 
737 
738 
739 
740 
741 
742 
743 
744 
745 
746 
747 
748 
749 
750 
751 
752 
753 
754 
755 
756 
757 
758 
759 
760 
761 
762 
763 
764 
765 
766 

Shelf 
pOllltion 

Mhl Shelf 
lnl'lerShdf 

JnntlfShelf 
Jnner Sh~lr 
Inl1.¢tShe:tr 

Inner Shdf 
fnnerShdf 

InncrShelf 

lnncrShl!lf 

In!l.erShe1r 

InnerShclf 

lml.erShdf 

rn~c::rSh-clr 

JnncrShdf 
1.,,,,She1[ 
limcrSh(:lf 
InnerShdf 
InIlC:J'Shdf 

InnuSbcir 
Inlll.'TSho]f 
IhllC(Shelf 

Inner Shelf 

Inner Shelf 
Jnn~f Shelf 

InnerShel.f 
JnnerShclf 

InnerShclf 
Inn~rShr::lf 

Jnl1~"She!f 

Inn('!cSlw:lf 
Jl'lnerSlre!f 
Irm~rShc:lf 

Inn~rShelr 

Il'IncrSlwlf 

lnner Shdf 
JnnerShelf 
Inner Shelf 

l"""She(f 
Inner Shelf 

JnnerShclf 
Inh(:"( Shelf 

lnnac Shelf 
Inner Shelf 

Inner Shelf 

lnncrShclf 

lnn~Shdf 

lom"Shdf 
Innc:rShdf 

Inner Shelf 

Geographic 
region 

MidShdf 

Bowling Shelf 

Bowling Shelf 
OowlinS Shelf 
Uowling Sbdf 

l30wling Slu:lf 
Bowling Shelf 

Bowling Shelf 

Bowling Shdf 
BowlingShdf 

Bowling Green BrI)' 

Bowling GJ'l:rn Bay 

Bowl11J8 Groen nay 
Bowling Green Bay 

Bowline Green Bay 

Bowling Green Bay 
Up.'ltarti3.[)y 

Upstart B~y 

UpsW1Bay 

Upstart Bay 

UpstmtBay 

UpstmB;lY 

llinc:hil'lbrook Clwmel 
Hil1chil1brook Clm.tll1~1 
Hinchinbrook Channel 

JJincllil'lbJ'OQk Clumnd 

llim::hinhrook Channel 
lIil\cl!il\brooJ::: Channel 
Hincliinbrook ChaIlncl 
Hinel1iJ1.brook Chrumel 
lIinchiJ1.brook Channel 
l1inchinbroo-k Channel 

IJinchil\lrrook Chmlnel 
Hint;:hinbrook CronmO:i 
fJintl1inbrook Ch<mnel 
IJinchinbrook ChMnel 
Hinchill.brook Channel 

rJin<:hinbrook Chrumcl 
Ilinchinbrook Channel 

JIinchinbrook Charmel 
Hinchinbrook Ch.·umcl 
Hindlinbrook Ch.:mnd 
Hinchinbl:OOk Chnnlle1 
Hincidnbrook Channel 
Ilinchinbrook Channel 

Hin<:hinbrook ChMncl 
Hinchinbrook Ch:umel 
Hinchinbrook Ch8tjncl 
Hinchillhrool.: Ch:mncl 

Appendix 1 
Surface sediment grab samples - location data and strong acid digestion analytical results 

Decimal 
Latitude 

-19.1683 
-19,1583 
-19.1750 
-19.1917 
-19.2D83 
-19.2250 
-19.2417 
-19.2483 
-19.2583 
-19.2750 
-19.2917 
-19.3100 
-19.3250 
-19.3417 
-19.3583 
-19.3767 
-19.7483 
-19.7500 
·19.7500 
-19.7517 
·19.7500 
-19.7500 
-18.5433 
·18.5425 
.18.5367 
-18.5350 
-18.5375 
-18.5433 
-18.5417 
·18.5400 
-18.5317 
-18.5333 
-18.5283 
-18.5275 
-18.5292 
-18.5292 
-18.5325 
-18.5233 
-18.5200 
-18.5358 
·18.5617 
-18.5625 
-J 8.56iJ8 
·18.5550 
-18.5500 
-18.5417 
-18.5317 
-18.5317 
-18.5400 

D .. i",.1 
Longitude 

147.2500 
147.1200 
147.1200 
147.1200 
147.1200 
147.1200 
147.1200 
147.1217 
147.1200 
147.1200 
147.1200 
147.1200 
147.1200 
147.1200 
147.1200 
147.1200 
147.6900 
147.6733 
147.6567 
147.6400 
147.6233 
147.6167 
146.3308 
146.3283 
146.3233 
146.3250 
146.3225 
146.3233 
146.3142 
146.3117 
146.3150 
(46.3083 
146.3142 
146.3067 
146.2900 
146.2933 
146.3017 
146.2892 
146.2717 
146.2917 
146.3033 
146.3025 
146.3042 
146.3083 
146.3150 
146.2717 
146.2733 
146.2767 
146.2733 

Sample 
date 

27-Mar-94 
27-Mar-94 
27-Mar-94 
27-Mar-94 
27-Mar-94 
27·Mor-94 
27-Mar-94 
27-Mar-94 
27·Mar·94 
27-Mar-94 
27-Mor-94 
27-Mar-94 
27-Mar-94 
27-Mar-94 
27-Mor-94 
27-Mar-94 
30-Mm--94 
30-Mar-94 
30·Mar-94 
30-Mar-94 
30-MllT-94 
30-Mar-94 
IS-May-92 
18-May-92 
18-May-92 
18-M.y-92 
19-May-92 
19-M.y-92 
19-May-92 
19-May-92 
19-M.y-92 
19-M.y-n 
20-M.y-92 
20-May-n 
20-M'y-92 
20-May-92 
20-May-n 
21-May-92 
21-M.y-92 
21-May-92 
22-M.y-92 
22-M.y-92 
22-M.y-92 
22-May-92 
22-M.y-92 
04-Aug-92 
()4·Aug-92 
04-Aug-92 
04-Aug-92 

Water 
depth 

m 

22.00 
20.00 
18.00 
17.00 
16.00 
16.00 
14.00 
13.00 
12.00 
! 1.00 
11.00 
9.00 
9.00 
7.00 
5.00 
2.00 
5.00 
9.00 
9.00 
7.00 
5.00 
3.00 

AI 
;.tmollg 

410 
741 
689 
701 
721 
952 
956 
955 
1069 
954 
1156 
961 
1158 
2913 
833 
264 
2507 
3106 
1113 
2815 
2105 
458 
486 
1156 
1168 
1134 
756 
460 
1857 
511 
134 
901 

2939 
1182 
1297 
437 
1256 
1079 
2324 
812 
1145 
1023 
1086 
1071 
638 
1064 
500 
1431 
2476 

C. 
Ilmollg 

3139 
3438 
2078 
1914 
1871 
1472 
1425 
1043 
1301 
1032 
1024 
985 
1M2 
208 
1374 
448 
754 
284 
814 
138 
98 
102 
28 
50 
113 
136 
31 
40 
61 
40 
44 
44 
62 
66 
90 
63 
64 
53 
62 
48 
66 
28 
55 
167 
81 
68 
40 
56 
65 

CC 
;.tmoUg 

3009 
3213 
1940 
1771 
1768 
1392 
1308 
992 
1200 
989 
999 
923 
970 
293 
1245 
401 
684 
333 
650 
237 
373 
45 

Cd 
pmollg 

<O.L 
<D.L. 
92.53 

<D.L. 
<O.L. 
<D.L 
126.33 
118.33 
128.11 
209.96 
112.90 
462.63 
114.77 
221.53 
126.33 
<D.L 
127.22 
180.60 
118.33 
225.08 
545.37 
101.42 
<D.L 
<D.L. 
<D.L 
<D.L 
<D. L. 
<D. L. 
<D.L 
<D.L. 
<D.L. 
<D. L. 
53,38 

<D. L. 
<D.L. 
<D. L. 
<D.L 
<D.L. 
<D.L. 
<D.L 
<D. L. 
<D.L. 
<D. L. 
<D. L. 
<D.L. 
<D.L 
<D.L 
<D. L. 
<0.1.. 

Appendix f 

Co 
nmoll: 

86.87 

93.37 

140.04 

153.71 

192.32 

246.96 

301.34 
317.01 

eu 
nrnollg 

31.48 
72.71 
55.68 
54.03 
68.74 
98.80 
129.60 
92.62 
111.95 
152.25 
123.07 
134.39 
145.50 
414.54 
81.05 
31.48 

544.22 
421.47 
141.34 
449.48 
493.55 
49.76 
62.95 
157.38 
251.81 
236.07 
110.17 
62.95 
251.81 
62.95 
94.43 
125.90 
361.98 
173.12 
220.33 
78.69 
204.60 
110.17 
361.98 
141.64 
141.64 
141.64 
151.38 
299.02 
125.90 
173.12 
78.69 
236.07 
393.45 

F. 
;.tmo1lg 

139 
245 
231 
232 
251 
344 
341 
332 
371 
356 
400 
361 
431 
822 
405 
165 
721 
838 
4lO 
817 
700 
184 
111 
227 
2()4 
335 
179 
90 

381 
107 
163 
206 
666 
247 
288 
104 
269 
297 
517 
256 
276 
291 
317 
483 
118 
206 
115 
365 
621 

Mn 
~lrnollg 

5.68 
6.63 
7.08 
6.78 
6.76 
5.80 
5.92 
6.23 
6.83 
8.19 
8.40 
8.93 
7.82 
15.17 
12.95 
15.44 
10.05 
9.38 
8.90 
10.26 
4.86 
7.74 
1.51 
1.95 
1.49 
1.58 
2.33 
1.37 
2.15 
1.27 
1.98 
2.20 
6.21 
1.98 
3.13 
1.73 
2.31 
2.40 
3.93 
4.68 
4.00 
3.60 
8.45 
2.29 
1.06 
2.01 
1.82 
2.82 
11.59 

Ni OC 
nmo1/a jlmoVg 

161 
152.28 219 

199 
143.88 202 

191 
203.78 226 

262 
219 

221.99 273 
240 

255.71 260 
203 
299 
849 

189.38 249 
44 
664 
736 
260 

570.64 950 
609.03 1394 

37 

P 
).lII1ollg 

7.09 
8.98 
7.10 
6.12 
7.30 
7.97 
8.11 
7,92 
9.04 
8.58 
8.55 
8.17 
8.45 
14.93 
10.44 
4>99 
13,69 
14.94 
9.52 
15.40 
14.19 
5.49 
2.68 
6.20 
17.21 
17.73 
4.39 
4.49 
9.43 
3.87 
5.42 
6.01 
13.69 
7.65 
9.01 
4.68 
8.56 
6.10 
11.72 
7.17 
11.43 
10.85 
13.95 
30.77 
8.88 
8.56 
3.58 
8.10 
14.19 

Pb 
nmollg 

20.86 
35.52 
32.11 
35.16 
37.25 
52.0S 
50.47 
54.84 
55.58 
62.57 
64.76 
66.88 
68.39 
108.40 
52.36 
22.32 
&8.14 
100.42 
<D.L. 
99.33 
89.72 
31.97 
33.78 
57.92 
72.39 
61.57 
53.09 
33.78 
91.70 
43.44 
57.92 
62.74 
130.31 
77.22 
101.35 
33.78 
77.22 
77.22 
125.48 
53.09 
62.74 
67.57 
62.74 
77.22 
24.13 
53.09 
24.13 
82.05 
llS.83 

S 
llmol/g 
32.97 
35.87 
26.63 
24.69 
23.99 
22.02 
21.22 
19.60 
23.19 
20.29 
22.33 
18.70 
43.57 
82.84 
29.93 
1459 
94.32 
77.35 
24.08 
84.50 
153.40 
18.68 
11.23 
30.26 
94.&2 
143.48 
19.34 
17.78 

204.62 
27.76 
44.92 
19.34 
91.08 
52.71 
106.99 
38.68 
47.72 
56.14 
86.71 
13.72 
57.08 
2.18 

26.82 
144.73 
134.12 
SZ.09 
28.07 
38.05 
62.07 

TC 
ilmoVg 

3170 
3433 
2139 
1972 
1959 
1618 
1570 
1211 
1473 
1230 
1260 
1126 
1269 
1142 
l494 
445 
1485 
1136 
1042 
1235 
1842 
91 

Zn 
nmoVi 

226.25 
330,89 
298.00 
375.10 
340.83 
441.03 
462,44 
466.57 
485.08 
589.11 
618.17 
579.47 
669.88 
1212.79 
575.65 
207.43 
1048.65 
1197.03 
624.90 
1192.29 
1080.01 
281.78 
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AIMS Shelf 
catalogue position 

767 Inn" Sh.lf 
768 In.er Shelf 
769 b",cr Shelf 
770 In.,, Shelf 
771 In.,, Sh.lf 

772 I."" Shelf 
773 In.,, Shelf 
775 Inaer Shelf 

884 MidSholf 
885 MidShdf 
886 MidSb,lf 
887 Mid Shelf 
888 Mid Sh,lf 
889 Mid Sh,lf 
890 MidSh,lf 
891 MidShoif 
891 MidShdf 
892 Mid Sh,lf 
893 Mid Sh,lf 
894 Qu'e, Sh,lf 
8.95 OUlcrShelf 
8.96 Ouler- Slu:lf 
897 OUlcrSh~lf 

898 Ou"', Sb,lf 
899 00"" Sh,lf 
900 Outer Shelf 
901 Oole,Shelf 
902 O.'or Sh,lf 
903 Mid Sh,lf 

904 Mid Shelf 
905 Mid Sh,lf 
906 MidShdf 

907 Mid Shelf 
908 Mid Sh,lf 
909 MidSh,lf 
910 Mid Sh,lf 
911 Mid Sh,lf 
912 MidSh,lf 
913 Jnner Shclr 
914 1""SMlf 
915 lnm:rShclf 
g.16 Inner Shelf 

917 lnm:' Shelf 
918 J •• erShelf 
919 Inn~rShclf 

920 l .. er Sh.lf 
921 ]r.ni:r Shelf 
922 Inner Shelf 
923 Inner Shelf 

Geographic 
region 

llinuhillbrook Clmnnd 
lliochiobrook Ch.annel 
HinchinbroQi;: Clwmd 
Hinchinbrook Qklnnd 
Ifinchinbrook Chrumd 
Ilinchinbrook Ch11nml 
llillC'hirtbrook OI3fiilt':1 
Hincilircbrook ChrUlnd 

MidShclr 
MidShelr 
MidShclf 
Mid Shelf 
Mid Shelf 
Mid Shelf 

Mid Shelf 
Mid Shelf 
Mid Shelf 
Mid Shejf 

Mid Shelf 
0 ..... Shelf 
01.lI~tShclr 

OulcrSheif 
OulerShelr 
OUicrSltclr 

OulerShelr 
OulerShclr 
Qull,lTShclr 

Ou~rShc1r 

Mid Shelf 

Mid Shelf 
Mid Shelf 
Mid Shelf 

Mid Shelf 

MidShc!f 
Mid Shelf 
MidSh<lf 
Mid Shelf 
MidShetf 

llowHng Shdf 
llowlingShctr 
Bowling Shcir 

Bowling GIUtl ea,., 
Bowling Green Bay 
Bowling Green Bft,.. 
Bowling Grem B."t)' 

Bowling Green Bil)' 

Bowlin.g. Green Ba)' 
Bowling Green Ba)' 

BowlingGn:cn .&]' 

Appendix 1 
Surface sediment grab samples - location data and strong acid digestion analytical results 

Decimal 
Latitude 

-18.5083 
-18.5208 
-18.5250 
-18.5383 
-IS.5333 
-18.5133 
-18.5200 
-18.5150 
-19.1317 
-19.1150 
-19.0983 
-19.0667 
-19.0311 
-18.9983 
-18.9483 
-18.9000 
-18.9000 
-18.8483 
-18.8150 
-18.7817 
-18.7467 
-18.7433 
-!8.7467 
-18.7500 
-18.7533 
-18.7567 
-IS.8017 
-18.8500 
-18.9000 
-18.9500 
-18.9950 
-19.0333 
-19.0667 
-19.1000 
-19.1333 
-19.1333 
-19.1667 
-19.2000 
-19.2167 
-19.2333 
-19.2500 
-19.2917 
-19.3033 
-19.3150 
-19.3267 
-19.3700 
-19.3483 
-19.3617 
-19.3833 

Dcdmal 
Longitude 

146.2633 
146.2583 
146.2733 
146.2633 
146.2642 
146.2533 
146.2483 
146.2267 
147.1200 
147.1200 
147.1200 
147.1200 
147.1200 
147.1200 
147.1200 
147.1200 
147.1200 
147.1200 
147.1550 
147.1900 
147.2283 
147.2617 
147.2633 
147.2667 
147.2717 
147.2750 
147.2483 
147.2483 
147.2483 
147.2483 
147.2483 
147.2483 
147.2483 
147.2483 
147.2483 
147.3533 
147.3533 
147.3533 
147.3533 
147.3533 
147.3533 
147.0733 
147.0883 
147.0850 
147.l!67 
147.1300 
147.1433 
147.1567 
147.1833 

Sample 
dote 

05-Aug-92 
05.Aug.92 
05-Aug-91 
05-Aug-92 
05-Aug-92 
%-Aug-92 
06-Aug-92 
06-Aug-92 
01-Sep-94 
01-Sep"94 
01-Sep-94 
01-Sep-94 
Ol-Sep"94 
01-Sep-94 
01-Sep-94 
01-Sep-94 
01-Sep-94 
01-Sep-94 
01-Se1"'94 
01-8e1"'94 
Ol-Sep-94 
OI-8ep-94 
01-8e1"'94 
OI-Sep-94 
01-801"'94 
01.8e1"'94 
02-Sep-94 
02-Sep-94 
02-Sep-94 
02-Sep-94 
02-Sep"94 
02-Sep-94 
02-8ep-94 
02-Sep-94 
02-Sep·94 
01-Sep-94 
02-Sep-94 
02-Sep-94 
02-8e1"'94 
02-8e1"'94 
02-8e1"'94 
03.Se1"'94 
03-Sep-94 
03-Sep-94 
03-Sep-94 
03-8'1"'94 
03-Sep-94 
03.Se1"'94 
03-Sep-94 

Wotcr 
deptb 

m 

21.00 
23.00 
23.00 
26.00 
26.00 
27.00 
30.00 
32.00 
32.00 
35.00 
37.00 
40.00 
45.00 

43.00 
40.00 
37.00 
32.00 
30.00 
28.00 
26.00 
25.00 
23.00 
27.00 
23.00 
22.00 
19.00 
18.00 
17.00 
8.00 
8.00 
7.00 
7.00 
7.00 
7.00 
5.00 
3.00 

Al 
I-'mollg 

2468 
259 
337 
1238 
830 
1112 
2524 
%0 
598 
616 
682 
452 
255 
373 
110 
223 
188 
99 
92 
113 
123 
9 
9 
6 
69 
7 

80 
139 
167 
173 
224 
228 
240 
280 
317 
297 
352 
352 
275 
881 
971 
1284 
1322 
1128 
1050 
1102 
1279 
796 
1407 

Ca 
I-'mol'g 

78 
25 
33 
73 
39 
50 
62 
43 

4436 
5287 
5262 
4830 
6801 
5911 
6599 
6098 
5906 
7707 
6465 
4918 
4586 
8952 
8795 
3832 
8650 
8603 
5162 
5384 
3847 
3850 
3268 
4237 
3550 
3533 
4202 
2530 
2779 
2735 
3663 
3194 
3171 
982 
662 
794 
689 
962 
1069 
460 
439 

CC 
ILmollg 

4283 
5186 
5040 
4684 
7184 
6!JRl 
6901 
6380 
6151 
8229 
6888 
5031 
4629 
9360 
9332 
9334 
9318 
9383 
5248 
5544 
3827 
3808 
3207 
4212 
3541 
3215 
4015 
2589 
2904 
2932 
4123 
3531 
3523 
882 
605 
712 
605 
859 
940 
394 
342 

Cd 
pmollg 

<D. L. 
<D. L. 
<D. L. 
<D. L. 
<D.L. 
<D. L. 
<D. L. 
<D.L. 
<D. L. 
<D. L. 
171.71 
<D.L. 
<D. L. 
<D. L. 
<D.L 
<D. L. 
<D.L. 
<D.L. 
<D.L 
<D.L 
<D. L. 
<D.L. 
<D.L. 
<D. L. 
<D. L. 
<D.L. 
<D. L. 
<D. L. 
225.08 
<D. L. 
<D.L 
<D.L. 
<D.L. 
<D. L. 
<D.L. 
< D.L. 
<D.L. 
<D. 1.. 
<D.L. 
<D. 1.. 
<D.L. 
<D.L. 
<D. L. 
124.56 
548.04 
106.76 
124.56 
97.86 
177.94 

Appendl~ l 

Co 
nrnolfl 

90.58 

230.94 

221.04 
216.08 

207.22 
221.56 

Cu 
nmoVg 

346.24 
47.21 
62.95 
173.12 
141.64 
157.38 
330.50 
125.90 
47.56 
57.77 
76.02 
134.Od 
31.48 
31.48 
31.48 
31.48 
31,48 
31.48 
31.48 
31.48 
31.48 
31.48 
31.48 
31.48 
31.48 

1787.85 
31.48 
31.48 
31.48 
31.48 
31.48 
31.48 
38.54 
40.49 
40.73 
31.48 
39.82 
116.82 
49.40 
116.90 
125.79 
183.51 
187.44 
153.67 
164.46 
163.99 
192.79 
128.12 
214.20 

Fe 
Ilmol'g 

523 
52 
68 
249 
242 
220 
509 
292 
195 
197 
220 
162 
107 
134 
92 
73 
70 
56 
38 
56 
80 
2 
3 
2 
17 
3 

40 
80 
78 
69 
88 
80 
92 
103 
140 
113 
137 
126 
103 
256 
285 
462 
482 
447 
421 
426 
464 
334 
416 

Mn 
Jlmollg 

5.68 
0.86 
1.38 
2.48 
5.61 
2.49 
4.37 
1.80 
4.69 
4.49 
4.26 
4.19 
3.90 
2.88 
3.07 
2.28 
250 
1.44 
1.48 
1.85 
1.87 
0.11 
0.1l 
0.12 
0.25 
0.21 
2.36 
2.26 
1.99 
2.20 
2.12 
2.70 
2.56 
2.15 
8.69 
2.14 
4.65 
3.97 
4.19 
3.89 
6.04 
11.86 
13.25 
14.75 
14.46 
15.04 
8.84 
13.45 
9.56 

Ni OC 
nmol,. ).lmollg 

227 
243 
405 
258 
229 
342 
223 
245 
223 
195 
155 
174 
190 
225 
237 
238 
142 
296 
167 
226 
196 
180 
157 
182 
172 
224 
217 
204 
215 
203 
213 

182.79 356 
375 

255.63 463 
416 
359 

227.09 303 
228.61 343 

363 
188.54 265 
288.75 455 

p 
).lmollg 

9.01 
1.23 
2.78 
6.97 
5.72 
6.20 
11.46 
4.36 
ILlS 
10,49 
11.77 
10.36 
12.06 
11.65 
11.42 
9.61 
8.89 
10.64 
8.36 
7.27 
9.16 
6.66 
6.51 
6.61 
7.31 
8.40 
6.34 
8.45 
6.54 
7.Bl 
6.09 
6.67 
6.24 
6.14 
8.70 
6.24 
7.51 
6.69 
7.20 
9.56 
10.20 
10.72 
11.08 
10.37 
9.69 
10.17 
10.27 
8.10 
10.87 

Pb 
nmollg 

120.66 
14.48 
9.65 
67.57 
48.26 
67.57 
120.66 
62.74 
24.37 
23.87 
2859 
22.06 
15.42 
15.15 
13.59 
13.36 
10.26 
10.00 
12.25 
8.36 
8.24 

<D. L. 
<D. L. 
18.62 

<D. L. 
<D. L. 

7.63 
9.46 
45.94 
11.16 
37.34 
14.64 
64.71 
17.68 
41.52 
16.77 
49.51 
20.48 
22.33 
38.50 
39.65 
64.39 
80.55 
59.25 
92.19 
60.48 
108.66 
44.52 
85.38 

S 
).lmollg 

112.91 
26.82 
25.27 
72.68 
16.22 
31.50 
67.69 
83.59 
46.97 
54.40 
58.80 
45.54 
68.59 
63.01 
60.57 
63.69 
61.63 
68.15 
59.26 
54.24 
46.97 
60.23 
63.41 
66.50 
56.92 
65.66 
44.95 
53.71 
50.90 
44.51 
38.S3 
41.45 
40.95 
40.67 
38.18 
35.50 
36.24 
39.15 
39.49 
43.20 
43.45 
46.94 
35.50 
34.56 
28.06 
32.88 
31.40 
25.67 
53.77 

TC 
).lmollg 

4510 
5429 
5444 
4942 
7413 
6422 
7124 
6625 
6374 
8424 
7044 
S20d 
4820 
9585 
9570 
9571 
9460 
9679 
5414 
5770 
4023 
3988 
3364 
4393 
3713 
3439 
4233 
2793 
3119 
3135 
4336 
3887 
3898 
1345 
1022 
1071 
908 
1202 
1303 
659 
798 

Zn 
nmolll 

245.37 
248.28 
287.59 
2Od.68 
114.82 
161.24 
75.91 
102.97 
88.76 
46.50 
44.41 
53.53 
61.40 
15.30 
15.30 
15.30 
29.65 
15.30 
34.88 
61.05 
82.58 
64.62 
86.83 
90041 
102.89 
1J5.22 
144.70 
125.39 
165.37 
153.28 
128.24 
370.97 
420.99 
702.31 
705.06 
660.39 
597.52 
598.59 
695.58 
469.94 
713.94 
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AIMS 
catalogue 

924 
925 
926 
927 
928 
929 
930 
931 
932 
933 
934 
935 
936 
931 
938 
939 
940 
941 
942 
943 
944 
945 
946 
947 
948 
949 
950 
951 
952 
953 
954 
955 
956 
957 
958 
959 
960 
961 
962 
963 
964 
965 
966 
967 
968 
969 
970 
971 
972 

Shelf 
position 

InllerShdf 

hm'ln"Shdf 
IIlnerShdf 

hmerShclf 

hlhc:rShclf 

lnncrSbeif 
Inn~Shdf 

trlnerShdf 

InoerShlllf 
hmer-Shelf 

hmorShdf 
IrlncrShdf 

[unerSllelf 

InncrSbdf 

rnncrSluM 
hmer-Shdf 

loner-Shelf 
Tnm:rShdf 

InncrShelf 
InnorShelr 
Inn(;fShdr 

InntMSh~lf 

Mid Shelf 

Mid SheLf 
MidSbclf 

MidShdf 

InnQrSJII:!(r 
JnncrSh;:lf 
JnncrShelf 
InnorShelf 
fnn.erSIII:M 

IlinerS-helr 
Inncr SlIdf 

Tnru::rSheif 
JnncrSheif 

tnncrShe:lf 
Inner Shelr 
InncrShelr 

inllcrShdf 

(nncrShclf 
IllncrShelr 

fnli(:'I'Slu:lf 

Inner Shelf 

lnnerShdf 

InnerShelr 

MidSheif 

MidShclf 

Mid Shelf 

MidShclf 

Googrnphic 
region 

Bowling Green Bay 
Bowling Green BillY 
Bowling Green Bl\y 

BQ\1,Iling Gn:cn Bay 

Bowling G~en Bay 

EI()Wling Shdf 
Bmviing Shelf 
Bmo.rling Shdf 

Bowling Shelf 
BOINling Sh¢lf 
Bowting. Shelf 
Bowling. Shelf 
BClWl.il'lg,SilcL( 

BmviingShdf 

Bowling Green Bay 
Bowling Gr~m Bay 
Bowling Gre~n Bay 

BowliIlg Grem Ba-y 

Bowling Gree[l B9-Y 
AlvaS!'u:M 

Alv.'l Sh~lf 

Alva Shelf 
MjdShc:lf 

Mid Shl:lf 

Mid Shelf 

MidSht:llf 
Alv;1 Sb~lf 

ALvaSlIelf 

Alva Shelf 

AIYIISllelf 
AI¥> Sb,lr 
Alva Shdf 

Alva Shdf 

Alva Shelf 
ALva Shdf 

Alv.Sh,Lf 
Alvll Shelf 

Alv:tShdf 

ALvtlShc:lf 

Ai.,.., Shelf 
Upswtll.y 
UI"""B.y 
Upsl!ln Bay 

UpsttutU!lY 

UpSUU\ Bay 

Mid Shelf 

Mid Shelf 

MidSheLr 
MidSh~lf 

Appendix 1 
Surface sediment grab samples - location data and strong acid digestion analytical results 

Dooimnl 
Latitude 

-19.3667 
-19.3500 
-19.3333 
·19.3167 
-19.3000 
-19.2833 
-19.2667 
-L9.25oo 
-19.2500 
-19.2500 
-19.2500 
-19.2667 
-19.2833 
-19.3000 
-19.3167 
-19.3333 
-19.3500 
-19.3667 
-19.3833 
-19.3000 
-19.3000 
-19.3000 
-19.3000 
-19.3000 
·19.3000 
-19.3283 
-19.3550 
-19.3833 
-19.4117 
-19.4383 
-19.4700 
-19.4867 
-19.5033 
-19.5217 
-19.5400 
-19.5583 
-19.5750 
-19.5933 
-19.6133 
-19.6200 
-19.6500 
-19.6617 
-19.6733 
-19.6850 
-19.7033 
-19.6900 
-19.6767 
-19.6483 
-19.6183 

Declmal 
Longitude 

147.1833 
141.1833 
147.1833 
141.1833 
147.1833 
147.1833 
147.1833 
L47.L833 
147.2133 
147.2733 
147.3000 
147.3000 
147.3000 
141.3000 
147.3000 
147.3000 
147.3000 
147.3000 
147.3000 
147.4167 
147.4333 
147.4667 
147.5000 
147.5333 
147.5667 
147.5567 
147.5483 
147.5400 
147.5311 
147.5250 
147.5167 
147.5700 
147.5633 
147.5833 
147.6083 
147.6317 
147.6550 
147.6333 
147.6LOO 
147.6033 
147.6133 
147.6411 
147.6683 
147.6961 
147.7550 
147.7617 
L47.7733 
147.7967 
147.8183 

Somple 
dare 

03.Sep-94 
03-Sop-94 
03-Sop-94 
03.Sop-94 
D3-Sop-94 
Q3-Sop-94 
03-Sop-94 
03-Sop-94 
03-Sop-94 
03-Sop-94 
03-Sep-94 
03-Sop-94 
03-Sep-94 
03-Sep-94 
03-Sep-94 
03-S.p-94 
03-80p-94 
03-Sop-94 
03-Sop-94 
04-S.p-94 
04-3.p-94 
04-Sop-94 
04-Sep-94 
04-Sop-94 
04-Sop-94 
04-3ep-94 
04-3ep-94 
04-80p-94 
04-Sop-94 
04-Sop-94 
04-30p-94 
04-Sop-94 
04-Sop-94 
04-Sop-94 
04-Sop-94 
04-Sop-94 
04-Sep-94 
04-Sep-94 
04-Sep-94 
04-Sop-94 
04-Sep-94 
04-Sop-94 
04-Sop-94 
04-80p-94 
05-Sep-94 
05-Sop-94 
05-Sop-94 
05-Sep-94 
05-50p-94 

Water 
depth 

m 

5.00 
7.00 
9.00 
7.00 

10.00 
11.00 
12.00 
14.00 
15.00 
14.00 
17.00 
15.00 
15.00 
13.00 
11.00 
6.00 
6.00 
5.00 
5.00 
5.00 

10.00 
IS.oo 
23.00 
24.00 
27.00 
23.00 
20.00 
20.00 
13.00 
10.00 
6.00 

10.00 
13.00 
12.00 
12.00 
16.00 
16.00 
14.00 
7.00 
5.00 
2.00 
8.00 

12.00 
14.00 
10.00 
20.00 
24.00 
24.00 
26.00 

Al 
~mol/g 

1654 
2193 
2389 
748 

1658 
1020 
973 
1379 
1117 
993 
1218 
L536 
2907 
2917 
2857 
334 
984 

2729 
2239 
317 
368 

2751 
312 
391 
996 
387 
338 
1084 
786 
748 
307 
711 

2603 
1016 
554 
1183 
531 

2911 
2997 
670 
629 
1908 
3051 
2721 
221 
1357 
1034 
919 
506 

Cn 
IlmolJg 

661 
488 
516 
510 
1134 
1697 
In8 
1847 
2058 
4022 
2167 
1636 
687 
469 
309 
130 
321 
258 
307 
181 
76 

444 
1299 
2280 
3144 
2465 
2440 
1611 
503 
751 
207 
122 
142 
782 
1424 
1595 
2107 
311 
115 
107 
126 
151 
263 
746 

5579 
2727 
3119 
2471 
3463 

CC 
Ilmollg 

577 
420 
470 
533 
1032 
1560 
1797 
1693 
1896 
4024 
2007 
1409 
591 
363 
234 
63 

267 
258 
271 
1I9 
30 
367 
1181 
2123 

2956 
2402 
2198 
1465 
457 
687 
163 
52 
104 
738 
1341 
1491 
1975 
291 
37 
19 

219 
113 
155 
559 

4450 
2444 
2149 
2189 
3141 

Cd 
pmolJg 

142.35 
119.22 
177.94 
115.66 
<D. L. 
160.14 
<D. L. 
22Z.42 
124.56 
176.16 
105.87 
153.91 
144.13 
126.33 
149.47 
<D. L. 
131.67 
162.81 
171.71 
115.66 
<D. L. 
151.25 
<D. L. 
< O. L. 
< D. L. 
<D. L. 
<D. L. 
<D. L. 
<D. L. 
<D.L. 
<D.L. 
<D. L. 
160.14 
115.66 
<D. L. 
<D. L. 
<D.L. 
240.21 
302.49 
97.86 
613.88 
204.63 
169.04 
<D. L. 
<D. L. 
<D. L. 
<D. L. 
<D.L. 
<D. L. 

Appcndill. I 

Co 
nmQI/· 

247.27 
139.90 

133.88 

135.05 

L21.77 
145.68 

252.36 

162.57 
251.61 
248.81 

74.94 

127.18 
137.51 

144.48 
273.42 
134.31 

120.79 
74.75 

267.72 

128.71 

253.21 

240.81 

Cu 
nmolJg 

253.86 
306.74 
329.24 
115.01 
259.68 
155.59 
126.96 
173.59 
135.14 
127.89 
162.26 
195.15 
393.45 
391.72 
412.97 
31.48 
169.03 
392.04 
332.10 
41.96 
78.61 

439.88 
31.48 
12.91 
lIS.SI 
62.86 
31.48 
156.83 
103.98 
121.18 
52.93 
100.91 
427.92 
147.99 
90.68 
160.21 
87.35 

471.99 
461.91 
113.82 
176.74 
353.79 
468.05 
370.16 
35.60 
186.02 
141.03 
105.29 
46.32 

Fe 
j.lmolJg 

526 
662 
691 
309 
529 
370 
34L 
4()4 

317 
266 
339 
427 
767 
199 
791 
131 
348 
143 
646 
125 
131 
153 
136 
144 
266 
145 
137 
331 
303 
347 
131 
272 
151 
340 
208 
366 
222 
810 
814 
272 
306 
668 
847 
138 
131 
396 
324 
293 
194 

Mn 
J.lmollg 

HO 
9.87 
8.53 
10.95 
7.62 
13.41 
7.43 
14.05 
7.84 
1.03 
9.17 
1.58 
8_52 
9.62 
9.55 
7.90 
9A6 
8.83 
IUS 
5.81 
5.33 
7.87 
7.3L 
6.98 
S.28 
5.90 
9.93 
5.62 
8.46 
15.43 
9.30 
7.07 
6.45 
8.91 
6.02 
6.25 
6.55 
6.69 
6.55 
6.91 
5.93 
10.93 
10.48 
9.66 
7.24 
6.19 
6.63 
6.85 
5.55 

Ni OC 
nmollg I'mol/g 

502 
647 

489.46 721 
180.94 230 

493 
214.75 316 

305 
245.01 388 

326 
373 

211.17 41l 
269.64 568 

836 
530.93 903 

920 
84 

196.81 224 
498.82 743 
439.98 639 

40 
68.36 31 

1044 
59 
140 
344 
146 
140 
371 

156.70 209 
152.60 217 

27 
151.04 J69 
516.57 992 
195.58 331 

187 
205.45 356 
103.95 179 
569.42 867 

977 
151.49 62 

3029 
422.61 815 

995 
471.79 833 

176 
519 
371 
326 
229 

P 
I'molJg 

11.32 
14.19 
13.88 
8.46 
12.54 
10.15 
9.24 
11.66 
9.14 
9.27 
9.04 
10.32 
14.15 
15.08 
14.02 
4.48 
9.06 
13.45 
12.37 
3.51 
3.66 
14.47 
6.51 
6.53 
9.25 
7.37 
6.96 
9.38 
S.1l 
9.59 
3.51 
6.78 
14.45 
8.54 
7.14 
9.82 
8.76 
15.08 
15.47 
7.67 
8.98 
13.99 
15.33 
14.84 
1l.21 
14.45 
12.01 
9.75 
9.61 

Pb 
nmoVg 

83.45 
120.77 
99.02 
45.34 
73.83 
58.40 
46.40 
57.71 
40.47 
39.66 
43.79 
58.27 
94.10 

<D. L. 
89.15 
18.80 

<D.L. 
175.15 
82.10 

<D. L. 
18.25 

130.23 
21.91 
2S.85 
30.36 
24.88 
19.84 
50.74 
37.15 
50.71 
20.48 
56.79 
!D2.23 
60.12 
28.29 
56.11 
26.03 
132.66 
8S.30 
51.58 
59.44 
131.00 
113.24 
149.87 
16.61 
58.18 
30.90 
56.55 
19.88 

S 
~molJg 

60.85 
70.15 
75.39 
22.37 
48.13 
34.44 
35.78 
45.82 
37.06 
53.56 
49.06 
48.22 
77.67 
83.84 
9U)5 
12.88 
28.13 
77.20 
61.48 
9.59 
12.17 
100.06 
18.11 
29.73 
58.36 
26.29 
25.75 
33.09 
10.32 
21.13 
L3.57 
21.10 
77.20 
35.15 
21.38 
40.70 
28.60 
79.60 
46.97 
19.62 
90.67 
88.05 
89.64 
86.90 
52.84 
57.05 
44.67 
38.37 
37.55 

TC 
flmoVg 

1079 
1067 
1191 
763 
1524 
1876 
2101 
208J 
2222 
4397 
2419 
1977 
1428 
1266 
1154 
147 
490 
1001 
911 
159 
61 

1410 
1240 
2263 
3300 
2548 
2338 
1837 
666 
904 
190 
221 
1096 
1069 
1528 
1847 
2154 
1158 
1014 

81 
3292 
951 
1181 
1504 
5521 
2962 
3120 
2515 
3370 

Zn 
nmoll 
813.37 
985.16 
1037.33 
374.48 
761.21 
479.88 
445.01 
533.27 
447.61 
372.65 
473.31 
608.23 
1098.52 
1121.46 
lIS 1.29 
180.66 
489.52 
! 103.26 
972,31 
172.40 
193.36 

1I23.15 
149.1I 
171.94 
376.01 
162.15 
145.51 
443.17 
365.76 
368.67 
L69.50 
396.21 
1141.96 
452.65 
234.97 
490.13 
225.94 
tt 8 1.58 
1189.38 
438.58 
509.26 
953.95 
1208.81 
1056.45 
132.92 
543.98 
411.50 
355.82 
199.48 

Pflge 220 



AIMS 
.atologue 

973 
974 
975 
976 
977 
978 
979 
980 
981 
983 
984 
985 
986 
987 
988 
989 
99(1 
991 
992 
993 
994 
994 
994 
995 
1240 
1242 
1243 
1244 
1245 
1246 
1247 
1249 
1251 
1252 
1253 
1255 
1256 
1257 
1259 
1261 
1264 
1265 
1267 
1268 
1269 
1271 
1273 
1274 
(275 

Sholf 
positlon 

Mid Shelf 

Mid SheLf 
MidSbQlf 

Outcr Shelf 
Out.er Shelf 
Ou,.,Shelf 

Oui\':C Shelf 
Qut1!rShdf 

OutcrSh~lf 

Outer Shelf 
MidS.clf 

MmSbclf 
MidShelr 

Mid Shelf 

MidShdf 

MidShclf 
MidShclf 
InnCT$hdf 

IntlerSlietf 
Inner Shelf 
InnctShclf 
Inm:rShclf 

lnn~I'Shclf 

MidShdf 

InnerShdf 

I""" Shelf 
InIlerShcif 
OUte;' Shelf 

MidShclf 

InnerSh.::1r 
rnm~rSbc1r 

hmuShdf 
hmcrShc1f 

InncrShclf 
JrmerShclf 
Jl1IlcrSheif 
JlillctSh¢lf 

hmerShclr 
InncrShdf 

InncrShdf 
lMe:rShclf 
Inru::rShetf 

InIlcrShdr 
II1n(!TShe1f 

JnncrShelf 
Innc:rShe1r 
IrulI':l'Shdf 

hl1lerShdf 

hmcrShe:lf 

Geographic 
region 

Mid Shelf 

MidSht!lr 
M<d Sh,lf 

Outer Shelf 
Outer Sllelf 

Outer Sb~lf 
Oul.CtShdf 
OutC1'"S!u~lf 

Ol-tlerShelf 
OutcrShdf 

MidShd[ 

MidSholf 
MidSholr 
MidShdr 
MidShol[ 
MidShdr 
Mid,Shdf 
AIv:J.$hdf 

AIVIIShelr 

Alvi\Shclf 
Bowling Sholf 
Bmvling Shdf 
Bowling Shelr 

M<dSh.lf 

BowUn,g Gree11 Bay 

Bow~ing Groon &y 
Bowling Sh~lf 
OuterShclr 

MidSh,l[ 
UJl.'ltnrtB-lIY 

UpstnrtBllY 
Up!it3rtnay 

Clcvd:md Bny 
Clevchlnd Bil)' 

CI(;vE!hmd Bay 
Cleveland BIlY 
CIt:V~lilhd Bay 

Clcvelilnd Bi'lY 
Bowling Shelf 

Hinchinbrool!; dJilMel 
Hinchinbrook Channel 
Hinchinbrook Channel 

Hinchinbmok Channel 
Hinchil1brook Ch:umel 
Hin<:l1itibrook Channel 

MiS!l:l00nry Dlly 
Misslon<lr)' B~y 
Mi§slonary Bay 
Missionary Bay 

Appendix 1 
Surface sediment grab samples - location data and strong acid digestion analytical results 

I>«imal 
Latltudo 

-19.5900 
-19.5483 
-19>5067 
-19.4667 
-19.4250 
-19.3950 
-19.3733 
-19.3533 
-19.3467 
-19.3600 
-19.3633 
-19.3617 
-19.3600 
-19.3583 
-19.3583 
·19.3583 
-19.3550 
-19.3533 
-19.3333 
-19.3133 
-19.2967 
-19.2967 
-19.2967 
~ 19.1567 
-19.3083 
~ 19.3667 
-19.2350 
-18.7450 
-18.8983 
-19.6767 
·19.6750 
-19.7867 
-19.2233 
-19.2200 
-19.2350 
-19.2500 
-19.2567 
-19.2633 
-19.2983 
-18.4083 
-18.3883 
-18.3783 
-18.3800 
-18.3850 
-18.3717 
-18.2533 
-18.2300 
-18.2233 
-18.2400 

DcchnoI 
Longitude 

147.8417 
147.8717 
147.9033 
147.9350 
147.9667 
147.9917 
148.0067 
148.0233 
147.9900 
147.9017 
147.8600 
147.8200 
147.7783 
147.7250 
147.6733 
147.6200 
147.5850 
147.5117 
147.4833 
147.4533 
147.2167 
147.2167 
147.2J67 
147.0583 
147.1200 
147.3550 
147.2517 
147.2267 
147.3033 
147.6367 
147.6367 
147.6983 
146.9533 
146.9517 
146.9417 
146.9133 
146.9083 
146.9117 
147.3517 
146.1717 
146.1500 
146.1400 
146.1383 
146.1300 
146.1367 
146.2167 
146.1467 
146.1667 
[46.2017 

Sample 
date 

05-5ep-94 
05.50[>-94 
05-50[>-94 
05-5ep-94 
05-Sep-94 
05-So[>-94 
05-50[>-94 
05-Sep-94 
06-Sep-94 
06.Sep-94 
06-Sep-94 
06-Sep-94 
(){)-So[>-94 
(){)-Sep-94 
06-Se[>-94 
(){)-Sep-94 
06-Sep-94 
06-So[>-94 
06-Sep-94 
06-Sep·94 
06-80p-94 
06-Scp-94 
06-5e[>-94 
07·Sop·94 
I7.J.o·95 
17-Jon-95 
18-J.0-95 
18-100-95 
IS-Jan-95 
19-J",,·95 
19-Jon-95 
19-J,n-95 
20-Jon-95 
20-1.n-95 
20-)",,-95 
21-1on-95 
21-J!lJl·95 
21-Jilll-95 
21-Joo-95 
03-Jun-95 
03-Jun-95 
04-Jun-95 
04-Jun-95 
04-Jun-95 
04-Jun-95 
OS-Jun-95 
05-Jun-95 
OS-Jun-95 
05-Jun-95 

Water 
depth 

m 

29.00 
33.00 
3S.00 
40.00 
41.00 
37.00 
46.00 
46.00 
51.00 
39.00 
16.00 
38.00 
36.00 
32.00 
27.00 
23.00 
22.00 
9.00 

11.00 
9.00 

10.00 
10.00 
10.00 
21.00 

8.00 
4.00 

16.00 
47.00 
39.00 

6.00 
6.00 
6.00 
4.00 
4.00 
3.00 
3.00 
3.00 
3.00 

14.00 
5.00 
3.00 
3.00 
3.00 
3.00 
3.00 
3.00 
4.00 
4.00 
4.00 

AI 
~moVg 

310 
312 
196 
157 
121 
94 
102 
66 
102 
143 
4 

114 
137 
184 
200 
212 
243 
271 
240 
273 
552 
570 
557 
732 
106ft 
2373 
560 
169 
194 
1416 
190[ 
226ft 
781 
635 
6ft$ 
664 
887 
765 

2814 
2434 
1504 
844 

2200 
1734 
2133 
14ft1 
794 
708 
1089 

Ca 
J.lmoVg 
4860 
4122 
4359 
4496 
5467 
6816 
5432 
7415 
5549 
3860 
8668 
4945 
3975 
3219 
3323 
4366 
1927 
137 
80 
83 
456 
SOO 
756 
1234 
966 
249 
1869 
4536 
6487 
189 
146 
1436 
1223 
961 
1194 
2111 
1626 
1465 
343 
121 
1108 
63 
154 
120 
139 

1856 
1276 
1128 
1413 

CC 
).ImoUg 

4620 
3890 
4166 
4412 
5416 
6940 
5697 
8249 
5916 
3957 
9311 
5336 
4225 
3320 
3447 
4114 
1618 
77 
23 
13 

335 
494 
737 
1177 
920 
219 
17I5 
4452 
6860 
lIS 
153 
1096 
1092 
965 
I J06 
2008 
1464 
1300 
473 
103 
498 
408 
558 
143 
160 
531 
371 
321 
250 

Cd 
pmoUg 
<D.L. 
<D. L. 
<D.L. 
<D. L. 
<D. L. 
<D. L. 
<D. L. 
<D. L. 
<D. L. 
<D. L. 
<D. L. 
<D. L. 
<D. L. 
<D. L. 
<D_ L. 
<D. L. 
<D.L. 
<D.L. 
<D_ L. 
103.20 
<D_ L. 
<0_ L. 
495.55 
<0_ L. 
<D_ L. 
<D. L. 
<D. L. 
<D.L. 
<D_ L. 
705.52 
776.69 
<D.L. 
<D. L. 
<D. L. 
<D. L. 
<D. L. 
<D. L. 
<D. L. 
169.93 
338.08 
<D. L. 
II 5.66 
382.56 
249.11 
275.80 
<D. L. 
<D. L. 
<D. L. 
<D.L. 
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Co 
nmoll: 

Cu 
nmoUg 

31.48 
36.51 
31.48 
31.48 
31.48 
31.48 
31.48 
31.48 
31.48 
31.48 
31.48 
31.48 
31.48 
32.64 
38.26 
52.74 
31.48 
43.81 
67_22 
68.76 
103.08 
93_55 
106.94 
110.95 
174.06 
347,03 
87.72 
41.39 
31.48 
317.91 
435.79 
303.,9 
135.69 
94.00 
92.92 
70.08 
108.45 
116.87 
396.29 
253.86 
151.29 
89.49 

22(1.96 
161.47 
217.03 
183.19 
75.51 
71.12 
106.59 

Fe 
).Imol/g 

176 
139 
122 
90 
90 
59 
55 
37 
67 
69 
2 

64 
70 
86 
97 
107 
100 
125 
93 
109 
225 
224 
223 
270 
382 
714 
186 
90 
61 
486 
617 
612 
326 
301 
309 
316 
380 
366 
312 
535 
372 
279 
637 
452 
618 
441 
308 
298 
340 

Mn Ni 
).ImoUg nmoU, 

5.65 
6>69 
7.46 
7.35 
5.05 
2.31 
2.54 
0.91 
4.47 
8.54 
0.11 
6.19 
5,45 
7.68 
5_08 
7.93 
5.53 
7.n 
4.60 
4.08 
8.19 
8.87 
7.66 
10.04 
8.18 
10.55 
5.86 
1.92 
1.73 
7.20 
12.22 
7.07 
11.51 
11.18 
12.11 
9.84 
10.12 
10.36 
9.04 
2.72 
2.84 
5.04 
3.02 
2.05 
4_02 
6.25 
7.89 
8.21 
6.78 

OC P 
).ImoUg ~moUg 

166 11.74 
IB3 9.26 
133 8,47 
116 7.48 
115 10.62 
160 9.20 
156 8>86 
206 [(t.23 
142 9.35 
182 7.42 
654 5.17 
126 8.25 
101 6.93 
114 7.09 
175 7.31 
199 8.4ft 
129 5.05 
47 4.32 
60 3.30 
74 3.74 

231 5.79 
191 6.40 
187 6.79 
232 7.78 
255 9.13 
800 14.16 
254 6.84 
! 78 7.93 
261 8.25 
552 9.60 
993 11.37 
779 12.84 
299 7.27 
130 6.96 
198 7.59 
208 7.87 
256 9,49 
232 930 
721 14.76 
505 10.50 
1792 7_28 
9891 4.53 
12455 9.27 
823 7.72 
889 8.55 

2666 8.66 
1527 7.97 
1194 7.50 
1207 8.87 

Pb 
nmol/g 

31.55 
17.26 
33.64 
10.67 
16.01 
5.98 
12.65 

<D. L. 
12.66 
10.89 
6.28 
12.54 
1651 
13.64 
15.43 
14.33 
14.92 
13.40 
12.35 
15.10 
31.50 
33.33 
35.19 
34.36 
58.10 
101.09 
29.90 
9.73 
9.17 

108.18 
105.67 
74.60 
47.34 
35.04 
37.26 
40.94 
51.68 
56.75 
95.60 
140.06 
70.32 
5956 
l16.41 
l39.33 
133.64 
110.23 
51.21 
70.37 
68.24 

S 
I1moVg 
34.78 
43.23 
42.55 
40.83 
39.21 
51.25 
44.01 
57.33 
41.64 
39.52 
73.52 
55.21 
41.64 
42.89 
40.67 
37.71 
27.02 
9.35 
8.(18 
12.25 
19.14 
19.32 
19.97 
26.58 
21.59 
77.17 
29.95 
51.43 
60.64 
116.41 
182.10 
114.25 
24.73 
19.10 
21.25 
21.01 
25.74 
22.83 
79.38 
479.73 
316.59 
362.76 
845.9l 
543.98 
712.73 
314.4) 
48.97 
40.92 
77.39 

TC 
flmoUg 
4786 
4ft73 
4299 
4528 
5531 
7099 
5854 
8456 
6058 
4139 
9966 
:1462 
4326 
3434 
3622 
43)4 
1747 
l24 
82 
87 
566 
684 
924 
1410 
1176 
1019 
1969 
4630 
7122 
690 
1171 
2095 
1391 
1095 
1304 
2216 
\720 
1532 
1194 
608 

2290 
10299 
13m3 
966 
)049 
3197 
1898 
ISIS 
1457 

Zn 
runo1/: 
128.06 
124.29 
79.09 
62.75 
51.31 
40.20 
56.89 
30.14 
55.47 
58.79 
15.30 
:10.85 
63.44 
74.84 
84.73 
90A2 
103.04 
146.46 
123.50 
151.35 
264.65 
268.17 
268.62 
315.44 
611.29 
1043.45 
255.01 
)05.57 
76.2) 

882.51 
1030.14 
915.10 
443.17 
399.88 
413.03 
437.97 
543.98 
513.84 
1174.54 
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AIMS 
cataloguo 

1277 
1278 
1279 
1280 
1281 
1282 
1283 
1284 
1285 
1286 
1287 
1288 
1289 
129{) 
1291 
1292 
1293 
1294 
1295 
1296 
1297 
1298 
1299 
1300 
1301 
1302 
1303 
1304 
1305 
1306 
1307 
1308 
1309 
1310 
1311 
1312 
1313 
1314 
1315 
1316 
1311 
1318 
1319 
1320 
1321 
1322 
1323 
1324 
1325 

Shelf 
po.ition 

Mid Shelf 
Outer Shelf 
Outer Shelf 

Outer Shclf 
Oul .. Sh.lf 
OuterShdf 

OutcrSbclf 
OulerShclf 
OutCI'Shclf 

Oul«Shclf 
Outer-Shclf 

Ow.(lrShelf 
OutcfShclr 
Ol.lterShclf 
OUlcrShclf 

OUlctShelf 
Oulc,Shdf 

Ou«, Sholf 
Om¢fSh~lr 

OulerSh~I[ 

OuterShdf 
Outer Sh~lr 

Outer-SlIdf 

OntcrSildf 

OuterS!idf 

OU1C~ Shdf 
OmcrSlu:if 
MidSh,lf 
MidSh=lf 
MidSh,lf 

Ouler-Shc::lf 
Ou«,Sh,lf 
Outer Shdf 
OulcrShelr 
Oul<rSh.IF 

Ou«, Sh,lf 
Oul.crShelf 
Ouler Sholf 

OulcrShc::lf 
OillcrShdf 
Oilll':l''shdf 

OJterShelf 
Oul<r Sh,lf 
OulctShc::lr 
CNIc-rShdf 
OuluShdf 

OulerSholf 
O;'crSh<lf 
OulerShelr 

Ceographic 
region 

MidShdf 

Outer Shelr 
OUlerShldf 

OutcrShelf 
Ouk!rShdf 
Outer Shelr 

O.ter Sholf 
au",Sh<lf 

OulcrShdr 

0.", Sh.lf 
Outer Shelr 

Oi1.lcrSheif 
Outer Sholf 

Ou'orShoif 
Ol.llc:rShelr 
~lCfSh¢U 

OutcrShclf 
O.,,,Shelf 
OUlcrShelf 
OYlcrShclr 
OulcrShclI 
Oul~rShe1f 

OuicrShdI 

OUlerShelf 
Ouler-Shelf 

Ol,llcrShc1f 
OulcrShclr 
Mid Shelf 
MidSh.lf 

MidSholf 
OulcrShclr 
O",erSholf 
Oul~rShclf 

OuterShdr 
OUIC!rShelI 
OIJI~rShclf 

Outer Shelf 
Ouler-Shelf 

OulerShclf 
OulerShctf 
OUI~Shdf 

OulerShclf 

Outer Shelf 
Outer Shelf 
Ouler Shelf 

OlllerShelf 
OUlerShelf 
Ouler Shelf 
OulerShr:1f 

Appendix 1 
Surface sediment grab samples - location data and strong acid digestion analytical results 

Decima] 
Latitude 
-18.0383 
-18.0200 
-18.0000 
-17.9800 
-17.9567 
-17.9411 
-18.0100 
-18.0917 
-18.1467 
-18.1433 
-18.1450 
-18.1433 
-18.1450 
-18.1467 
-J8.2550 
-18.2683 
-18.2867 
-18.3233 
-18.3617 
-18.3983 
-18.4367 
-18.4750 
-18.5133 
-18.5517 
-18.5883 
-IS.6083 
-18.6100 
-18.6117 
-18.6117 
-18.6133 
-18.2417 
-18.2167 
-18.1867 
-18.1650 
-18.1883 
-18.2250 
-18.2783 
-18.2950 
-18.3283 
-18.3650 
-18.4000 
-18.4333 
-18.4567 
-18.4567 
-18.4567 
-18.4567 
-18.1333 
-18.1000 
-18.0650 

Dedmal 
Longitude 

146.3933 
146.4433 
146.4917 
146.5400 
146.5883 
146.6383 
146.6400 
146.6217 
146.5733 
146.6317 
146.6883 
146.7433 
146.8017 
146.8583 
146.8900 
147.3750 
147.3383 
147.2983 
147.2600 
147.2200 
147.1800 
147.1400 
147.1000 
147.0600 
147.0200 
146.9683 
146.9150 
146.8567 
146.8000 
146.7433 
147.3833 
147.3083 
147.2133 
147.1667 
147.1417 
147.1000 
147,0600 
147.0200 
146.9783 
146.9417 
146.9000 
146.8600 
146.8133 
146,7583 
146.7000 
146.6467 
146.9117 
146.9533 
146.9967 

Sample 
date 

07-Jun-95 
07·Jun-95 
07-Jun-95 
07-Jun-95 
07-Jun-95 
08-1un-95 
08-Jun-95 
08-Jun c 95 
08-Jun-95 
08-Juo-95 
08-1uo-95 
08-1uo-95 
08-Jun-95 
08-Jun-95 
08-Jun-95 
10·Jun-95 
10-Jun-95 
IO-Jun-95 
10-Jun-95 
10-Juo-95 
10-Juo-95 
10-Jun-95 
lO-Joo-95 
10-Juo-95 
10-Jun-9S 
10-Jun-95 
10-Jun-95 
10-Jun-95 
10-100-95 
10-Jun~95 

01-Aug-95 
01-Aug-95 
01-Aug-95 
01-Aug-95 
01-Aug-95 
01-Aug-95 
OI-Aug-95 
01-Aug-95 
OI-Aug-95 
OI-Aug-95 
OI-Aug-95 
01.Aug-95 
01-Aug-9S 
01-Aug-95 
OI-Aug-95 
01-Aug-95 
02-Aug·95 
02-Aug-95 
02-Aug-95 

Water 
depth 

m 

29.00 
31.00 
34.00 
41.00 
51.00 
54.00 
50.00 
50.00 
41.00 
43.00 
47.00 
55.00 
58.00 
60.00 
35.00 
35.00 
92.00 
68.00 
70.00 
63.00 
55.00 
46.00 
28,00 
50.00 
45.00 
41.00 
40.00 
38.00 
41.00 
36.00 

199.00 
127.00 
210,00 
195,00 
110.00 
66,00 
78.00 
71.00 
72,00 

67.00 
63.00 
66.00 
53.00 
50,00 
45.00 
42.00 
64.00 
67.00 
65.00 

AI 
Jlmollg 

285 
243 
220 
235 
325 
220 
245 
203 
203 
176 
135 
185 
190 
167 
29 
10 
115 
65 
73 
53 
70 
39 
27 
101 
12{) 
122 
135 
171 
219 
245 
95 
116 
172 
175 
84 
73 
129 
138 
142 
160 
159 
163 
176 
213 
162 
253 
118 
f13 
40 

Ca 
Jlmollg 
4518 
6791 
7293 
7575 
7550 
7068 
7967 
6053 
6964 
7510 
7647 
7864 
7189 
7650 
8421 
8575 
8016 
8338 
8059 
7725 
7595 
8116 
3303 
7375 
6475 
6939 
6539 
6517 
6372 
5971 
7897 
7857 
7465 
7378 
8209 
8101 
6138 
7488 
7552 
6751 
5659 
7128 
6816 
4726 
6248 
5631 
7909 
8056 
8306 

CC 
I1mollg 
2394 
6989 
7563 
7960 
7828 
7311 
8580 
6210 
7323 
7913 
8123 
8645 
8584 
8422 
9502 
9591 
9{)87 
9240 
9126 
9115 
8601 
9229 
9565 
8286 
7217 
7697 
7370 
7398 
1045 
6715 
9297 
9103 
8581 
8459 
9180 
9245 
6446 
8110 
8142 
7266 
5718 
1531 
7136 
4727 
6327 
5587 
8614 
8923 
9484 

Cd 
pmoUg 
<D. L. 
<D.L. 
<D.L. 
<D. L. 
<D.L. 
<D.L. 
2758.01 
<D. L. 
<D.L. 
<D, L. 
<D, L. 
97.86 

<D,L. 
<D. L. 
<D.L. 
<D. L. 
4{)0.36 
355.87 
266.90 
97.86 
240.21 
222.42 
258.!H 
240.21 
160.14 
213.52 
195.73 
213.52 
213.52 
231.32 
800.71 
693.95 
640.57 
569.40 
738.43 
106.76 
249.11 
151.15 
<D. L. 
142.35 
<D.L. 
124.56 
62.28 
97.86 
115.66 
169.04 
195.73 
169.04 
240.21 
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Co 
nmoM 

Cu 
nmoUg 
25.18 
18.89 
17.31 
17.31 
26.75 

<D.L. 
17.31 

<D. L. 
291.78 
<D, L. 
<D. L. 
17.31 
20,46 
22.03 

<D,L. 
<D. L. 
28.33 

<D.L. 
<D. L. 
<D. L. 
<D. L. 
<D,L. 
<D.L. 
<D. L. 
<D.L. 
<D. L. 
<D. L. 
<D.L. 
<D.L. 
29.90 

<D.L. 
18,89 
25.18 
23.61 
18.89 

<D. L. 
28.33 

<D. L. 
31.48 
17.31 
17.31 
31.48 
17.31 

<D. L. 
34,62 
22,03 
<D.L 
<D. L. 
<D.L. 

F. 
J-lmolfg 

1m 
73 
A 
~ 

~ 

~ 

" % 
TI 
9 
n 
~ 

~ 

~ 

12 
3 
n 
16 
G 
~ 

U 
13 
~ 

E 
~ 

a 
H 
M 
n 
91 
m 
g 

1M 

" 37 
U 
~ 

~ 

44 
~ 

~ 

@ 

" ~ 
72 
118 
D 
D 
M 

Mn 
I1mollg 

2.01 
1.74 
1.63 
1.36 
1.49 
2.11 
1.45 
1.84 
1.80 
1.37 
2.06 
!.II 
1.06 
0.99 
0.34 
0.12 
0.57 
0.41 
0.98 
0.57 
0.69 
0.41 
0.25 
0.96 
1.85 
2.87 
3.38 
3.49 
3.13 
3.62 
1.20 
1.04 
1.28 
1.56 
0.78 
0.36 
1.33 
0.99 
1.07 
1.17 
1.20 
1.51 
1.73 
1.84 
1.61 
2.44 
0.89 
0.65 
0.32 

NI 
omoll 

OC 
Jlmollg 

179 
209 
232 
268 
354 
217 
278 
198 
211 
212 
222 
291 
287 
279 
163 
170 
272 
340 
215 
163 
212 
181 
148 
188 
143 
169 
157 
165 
160 
165 
128 
141 
161 
191 
144 
171 
lSI 
215 
227 
207 
172 
188 
181 
160 
119 
172 
240 
226 
128 

l' 
Jlmol/g 

8.26 
8.87 
11.41 
11.46 
13,62 
12.34 
14.36 
12,06 
10.55 
13.11 
14.70 
12.55 
13.44 
11.56 
10.27 
7.27 
11.80 
10.14 
11.l4 
7.36 
8.75 
9.00 
10.53 
11.15 
9.07 
10.91 
10.58 
10.99 
12,62 
12.29 
15.86 
16.37 
22.67 
21.68 
12.95 
7.27 
11.53 
11.89 
11.40 
11.21 
9.68 
15.06 
12.79 
9.98 
12.09 
11.51 
10.75 
11.l5 
7.75 

Pb 
nmoUg 

27.82 
12.07 
18.34 
9.17 
15.93 
8.69 
12.07 
8.69 
12.07 
7.24 
8.69 
5.79 
9.17 
5.79 
7.72 

<D. L. 
25.10 

<D. L. 
6.76 

<D. L. 
7.24 

<D, L. 
9.65 

<D. L. 
13.51 
8.20 
13.03 
9.17 
17.37 
12.07 
9.65 
6.27 
12.07 
9.65 
8.20 

<D.L. 
9.65 
5.31 
8.20 
6,76 
9,65 
7.72 
11.10 
10.62 
14.00 
13.03 
9.17 
5.79 
6.27 

S 
Jlmollg 

50.75 
67.90 
67.81 
72.18 
74.17 
64.07 
65.94 
49.19 
61.38 
63.13 
68.50 
74.05 
74.77 
74.30 
72.02 
66.53 
67.116 
66.31 
73.49 
14.17 
72.80 
73.52 
72.05 
72.74 
66.31 
69.31 
65.00 
59.45 
58.67 
54.68 
66.31 
68.47 
71.02 
66.44 
71.77 
77.11 
54.93 
68.00 
70.62 
62,91 
49,19 
71.21 
65.00 
46.07 
50.75 
43,26 
76.23 
74.55 
16.01 

TC 
IlrnoUg 
2573 
7198 
7795 
8228 
8182 
7528 
8858 
6408 
7534 
8125 
8346 
8935 
8871 
8700 
9665 
9761 
9360 
9580 
9341 
9278 
8813 
9411 
9714 
8474 
7360 
7865 
7527 
7563 
7205 
6880 
9425 
9244 
8742 
8650 
9324 
9416 
6597 
83~ 

8368 
7473 
5890 
7720 
7317 
4887 
6447 
5759 
8854 
9149 
9612 

Zn 
nmolli 

Pog.222 
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1326 
1327 
1328 
1329 
1330 
1331 
1332 
1333 
1430 
1431 
1432 
1433 
1434 
1435 
1436 
1437 
1438 
1439 
1440 
1441 
1442 
1443 
1444 
1445 
1446 
1447 
1448 
1486 
1487 
1489 
1490 
149\ 
1492 
1493 
1494 
1495 
1496 
1497 
1498 
1499 
1681 
1682 
1683 
1684 
1685 
1686 
1687 
1688 
1689 

Shelf 
position 

OucerShe1f 
QulO,S""lf 
OulcrShclf 

Qule-rShclr 

QutorSh.lf 
OuIc:rShc'lr 

OulerShelf 
OuI~rShclr 

Inl'lcrSlu:lr 

[nncrShclf 
Inner Shdf 

(1iIicrSh(:!f 

Inner Shelf 

InlierShdr 

1t'II1.etShelf 
fnl'lCl'Shdf 

rnner SI1~lf 
InrcerShdf 
MKlSh.lf 

MidShcif 

MKlShc!f 
MKlShc!f 

MKlShc!f 

MidS""lf 
QulerShcU 

OuI~rShdf 

OulerShetr 

Inn(::rShdr 
fnner Shelf 
InncrShdr 

Inner Shdf 

Inner Shelf 
JnncrSh~lr 

rnncrShelf 
lTmcrShdf 
JntlCl'Shetr 
JnncrShelf 

mncrShdf 

rnnerShelf 
InnCl'Sh(:lr 

Jl1nl;fShdf 

InncrSheif 

InncrShelr 
Innl.'1Sh(:lf 
InncrShdf 

Inner Shelf 

JnnerShcU 

InnerShdf 
InncrShclr 

G ... grapltk 
region 

Slope 

Slop< 

Slope 
S!.ope 

Out.grShdf 
OutcrSll1M 

Outer Shelf 
Out~Sbelf 

C1C"11~hmd Bay 

ClmlandlJ.>y 
C!cvellUld&y 

ClifNelMldBay 
Clevc!lUld Shelf 

Cleve!and Shelf 

CI"""land Shelf 
Cleveland Shelf 

Clev<l",d S~clf 

Cleve!and Shelf 

MidShclf 

MfdSlielf 

MidSb,lf 

MldShoif 

MidShc-lf 

Mid Shelf 

Outer Shelf 

Ou'« Sholf 
OtltcI'Shelf 

Cleve]",d Shelf 
Clovcl",d Sh,lf 
Ckvc-Innd Shelf 

CI"""I",dSbel( 
CicvelMd Shelf 

C!C"'¥el:utd Shelf 

ClevelMid Bny 
Cleveland Bay 

Clevehlhd Bay 
C!~v!!l:md Bay 

Clcveliilld Bay 
Cleveland Bay 
Cleveland Bay 

a~~IMdBOlY 

Clcvl!land Bay 

Cleve:l:md BAY 
CLeveliifld Bay 
CIc:vd3l'ldBay 

C!evel:md Bny 

Cleveland Bny 

ClcvelMd Bny 

Cleveland BAY 
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Dcdmal 
LAtitude 

-18.0350 
-17.9817 
-17.9400 
-17.9083 
-17.9083 
-17.9133 
-17.9183 
-17.9317 
-19.2250 
-19.2083 
-19.1917 
-19.1750 
.19.1583 
-19.1417 
-19.1250 
-19.1083 
·19,0917 
-19.0750 
-19.0083 
-18.9417 
·18.8750 
-18.8083 
-18.7417 
-18.6750 
-18.6G8) 
-18.5417 
-18.5350 
-19.1583 
-19.1100 
-19"0833 
·19.lUOO 
-19.1167 
-19.1333 
-19.1500 
-19.1667 
-19.1833 
-19.2000 
-19.2167 
-19.2333 
-19"2500 
-19.2916 
-19"2933 
-19.2878 
-19.2841 
.19.2934 
-19.2934 
-19.2935 
-19.2825 
-19.2832 

Decim.1 
Longitude 

147m67 
146.9817 
146"9367 
146.8983 
146.8467 
146.7967 
146.7417 
146.6900 
146.9667 
146.9667 
146.9667 
146.9667 
146.9667 
l46.9667 
146.9667 
146.9667 
146.9667 
146.9667 
146.9667 
146.9667 
146.9667 
146.9667 
146.9667 
146.9667 
146.9667 
146.9667 
146.9667 
146.9667 
146.9667 
146.9167 
146.9167 
146.9167 
146.9167 
146.9167 
146.9167 
146.9167 
146.9167 
146.9167 
146.9167 
146.9167 
146.9838 
146.9810 
146.9872 
146.9900 
146.9815 
146.9R15 
146.9816 
146.9797 
146.9803 

Sample 
dot. 

02-Aug-95 
02-Aug-95 
02-Aug-95 
02-Aug-95 
02-Aug-95 
02-Aug-95 
02-Aug-95 
02-Aug-95 
29-1ul-96 
29-Jul-96 
29-1ul-96 
29-Jul-96 
29-1ul-96 
29-1ul-96 
29-1ul-96 
29-1ul-96 
29-J\1I·96 
29-1ul-96 
29-1ul·96 
29·1ul·96 
29-1ul-96 
29-1ul-96 
29-1ul·96 
29-Jul-96 
29-Jul-96 
29-1ul-96 
30-1ul-96 

08-Aug-96 
OS-Aug-96 
08-Aug-96 
08-Aug-96 
OS-Aug-96 
OS-Aug-96 
OS-Aug-96 
08-Aug-96 
08-Aug-96 
08-Aug-96 
OS-Aug-96 
08-Aug-96 
OS-Aug-96 
28-00t-97 
28-0et-97 
28·0ct-97 
28-0et-97 
29-0ct-97 
29-0et-97 
29-0ct-97 
29-00t-97 
29-00t-97 

Water 
deptb 

m 
200.00 
200.00 
190.00 
170.00 
10.00 
65.00 
63.00 
57.00 
4.00 
5.00 
7.00 
9.00 

11.00 
13.00 
15.00 
17.00 
19.00 
21.00 
22.00 
23.00 
28.00 
32.00 
37.00 
39.00 
41.00 
49.00 

4.00 
12.00 
17.00 
18.00 
16.00 
14.00 
12.00 
11.00 
9.00 
7.00 
6.00 
5.00 
4.00 
3.00 

AI 
i\ll1ol!g 

162 
152 
159 
140 
77 
64 
174 
219 
724 
746 
1011 
891 
900 
1604 
1054 
941 
933 
915 
569 
353 
306 
238 
297 
154 
120 
183 
760 
818 
1025 
1521 
l045 
967 
&97 
910 
664 
723 
718 
623 
726 
790 
949 
1768 
1968 
2721 
1282 
1368 
1193 
1086 
971 

C. 
liltlol/g 

7735 
7924 
7802 
7909 
8066 
8256 
7201 
6684 
953 
1505 
1256 
1153 
971 
1488 
1966 
2366 
2954 
4155 
6259 
6491 
6256 
6602 
6041 
5850 
6805 
5531 
298 
981 
2364 
2529 
2349 
1946 
1308 
1398 
935 
1256 
1149 
1391 
1235 
1494 
102 
240 
61 
57 
115 
127 
182 
322 

2877 

CC 
linlollg 
9502 
9591 
9087 
9240 
9123 
9425 
7726 
7206 
771 
1222 
1337 
812 
968 
1219 
1664 
1967 
2577 
3520 
5567 
4712 
5370 
6533 
5343 
507(/ 

6366 
3704 
285 
714 
1662 
1696 
o 

1301 
931 
1059 
687 
921 
870 
1030 
832 
1034 

8 
150 
o 
17 
33 
67 
108 
266 

2015 

Cd 
pIhOl!g 

355.87 
373.67 
266.90 
338.08 
204.63 
471.53 
160.14 
115.66 
<D.L 
<D.L 
<D.L 
<D.L 
<D.L 
)91.46 
<D.L 
<O.L. 
<D.L 
<D.L. 
<D.L 
<D.L 
<D.L. 
<D.L 
<D. L. 
<D. L. 
<D.L. 
<D.L. 
160.14 
<D.L. 
<D.L 
<D.L 
<D. L. 
<D.L 
<D.L 
<D.L 
<D.L. 
<D.L. 
<D.L 
<D.L 
<D. L. 
<D. L. 
53.38 
115.66 
53.38 
-0.44 
97.86 
l15.66 
124.56 
151.25 
..0.44 

App<mdix I 

Co 
nrool!, 

136.26 
223.15 
198.20 
203.97 
162.23 
173.60 
157.64 
152.38 
122.01 

Cn 
nmol!g 

22.03 
17.31 
17.31 
17.31 

<D.L. 
<D.L 
<D. L. 
<D.L 
97.58 
9758 
151.09 
100.72 
124.33 
160.53 
124.33 
122.76 
125.90 
108.59 
55.08 
51.94 
17.31 
26.75 
29.90 
22.Q3 
29.90 
20.46 
97.58 
116.46 
121.18 
185.71 
135.35 
124.33 
198.30 

1070.19 
80.26 
89.71 
107.02 
89.71 
73.97 
84.99 
101.83 
227.89 
194.05 
150.93 
127.32 
158.48 
173.59 
121.34 
98.84 

F. 
/lmol/g 

43 
39 
43 
42 
26 
40 
7{) 

86 
353 
330 
388 
331 
338 
447 
361 
321 
308 
301 
213 
133 
168 
90 
145 
75 
51 
65 
233 
320 
326 
452 

353 
353 
352 
363 
325 
339 
354 
329 
368 
384 
329 
566 
553 
562 
397 
421 
383 
337 
297 

Mu 
)IJllol!g 

0.88 
0.79 
0.92 
0.86 
0.56 
0.72 
1.68 
1.93 
12.50 
12.30 
13.96 
8.45 
10.80 
9.33 
7.95 
8.Q9 
7.26 
7.30 
4.83 
5.23 
4.05 
2.80 
9.76 
2.48 
2.72 
1.35 
5.16 
9.10 
6.34 
SA2 

8.28 
8.68 
7.55 
8.91 
12.64 
11.22 
9.56 
10.37 
14.31 
11.70 
7.21 
17.21 
12.16 
12.33 
6.34 
6.88 
8.82 
4.94 
12.12 

Ni 
nmoJ/: 

250.21 
358.71 
340.32 
277.64 
259.07 
292.11 
265.71 
224.15 
243.40 

OC 
/lmoVg 

163 
170 
272 
340 
169 
133 
226 
181 
310 
201 
o 

217 
250 
102 
264 
245 
240 
259 
247 
207 
210 
221 
229 
150 
173 
234 
280 
199 
279 
368 
o 

245 
200 
ISS 
141 
168 
160 
110 
256 
241 
208 
1141 
516 
500 
724 
716 
541 
1957 
366 

p 
~'mol!g 

13.27 
14.63 
16.63 
16.48 
11.60 
12.39 
13.35 
11.87 
8.20 
9.01 
8.63 
7.46 
7.44 
6.92 
9.25 
9.23 
9.53 
10.75 
14.00 
10.35 
13.44 
11.70 
12.88 
10.36 
10.90 
9.32 
4.31 
7.06 
8>81 
11.29 
9.77 
9.02 
8.27 
8.80 
7.64 
7.92 
7.89 
7.58 
8.80 
9.82 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 

l'b 
nmoVg 

6.27 
14.48 
5.79 
7.72 

<D.L. 
9.65 
8.20 
14.00 
48.26 
43.92 
54.05 
51.64 
49.23 
73.36 
52.61 
46.33 
44.40 
39.58 
40.06 
25.58 
26.06 
14.96 
22.68 
IUS 
7.24 
10.14 
53.57 
62.26 
61.29 
77.70 
63.22 
62.26 
59.85 
59.85 
53.09 
53.09 
53.09 
47.30 
55.50 
58.88 
69.50 
85.42 
83.49 
73.36 
62.74 
67.57 
62.74 
59.36 
52.12 

S 
limol!g 
71.80 
72.08 
71.71 
70.90 
77.01 
70.12 
66.09 
66.25 
40.95 
29.68 
33.62 
30.90 
26.76 
24.36 
38.71 
38.33 
43.08 
49.00 
71.37 
69.25 
67.09 
77.67 
79.38 
12.49 
81.97 
68.75 
59.83 
23.07 
31.3& 
48.53 
34.44 
33.13 
24.70 
26.25 
24.23 
26.86 
26.02 
22.03 
26.94 
24.79 
53.03 
77.9& 
65.50 
77.98 
59.26 
62.38 
74.86 
127.89 
46.79 

TC 
~mol!g 

9665 
9761 
9360 
9580 
9291 
9559 
7952 
7387 
10S1 
1423 
1337 
1028 
1218 
1321 
1928 
2212 
2S17 
3779 
5814 
4920 
5581 
6755 
5572 
5220 
6539 
3939 
564 
913 
1940 
2064 

o 
1546 
1131 
1244 
828 

1089 
1030 
1139 
1088 
1276 
216 
1290 
516 
516 
758 
783 
649 

2223 
2381 

Zn 
nmol!, 

399.42 
457.55 
64lLOO 

457.55 
455.25 
444.39 
458.77 
383.82 
402.94 
437.97 
398.81 
461.07 
497.48 
419.31 
692.21 
724.80 
764.11 
528.68 
560.81 
497.02 
448.37 
401.56 

PaS' 223 



AIMS 
•• 'alogue 

1690 
1691 
1692 
1693 
1694 
1695 
1696 
1697 
1698 
1699 
1700 
1701 
1702 
1703 
1704 
1705 
1706 
1707 
1708 
1709 
1710 
1711 
1712 
1713 
1714 
1715 
1716 
1717 
1718 
1719 
1720 
Inl 
1722 
1723 
1724 
1725 
1726 
1727 
1728 
1729 
1130 
1731 
l732 
1733 
1734 
1735 
1736 
1737 
1738 

Shelf 
po.ltion 

Inncr Shelf 
!fmC!" Shelf 

InnerSllclf 

hmorSllc1f 
InncrShdf 

Inn<rShelf 
I1merShclC 

IIlncrSbclf 

IIlner Shelf 
IImc:rShclf 

IrmcrShdt 

lllti<:t:'ShelC 

lnn",Shelf 
Inner Shelf 

bmer Shelf 

hmc:rShdf 

InncrShclf 
trme:rShclf 

1rmcrShc-lf 

lrlPCI'Shclf 

l.n",Shdf 
InncrShclf 

hmcrShelf 

Inner-Shelf 

InncrSh~lf 

r~ncrShe-lr 

Inhcr"Shclr 

trmcrShl!lf 
Inner-Shelf 

Inne:rShelf 
IrmcrS1.Jelf 
inlier-Shelf 
hmcrShdf 

IrlhctSheir 
[nnerShclf 

lrmcrShclf 
inncrSheif 

I:tllicrShe1f 

ItlnctShelf 

InncrShclf 

hmcrShclf 

InncrShclf 

JmterShelf 
InnoerShclf 
InncrShclf 

IllnerShelr 
Inner-Shelf 

InncrShclf 

InncrShelf 

Geographic 
region 

Cleveland B<ty 
Clcvcl.;:md Bay 

Cll!VCliU1d Bay 

CI"",I",da.y 
Ch!vchmd Bay 

CI~iMldBFlY 

CI~V('land Bay 

CI'CYd3IJdBIlY 

CI-evdanc1BiJY 
ClevclHlld B.,.y 

Clevcinnd B~y 

CI.evcirlUd Bay 
CI-evclnnd Bay 

Clevch1l1d !lay 

Clevd.Md B:lY 
Clevchmd B,,-y 

Cleveland B~y 
Clmd:md S~y 

Ckwchmdlby 

Clevc:land [13.y 

C1~latidB1IY 

Cievcl.nnd nrty 

C1cvc:~:md BalY 

ClC'lcIMdIl:JY 

Clcvclrcnd BIJY 

Clevtltcnd lh)" 

Cleveland Bay 

CI"",lnnd Bay 
C1evell'cl1d~ 

CI"".I;md Boy 

Ci~el;md U:JY 

Clevtlood Bay 
CI~vcUtnd Shclf 

Ch::vchmd Shcif 

ClcvdMd Sh~If 

Clevel;md B,y 

Clcvc!;:md Bay 
Cleve!i'lnd Bay 

CI·cvelnnd Bay 

Clevcl:md tl3Y 
Clevcl.-md lJ3y 

Clevclnnd Bay 

ClevolMo Day 
ClevdllOdBay 
Clmcl.anda~y 

CI.eveIAfld3:t.y 

CI-evtloodBay 
Cleveland Oay 

Cleveland B:JY 
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Decl",.1 
L.tltude 

-19.2845 
-19.2734 
-19.2734 
-19.2622 
-19.2623 
-19.2624 
-19.2801 
-19.2720 
-19.2444 
-19.2626 
-19.2742 
-19.2807 
-19.2807 
·19.2808 
·19.2798 
·19.2854 
-19.2802 
-19.2925 
·19.2603 
-19.2863 
-19.2844 
-19.2835 
-19.2871 
-19.2953 
-19.2922 
-19.2716 
-19.2661 
-19.2663 
-19.2502 
-19.2431 
-19.2432 
-19.2433 
-19.0998 
-19.1165 
-19.1334 
-19.1501 
-19.1667 
-19.1833 
-19.1996 
-19.2166 
·19.2332 
-19.2495 
-19.2668 
-19.2838 
-19.2891 
-19.2678 
-19.2498 
-19.2332 
-19.2166 

Decimal 
Longitude 

146.9827 
146.8223 
146.8230 
146.8386 
146.8389 
146.8386 
146.8085 
146.8061 
146.7951 
146.8167 
146.8212 
146.9785 
146.9786 
146.9786 
146.9748 
146.9734 
146.8087 
146.8188 
146.8245 
146.9741 
146.9779 
146.9793 
146.9767 
146.9939 
146.9844 
146.8394 
146.8149 
146.8150 
146.8130 
146.7935 
146.7933 
146.7934 
146.9166 
146.9163 
146.9166 
146.9166 
146.9170 
146.9170 
146.9166 
146.9170 
146.9173 
146.9170 
146.8997 
146.8835 
146.8761 
14U528 
146.8666 
146.8835 
146.9004 

Sample 
date 

29·0ct·97 
29-Ocl-97 
29-001-97 
30-001-97 
30·0cl-97 
30-Oot-97 
30-001-97 
30-0<t-97 
30-Oct-97 
30-0ct-97 
30-0ct-97 
04-Nov-97 
04-Nov-97 
04-Nov-97 
04·Nov·97 
04-Nov-97 
03-Nov-97 
Q3-Nov-97 
03-Nov-97 
04-Nov-97 
04-Nov-97 
04-Nov-97 
04-Noy-97 
04-NoY-97 
04-Nov-97 
05-Nov-97 
06-Nov-97 
06-Nov-97 
06-Nov-97 
06-Nov-97 
06-Nov-97 
06·Nov·97 
05·Feb·98 
05-Feb-98 
05-Feb-98 
05-feb-98 
05·feb·98 
05-Feb-98 
05-Feb-98 
05-feb-98 
05-Feb-98 
05-Feb-98 
05-Feb-98 
05-Feb-98 
05-Feb-98 
05-Feb-98 
05-Feb-98 
05-Feb-98 
05-Feb-98 

Water 
depth 

m 

0.10 
0.10 
0.10 

1.00 
1.00 
1.00 
2.00 
1.00 

0.50 
1.00 
0.50 

18.00 
15.00 
13.00 
12.00 
10.00 
9.00 
8.00 
6.00 
5.00 
4.00 
3.00 
2.00 
1.50 
0.90 
4.00 
6.00 
7.00 

AI 
~moUg 

2016 
1764 
1420 
J3I9 
1268 
1001 
1568 
2513 
738 
886 
815 

1060 
956 
1045 
1179 
1045 
652 
1390 
1920 
667 
867 
1090 
964 

2646 
2109 
1016 
1720 
782 
208 
615 
682 
667 
939 
892 
622 
831 
886 

1061 
873 
579 
713 
762 

2489 
2747 
524 
234 
958 
746 
6Z1 

C. 
~ol/g 

77 
90 
HZ 

327 
359 
364 
70 
100 
444 
62 
45 

1200 
1694 
1450 
1492 
1073 
45 
80 
100 
1300 
796 
237 
n 
217 
235 
499 
100 
55 
85 
908 
704 
968 
1674 
1452 
1127 
1132 
738 
728 
888 
826 

1015 
1258 
Sl4 
348 
566 
260 
1114 
1267 
1223 

CC 
~",ollg 

25 
108 
42 

291 
275 
275 
50 
125 
383 
25 
33 
841 
1166 
1016 
1074 
774 
o 
o 
o 

916 
574 
o 
o 

150 
117 
416 
125 
17 
83 
708 
558 
749 

2196 
1795 
1330 
1386 
828 
817 
1023 
919 
1187 
1477 
494 
236 
537 
207 
1195 
1634 
1452 

Cd 
pmoVg 

-0.44 
240.21 
409.25 
1272.24 
524.91 
400.36 
7455.52 
7081.85 
516.01 
2571.17 
124.56 
151.25 
169.04 
124.56 
106.76 
<D. L. 
729.54 
80.07 

845.20 
106.76 
<D. L. 
62.28 
-0.44 
71.17 
~0.44 

<D.L. 
1396.80 
106.76 
-0.44 

177.94 
151.25 
<D. L. 
201.25 
177.05 
130.96 
263.88 
105.87 
214.15 
178.02 
156.58 
84.34 
164.15 
284.25 
475.71 
204.63 
121.09 
163.52 
243.68 
154.27 

Appendix, l 

Co 
n",oll 
209.91 
181.91 
168.00 
196.16 
208.04 
182.08 
184.63 
255.22 
119.46 
101.82 
144.75 
175.46 
174.61 
177.67 
247.75 
203.97 
1I0.81 
208.55 
279.82 
171.S6 
180.72 
181.23 
172.07 
258.61 
223.32 
140.51 
195.32 
100.46 
55.66 
128.12 
138.81 
127.95 
108.20 
120.60 
114.89 
130.90 
135.98 
151.94 
168.61 
164.04 
167.21 
164.74 
226.15 
228.56 
190.11 
82.37 
186.47 
164.44 
15S.18 

Cu 
nmoUg 

207.90 
310.83 
197.36 
293.36 
nO.6S 
203.65 
1004.56 
2542.SI 
197.99 
1560.59 
144.63 
113.63 
98.21 
111.58 
133.81 
107.02 
221.91 
209.79 
5763.30 
84.20 
86.&7 
119.45 
96.95 
308.78 
234.50 
146.99 

1598.05 
370.95 
37.77 
114.10 
119.29 
96.79 
96.60 
110.61 
71.97 
93.71 
93.94 
121.10 
99.94 
67.73 
93.31 
87.86 

289.43 
325.48 
46.58 
36.65 
106.43 
89.10 
71.34 

Fe 
J.lmollg 

564 
501 
417 
414 
399 
347 
471 
772 
274 
303 
274 
353 
312 
335 
415 
371 
231 
415 
723 
247 
328 
353 
322 
731 
596 
312 
616 
233 
100 
218 
244 
213 
299 
310 
255 
303 
321 
366 
340 
290 
327 
330 
690 
686 
276 
130 
379 
317 
287 

Mn Ni 
J.lmollg 11ITlQU, 
12.30 357.52 
5.48 284.11 
13.30 225.17 
9.53 242.21 
9.92 226.03 
8.99 213.59 
9.12 216.32 
16.34 354.62 
7.59 123.32 
2.87 216.15 
13.40 119.91 
9.28 175.44 
9.83 173.56 
9.93 180.89 
17.46 209.85 
9.96 175.27 

31.98 96.41 
10.72 164.54 
9.62 454.61 
5.26 154.49 
9.45 170.33 
6.90 201.67 
4.58 178.33 
30.06 478.79 
17.88 402.&3 
14.98 201.29 
38.20 343.89 
4.76 124.34 
4.83 49.23 
22.15 102.37 
25.25 99.81 
17.71 77.67 
7.S7 174.74 
7.37 167.92 
8.50 121.43 
7.89 159.46 
9.31 156.11 
9.79 203.34 
9.05 177.96 
10.90 124.52 
9.60 154.Q7 
9.39 160.00 
15.94 413.51 
12.99 388.83 
12.05 122.94 
8.68 44.06 
10.10 201.72 
10.68 130.43 
9.67 138.35 

OC 
~mol/g 

450 
1532 
283 
408 
341 
366 

4204 
3089 
466 
1157 
133 
366 
375 
391 
616 
433 
774 
341 
2148 
833 
450 

2115 
1114 
1665 
1124 
400 
1382 
724 
42 
183 
167 
133 
250 
228 
150 
184 
213 
306 
210 
149 
220 
234 
868 
1059 
70 
24 
252 
189 
183 

l' 
~LmoUg 

0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
8.80 
8.06 
8.18 
8.02 
7.84 
8.17 
7.72 
6.60 
8.00 
8.72 
13.60 
12.45 
8.36 
2.95 
9.75 
8.10 
6.58 

l'b 
nmoVg 

66.12 
153.47 
114.38 
135.62 
98.46 
96.04 
748.65 
1247.57 
106.66 
627.57 
139.96 
56.47 
48.26 
52.61 
59.85 
55.02 
199.81 
85.91 

1566.49 
40.06 
50.68 
55.50 
49.71 
105.69 
89.77 
54.05 

690.16 
195.46 
37.16 
62.74 
69.02 
59.85 
43.53 
47.70 
36.89 
45.19 
49.05 
55.62 
47.99 
44.48 
39.46 
38.66 
82.12 
94.11 
36.89 
16.29 
44.59 
42.29 
36.39 

S 
~mollg 

90.46 
40.55 
53.03 
49.91 
49.91 
37.43 
190.27 
199.63 
62.38 
112.29 
53.03 
53.03 
59.26 
65.50 
49.91 
53.03 
18.71 
62.38 
68.62 
115.41 
56.14 
118.53 
68.62 
18D.91 
99.81 
65.50 
84.22 
43.67 
9.36 

53.03 
68.62 
56.14 
40.71 
44.55 
24.31 
31.30 
37.48 
43.75 
26.82 
26.26 
28.36 
24.02 
69.54 
107.67 
22.21 
12.74 
30.81 
26.52 
30.13 

TC 
~moVg 

475 
1640 
325 
699 
616 
641 

4254 
3214 
849 
1182 
167 
1207 
1540 
1407 
1690 
1207 
774 
341 

2148 
1748 
1024 
2115 
1174 
1815 
1241 
816 
1507 
741 
125 
891 
724 
883 

2446 
2023 
1480 
1570 
1041 
1123 
1233 
1068 
1407 
1711 
1362 
1295 
607 
231 
1447 
182} 
1635 

Zn 
nmoli 
739.79 
1055.84 
795.01 
964.66 
757.84 
681.81 

10831.42 
23437.97 

857.58 
5072.97 
784.92 
480.34 
428.79 
453.42 
546.43 
504.21 

2410.43 
699.71 

8554.38 
400.64 
434.76 
469.33 
457.70 
931.31 
753.10 
478.05 

8625.36 
1323.85 
221.05 
484.63 
475.14 
421.91 
348.37 
361.03 
268.47 
333.52 
367.80 
422.14 
387.18 
319.83 
381.79 
404.98 
964.43 
102259 
356.D4 
114.96 
491.71 
388.21 
323.42 
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AIMS 
catalogue 

1739 
1740 
1741 
1742 
1743 
1744 
1745 
1746 
1747 
1748 
1749 
1750 
1751 
1752 
1753 
1754 
1755 
1756 
1757 
1758 
1759 
1760 
1761 
1762 
1763 
1764 
1765 
1766 
1767 
1768 
1769 
1770 
1771 
1772 
1773 
1774 
1775 
1776 
1777 
1778 
1779 
[780 
1781 
1782 
1783 
1784 
1785 
1786 
1787 

Shelf 
pn.ition 
ItmcrShtM 
Irul¢l'Shdr 
lnn",Sh<I[ 
lnnerShclr 
fnner Shclr 

rnnerShdr 
InncrShelf 
InncrShelr 
JnncrShdr 

InnerShdf 
JnnerSheir 

InncrSblllr 
InncrShclI 
fnncrShdr 

InncrShelf 
rnnerShelf 
hwerShclf 
Inm.TShdf 

IlU'lerShelf 
InotrShclf 
JlInerShclf 
Inn1':rShelf 

Inner Shelf 
Inlll:rShclf 

lnnerShclf 
Inn~r Shelf 
ItmC!I'Shetf 

Ino~r Shelf 
In!1erShclf 
lnm:rSh.::lf 
Inner Shelf 

llUlcrShclf 
Il'lnerShclf 
InnerShclf 
1l\tlerShcIf 
InnerSbclf 
lImerShclf 
Jnm!I'Shelf 

Inm:rShclf 

InnerSh<lf 
Inner Shelf 

InncrShclf 
Inner Shelf 

Inner Shelf 
Imler Shelf 

IMcrShelf 
IRIlerShclf 
rnnerShelf 
IruJe:rShdr 

Q,ographio 
... gion 

Cleveland any 

Clevi::lMdBay 
CI(l)'cllUld Bay 
Cleveland Bay 

CicvdMdBay 

Clcvt:lbnd (3;ty 

C!ev~13Ild Ba)' 
ClcveliUld Ba), 
CLcvdmd Bay 

C!ev~hmd Bay 
ClevelMdBny 
CLcvllland Bay 
Clev~I:lI'td Bay 

CLcv-e:l:md Bn)' 
CLeveland EaJ 
CJcv-(:land Bay 
Clcvt':limd Bay 
ClcvdlIndllily 

ClcvclEmd Btc)' 

Clov<l""d Boy 
ClevclEind BlIy 

CI~landlt;1y 

Clevel>nd Bay 
Clevcla:nd Bny 
ClevelMdBay 
Clevel:uld Ea.), 
Cleveland En)' 

Cleveland :allY 

Cleveland Bll.y 
Clevel.and H:l.y 

CkvelandBll;Y 
Clevol>nd Bay 
Cleveland DRY 
Clevelaru:l n ... y 
OevelMdBay 
Cleveland Bay 
Cleveland Boy 

Clovel>ndBoy 
Cleveland B2.)' 

Clev~l:md Bny 
CICY'doodBay 
ClovcliWl Bay 
ClevdandBn;y 
CLevel,md Ell)' 
Clevelmd B~y 
Clev.:l.,oo Dny 
Clcv~l3nd Bay 

CICVeiMdB;\), 

Clcvdnnd lb.)' 

Appendix 1 
Surface sediment grab samples - location data and strong acid digestion analytical results 

Decimal 
Latitude 

-19.1667 
-19.1833 
-19.2003 
-19.2166 
-19.2329 
-192479 
-192306 
-19.2169 
-19.2026 
-19.1900 
-19.1846 
-19.1770 
·19.2830 
-19.2856 
-19.2826 
-19.2759 
-19.3046 
-19.3045 
-19.3045 
-19.3029 
-19.2994 
-J9.2971 
-19.2974 
-19.2960 
-19.2908 
-19.2908 
-19.2907 
-19.2990 
-19.2914 
-19.2896 
-19.2947 
-19.2945 
-19.2947 
-19.2899 
-19.2886 
-19.2853 
-19.2970 
-19.2934 
-19.2901 
-19.2863 
-19.2847 
-19.2820 
-19.2820 
-19.2820 
-19.2814 
-19.2739 
-19.2738 
-192737 
-19.2470 

Decimal 
Longitude 

146.9001 
146.8835 
146.8669 
146.8500 
146.8335 
146.8183 
146.7877 
146.7996 
146.8151 
146.8303 
[46.7707 
146.7721 
146.8473 
146.8504 
146.8551 
146.8470 
146.8582 
146.8581 
146.8582 
146.8584 
146.8590 
146.8554 
146.8560 
146.8582 
146.8631 
146.8632 
146.8631 
146.8716 
146.8206 
146.8245 
146.8249 
146.8249 
146.8252 
146.8275 
146.8275 
146.8250 
146.8307 
146.8337 
146.8338 
146.8313 
146.8343 
146.8315 
146.8316 
146.8318 
146.8278 
146.8339 
146.8342 
[46.8340 
146.8277 

Sample 
date 

05-Feb-98 
05-Feb-98 
OS-Peb-98 
05-Feb-98 
05-Peb-98 
05-Peb-98 
05~Feb-98 

05-Peb-98 
05-Peb-98 
05-Peb-98 
OS-Feb-98 
OS-Feb-98 
12-Feb-98 
Il-Feb-9S 
12-Peb-98 
12-Peb-98 
12-Peb-9S 
12-Feb-9S 
JI-Feb-98 
12-Feb-98 
12-Feb-98 
12-Feb-98 
12-Feb-98 
12-Feb-98 
12-Feb-98 
12-Feb-98 
12-Feb-98 
12-Feb-98 
12-Feb-98 
12-Feb-98 
12-Feb-98 
12-Feb-98 
12-Feb-98 
12-Feb-98 
12-Feb-98 
12-Feb-98 
12-Feb-98 
12-Feb-98 
12-Feb-9S 
12-Peb-98 
12-Feb-98 
12-Feb-98 
12-Feb-98 
12-Fcb-98 
12-Feb-98 
12-Feb-98 
12-Feb-98 
12-Feb-98 
12-Feb-98 

Water 
depth 

rn 

10.00 
9.00 
8.00 
6.00 
4.00 
2.30 
3.50 
4.00 
6.00 
5.00 
2.00 
3.00 

1.50 

1M 
1M 
1~ 

1~ 

l~ 

O~ 

~o 

1M 

6.00 

Al 
ilnt°l!g 

849 
683 
667 

2100 
1054 
1004 
242 
532 
226 
318 
278 
758 
889 
762 
261 
644 
1835 
2014 
1946 
1608 
1506 
1644 
1294 
887 
1008 
822 
1060 
510 
1265 
2282 
1597 
1633 
1751 
1560 
852 
1279 
1775 
2123 
1130 
778 
10% 
1025 
1593 
1352 
1115 
12&4 
1148 
1425 
1973 

eo 
ilntol!g 

759 
946 
1243 
412 
973 
510 
256 
1316 
2407 
2480 
720 
1566 
160 
236 
45 
142 
100 
100 
102 
97 
91 
81 
166 
204 
435 
506 
407 
533 
62 
no 
63 
68 
77 
73 
85 
65 
140 
84 
136 
67 
74 
4l 
69 
57 
73 
109 
100 
139 
461 

ec 
J.lmollg 

851 
1211 
1505 
390 
1045 
486 
179 
1543 
3151 
3309 
740 
1967 
99 
180 
55 
104 
41 
93 
72 
75 
39 
78 
132 
III 
420 
447 
234 
357 
320 
84 
70 
147 
932 
375 
-3 
o 

2[2 
15 
45 
o 
17 
51 
24 
19 
8 

59 
7 

-383 
1107 

Cd 
pmollg 

193.95 
230.07 
170.02 
450.27 
388.70 
397.78 
17758 
251.78 
104.36 
179.98 
17251 
143.59 
253.91 
447.42 
183.81 
234.07 
368.24 
428.29 
338.35 
330.07 
421.44 
337.46 
545.28 
537.19 
352.67 
353.29 
362.90 
227.49 
527.49 
495.02 
477.05 
438.70 
399.38 
458.99 
408.19 
581.32 
432.74 
409.79 
222.24 
457.12 
368.51 
492.26 
391.l9 
419.57 
471.26 
318.15 
334.16 
451.16 
602.05 
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c. 
nmoll: 
152.70 
137.65 
154.93 
184.41 
110.23 
135.80 
81.05 
104.88 
63.93 
75.38 
96.60 
103.04 
132.88 
128.61 
52.69 
108.19 
166.48 
182.24 
185.79 
158.53 
160A3 
161.06 
148.89 
139.38 
136.44 
13S.Q7 
148.55 
100.05 
146.52 
200.41 
150.78 
156.51 
163.43 
149.74 
104.54 
140.31 
191.87 
227.73 
150.32 
107.41 
135.84 
130.87 
176.44 
157.88 
134.92 
157.81 
156.66 
171.29 
192.78 

Cu 
nmnllg 

105.80 
99.85 
89.10 

251.86 
119.14 
178.78 
39.39 
64.84 
37.46 
52.76 
45.94 
104.60 
136.S1 
109.89 
44.74 
87.73 

302.31 
318.17 
318.98 
312.62 
236.46 
340.76 
228.59 
183.00 
146.52 
121.32 
154.80 
73.74 
193.25 
335.22 
257.73 
260.65 
259.81 
231.20 
157.60 
223.85 
225.35 
272.13 
191.97 
91.18 
146.01 
169.74 
216.82 
202.18 
165.68 
181.53 
154.10 
199.67 
253.69 

Fe 
J.Lmnlig 

333 
293 
304 
590 
345 
334 
138 
247 

187 
205 
159 
261 
318 
288 
107 
224 
504 
537 
546 
470 
471 
492 
405 
321 
325 
280 
329 
175 
392 
640 
467 
498 
487 
459 
279 
358 
648 
617 
340 
267 
349 
369 
499 
440 
360 
369 
341 
412 
522 

Mn 
J.Lmolig 

8.14 
8.59 
11.87 
10.81 
7.G6 
9.08 
7.97 
9.53 
15.76 
6.49 
11.05 
7.56 
6.61 
9.17 
2.22 
4.23 
9.10 
7.89 
9.72 
IUS 
8.29 
8.16 
9.26 
6.08 
12.78 
6.30 
7.15 
5.42 
6.84 
13.73 
5,48 
7.44 
7.45 
6.15 
4.81 
2.97 
20.15 
23.77 
7.79 
8.79 
8.45 
6.86 
&.31 
7.74 
4.61 
4.80 
4.37 
6.10 
9.29 

Ni 
nmolli 

170.33 
152.02 
138.75 
374.74 
143.84 
167.55 
17.39 
99.25 
47.00 
78.40 
62.71 
151.78 
172.65 
137.14 
40.88 
120.14 
277.20 
308.03 
305.13 
271.10 
257.66 
277.09 
243.94 
167.63 
163.13 
143.51 
165.85 
73.73 
168.84 
316.41 
242.11 
261.79 
247.51 
228.94 
118.79 
193.10 
225.12 
287.96 
177.89 
92.51 
170.57 
180.29 
232.86 
199,34 
\54.58 
196.64 
179.83 
226.21 
314.89 

oe 
J.Lmolig 

244 
216 
193 
624 
480 
253 
45 
134 
136 
103 
65 

288 
537 
560 
265 
689 
1195 
1223 
1301 
517 
885 
523 
1082 
682 
984 
568 
662 
1084 
613 
1284 
1812 
1460 
538 
1170 
461 
1568 
1565 
1365 
300 
533 
230 
659 
676 
703 
692 
824 
739 
1014 
498 

p 
J.Lmolig 

7.19 
6.70 
7.56 
10.12 
5_77 
9.37 
2,95 
6,67 
7.28 
9_72 
4.03 
6.70 
9.33 
9.03 
3.54 
7.00 
l4.71 
15.68 
16.20 
12.54 
11.63 
11.88 
12.75 
9.83 
11.50 
8.33 
9.94 
6.31 
8.38 
15.34 
11.82 
12.46 
l2.26 
IL91 
7.90 
10.83 
16.20 
13.41 
9.14 
6.19 
8.06 
7.71 
10.39 
9.03 
7.63 
9.53 
8.43 
10.06 
lO.26 

Pb 
nmol!g 

45.09 
45.92 
46.42 
86.6l 
69.70 
81.42 
26.07 
43.59 
25.50 
30.75 
27.57 
56.81 
50.31 
45.89 
20.11 
37.43 
79.38 
84.88 
88.36 
79.78 
84.80 
83.93 
66.68 
58.88 
56.19 
37.18 
44.85 
26.72 
89.34 
103.26 
101.06 
101.87 
91.43 
85.89 
42.92 
77.14 
92.72 
98.09 
61.33 
50.01 
70.45 
73.93 
63.97 
68.53 
62.41 
66.67 
73.23 
75.02 
93.02 

S 
~tmollg 

23.71 
30.17 
28.3& 
62.64 
19.28 
36.63 
20.25 
23.03 
27.86 
52.72 
23.53 
33.02 
37.25 
52.21 
10.63 
25.40 
35.05 
42.33 
37.19 
71.40 
21.14 
61.30 
71.82 
48.60 
87.32 
98.73 
110.43 
63.17 
75.95 
57.41 
45.32 
4S.17 
44.65 
37.23 
74.59 
106.06 
42.73 
77.39 
56.59 
62.94 
56.79 
39.06 
38.88 
42.41 
95.22 
1 J9.61 
104.88 
136.34 
62.90 

Te 
J.Lmol/g 

1096 
1427 
1698 
1014 
1525 
740 
224 
1677 
3287 
3412 
805 

2255 
636 
740 
319 
793 
1236 
1316 
1374 
591 
924 
600 
1213 
793 
1404 
1015 
896 
1441 
933 
1368 
1882 
1606 
1470 
1545 
458 
1568 
1777 
1380 
345 
533 
247 
711 
700 
722 
700 
883 
746 
631 
1605 

Zn 
nmoV: 
370.10 
348.98 
380.65 
887.32 
461.66 
821.89 
167.95 
311.44 
98.03 
134.24 
226.65 
399.29 
455.72 
399.99 
113.14 
312.44 
745.45 
810.16 
809.67 
741.72 
699.81 
811.78 
585.69 
505.63 
452.06 
384.24 
477.91 
220.24 
680.61 
1124.77 
813.03 
844.07 
840.85 
781.19 
471.46 
700.54 
819.29 
910.28 
488.62 
366.21 
552.86 
518.73 
731.75 
65L17 
559.81 
627.75 
574.39 
680.10 
881.23 

Page 2lS 



Appendix 1 
Surface sediment grab samples - location data and strong acid digestion analytical results 

AlMS 
catalogue 

1788 
1789 
1790 
1791 
1792 
1793 
1794 
1795 
1796 
1797 
1798 
1799 
1800 
1801 
1802 
1803 
1804 
1805 
1806 
1807 
1808 
1809 
1810 
1811 
1812 
1813 
1814 
1815 
1816 
1817 
1818 
1819 
1820 
1821 
1822 
1823 
1824 

Shelf 
position 

Tum!'i Shclr 
J!lll~Shc::lr 

lnnerShclf 

InncrShdf 
InnerSllclr 

hml,"iSholf 
Inner Shelf 
hmcrSbelf 

InncrShcl[ 

inncrShclf 

ItlllCl"Shel[ 

I:tlR.;:rSbclf 

frlncrSbeJf 
inner Shelf 
1.httShclr 
[rlhctShdf 

Irlner-Shdf 

I!lnCT"Shdf 

lon.er-Shelf 
[111'1.;:s:Sh~lr 

Inner Shdr 
InncrShdr 

tnner Shdf 

InnerShelr 
JnncrShelr 
Inner Shelr 

MidSh.lf 
MidSheif 

QuI~rShcU 

Mid Shelf 
Mid Shelf 
Mid Shelf 
Mid Shc1f 

MidSbdf 
MidSl><lf 
MidShclf 
MidSheU 

Geographic 
region 

Clevr;:Iand Bay 
Clcvetood Bay 

Clevdand Day 

Ch, ... ctood Bay 
Cleveland Bay 

Clevola!ld Bay 
Cleveland Bay 

CI~(':l;mdB3y 

UllliriUBay 
CI~cland Bay 

CI~vc!Md Bily 

Clc:'Vcll'lf1d Bay 

Clevt:1Md B~y 

Clevclnnd Gay 

C!~climdB"Y 

HalirilXBay 
Hniir;tXBI'I), 

HnliraxBl'I)' 

Halifax Bay 
H:uif~x Bay 
Hi'tHfa,,; Bay 
r-fuHfax Blly 

Hs1if:u:Bay 
Hal.if~BiLy 

HaUrax Bay 
Ha1ifaxBay 

M±dSll,lf 
MtdShclf 

Outer Sbcl( 
MidSl1elf 

M~d Shelf 

MidShc-lf 
Mid Shelf 

MidSh.;lf 

Mid Shelf 
Mid Shelf 

Mid Shelf 

Less thOll method dete<:tiolllimit' « D.L.) 

Decimal 
Latitude 

-19.2293 
·19.24M 
-19.2244 
-19.2462 
-19.2559 
-19.1688 
-19.1613 
-19.1547 
-19.1408 
-19.1953 
-19.1983 
-19.2017 
-19.2048 
-19.2080 
-192112 
-19.1690 
-19.1390 
-19.1095 
-19.0830 
-19.0547 
-19.0340 
-19.0185 
-19.0035 
-18.9862 
-18.9733 
-18.9567 
-18.9377 
-18.9238 
-18.0272 
-18.9975 
-18.9678 
-18.9428 
-18.9145 
-18.8895 
-18.8547 
-18.8262 
-18.7947 

Decimal 
Longitude 

146.8427 
146.8281 
146.8481 
146.8286 
146.8228 
146.7922 
146.7848 
146.7767 
146.7635 
147.D11O 
147.0017 
146.9932 
146.9835 
146.9747 
146.9662 
146.6612 
146.6820 
146.7002 
146.7163 
146.7397 
146.4317 
146.4633 
146.4950 
146.5277 
146.5588 
146.5898 
146.6222 
146.6568 
146.7610 
146.7808 
146.8023 
146.8202 
146.8387 
146.8568 
146.8787 
146.8938 
146.9165 

Sample 
date 

12-Feb-98 
12,Feb·98 
12-Feb-98 
12-Feb-98 
12-Feb-98 
28-Aug·98 
28-Aug-98 
28-Aug-98 
28-Aug-98 
29-Aug-98 
29-Aug.98 
29-Aug-98 
29-Aug-98 
29.Aug.98 
29-Aug·98 
30-Aug.98 
30-Aug-98 
3Q..Aug-98 
30-Aug-98 
30-Aug-98 
01-S.,..98 
01-S.,..98 
01-Se,..98 
01-S.,..98 
01-50l>"98 
01-S.,..98 
0I-S.,..98 
01-50l>"98 
01-Sep-98 
02-Sop-98 
02-Sep-98 
02-Sep-98 
02-Sep-98 
02-Sep-98 
02-Sep-98 
02-Sep-98 
02-Sep-98 

Woter 
depth 

m 
6.00 
3.00 
3.00 
3.00 
4.00 
8.50 
8.50 
8.00 
8.00 
3.50 
4.50 
6.00 
7.00 
7.00 
7.00 
4.50 
8.00 

11.00 
12.00 
16.00 
5.00 
9.00 

12.00 
15.00 
16.00 
19.00 
21.00 
24.00 
20.00 
22.00 
23.00 
25.00 
25.00 
28.00 
29.00 
32.00 
34.00 

AI 
Ilmotig 
1302 
2278 
2060 
2485 
2644 
2446 
2618 
2578 
773 
621 
193 
264 
449 
314 
471 
1249 
1076 
1141 
1055 
913 
184 
317 
815 
869 
753 
992 
772 
841 
890 
837 
475 
382 
342 
209 
189 
245 
200 

Ca 
~m"lfg 

525 
300 
311 
369 
198 
582 
590 
678 
3789 
1520 
1496 
2128 
1256 
1667 
1118 
385 

2425 
2386 
2212 
1939 
764 

3182 
3246 
3919 
4146 
4091 
4177 
3594 
2622 
3380 
5149 
5764 
6793 
8098 
7986 
6751 
6390 

CC 
j.unoJJg 

350 
151 
495 
72 
199 
589 
587 
638 
3561 
1468 
1473 
1960 
1189 
1730 
1037 
275 
2207 
2097 
2010 
21M 
628 

3063 
2586 
3952 
4099 
4130 
4711 
4086 
2954 
3558 
5089 
5669 
6550 
6603 
7663 
6869 
7140 

Detection limits for Imce metals "re; Cd 89 pmol/g; Co 17 Jlmol/g; Cu 16 "mollg; Ni 17 nmol/g; Pb 5 nmoJJg; Zn 0.4 nmolig 

Cd 
pmoVg 

441.24 
496.53 
587.46 
321.44 
1394.13 
181.03 
206.99 
267.10 
287.63 
j 19.91 
57.44 
97.49 
119.98 
108.14 
70.64 
243.68 
129.52 
133.47 
141.17 
102.59 
69.68 
129.71 
192.34 
229.68 
215.50 
192.09 
61.63 
125.80 
136.82 
93.62 
59.06 
33.35 
75.33 
113.47 
59.99 
105.38 
86.31 

Appcndix.l 

Co 
nmoll 
148.74 
205.31 
194.59 
224.17 
206.11 
212.85 
224.80 
233.03 
124.10 
138.32 
103.04 
133.18 
170.95 
165.76 
192.66 
188.M 
231.48 
222.29 
204.71 
164.92 
30.80 
181.44 
181.54 
163.62 
148.n 
132.34 
11l.73 
115.15 
147.36 
124.81 
77.20 
57.66 
55.36 
36.66 
24.68 
21.33 
16.05 

Cu 
nmoVg 

162.42 
419.12 
408.46 
436.43 
831.66 
272.92 
297.17 
275.62 
106.69 
78.39 
20.15 
35.38 
63.32 
32.68 
66.99 
169.51 
135.46 
134.97 
113.48 
101.34 
<D. L. 
42.07 
104.86 
115.05 
93.81 
94.35 
93.04 
100.06 
114.09 
99.58 
68.92 
40.69 
26.38 
21.22 
24.24 
<D. L. 
23.59 

F. 
I1mollg 

384 
626 
596 
633 
674 
744 
793 
767 
333 
300 
211 
230 
277 
239 
282 
428 
418 
421 
388 
331 
109 
276 
384 
381 
316 
335 
299 
286 
326 
292 
206 
168 
149 
160 
90 
121 
115 

Mn 
j1moVg 

9.68 
15.92 
17.28 
24.95 
8.65 
8.64 
9.76 
9.24 
8.89 
9.27 
11.47 
15.38 
19.09 
13.92 
14.26 
7.55 
10.27 
8.82 
8.16 
7.84 
3.42 
17.93 
15.02 
11.55 
13.23 
8.26 
9.58 
7.11 
7.70 
7.60 
7.06 
5.77 
5.30 
7.93 
3.97 
3.79 
3.04 

Ni OC 
nmolle I1mollg 
215.78 341 
403.39 738 
378.20 734 
411.96 721 
432.25 813 
493.30 730 
533.26 740 
498.97 662 
182.60 230 
155.16 249 
75.26 71 
96.26 85 
127.28 152 
95.10 106 
132.35 130 
169.24 385 
221.31 259 
235.96 269 
216.33 267 
185.58 46 
33.59 208 
109.50 192 
201.32 758 
222.42 189 
196.12 296 
220.10 235 
188.73 274 
183.59 484 
206.90 248 
190.08 271 
116.82 497 
100.87 195 
94.53 209 
64.23 1757 
51.87 179 
69.61 206 
34.77 181 

p 
Jimollg 

8.76 
11.79 
11.25 
12.64 
12.50 
9.80 
10.55 
9.94 
9.12 
6.70 
7.63 
7.61 
7.63 
6.77 
6.54 
9.07 
9.94 
9.75 
9.17 
8.52 
3.12 
9.83 
20.52 
12.56 
11.37 
11.89 
11.76 
12.45 
)1.97 
11.12-
12.09 
12.96 
12.83 
17.06 
11.61 
11.94 
12.74 

Pb 
nmolfg 

70.10 
184.09 
169.28 
157.16 
195.24 
100.60 
108.57 
106.95 
60.47 
33.62 
19.24 
22.47 
30.15 
21.36 
28.69 
59.93 
58.44 
59.68 
56.89 
47.21 
25.15 
45.60 
60.44 
58.31 
48.88 
53.77 
30.73 
40.25 
52.22 
44.30 
32.06 
27.84 
25.61 
24.68 
21.79 
20.21 
20.67 

S 
j1moJJg 

51.56 
66.68 
63.82 
67.16 
108.73 
5.93 
6.20 
6.59 

22.47 
14.28 
12.82 
14.98 
9.35 
10.69 
7.26 
3.03 
16.71 
16.36 
16.34 
16.00 
11.35 
22.44 
24.38 
28.50 
31.00 
35.69 
33.73 
34.07 
24.43 
30.68 
39.20 
42.98 
51.81 
51.23 
55.63 
50.31 
55.65 

TC 
~molfg 

691 
889 
1229 
793 
1012 
1~19 

1327 
1300 
379] 
1717 
1544 
2045 
1341 
1836 
1167 
659 

2466 
2366 
2276 
2231 
836 

3255 
3344 
4140 
4395 
4365 
4985 
4569 
3202 
3829 
5586 
5864 
6759 
8360 
7842 
7075 
7322 

Zn 
nmoll 
617.48 
1496.52 
1403.77 
1536.46 
2322.20 
1018.07 
1093.30 
1082.38 
444.98 
379.32 
193.27 
228.67 
322.86 
264.13 
368.42 
737.18 
644.93 
614.00 
562.38 
459.44 
13HO 
325.46 
494.17 
503.36 
408.07 
480.20 
393.58 
402.29 
461.16 
403.73 
233.86 
207.03 
166.39 
123.14 
680.66 
119.58 
130.51 
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Appendix 2 
Surface sediment total acid digestion analytical results 

AIMS AI Cd Cu Fe Ni Pb S Si Zn 
Catalogue /1moIlg /LmoIlg nmoll /LmoIlg /LmoIlg nmoll 

1686 2416 462 199 77 11131 702 
1700 2136 <D.L. 142 300 77 131 48 12361 917 
1707 2559 <D.L. 213 471 137 94 60 10634 929 
1711 2056 <D. L. 131 387 162 124 123 11342 599 
1714 2754 543 234 623 290 79 101 10363 913 
1718 1553 <D.L. 38 181 21 171 13 14611 366 
1725 1440 587 103 337 159 90 30 11703 452 
1735 1656 <D. L. 23 217 29 63 19 14098 311 
1739 1635 <D. L. 123 398 157 74 24 12145 567 
1742 3147 379 287 691 345 132 75 9518 1167 
1745 1662 <D.L. 44 242 35 75 21 13675 399 
1753 1649 <D. L. 51 152 30 139 16 14484 247 
1756 2943 <D.L. 385 608 299 71 43 10813 1050 
1764 1984 <D. L. 160 334 142 85 104 12341 561 
1769 2940 <D. L. 312 570 262 153 55 10999 1132 
1772 2818 <D.L. 282 531 235 143 39 11463 1021 
1776 2972 <D.L. 311 664 261 142 84 10897 1091 
1779 2232 <D. L. 202 435 175 120 64 11636 791 
1781 2348 1581 205 479 185 114 36 12668 790 
1783 2218 <D.L. 190 443 137 107 97 12748 776 
1785 2363 <D.L. 172 391 157 115 105 12602 749 
1786 2487 <D.L. 226 457 184 115 138 11744 856 
1787 2731 452 281 585 343 133 64 10666 1078 

< D. L. = below detection limit 
Detection limit of Cd = 300 pmoVg 
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Appendix 3 XRD profiles of sediment samples prior to and after digestion 
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Sample 1706 
XRD trace from 0 to 45° 2 Theta 

150 ,-------------------------------------------------------~----------------------------------------~ 

Before digestion 

100 
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(/) - 0 C 
::::::l 
0 150 0 10 20 30 40 
() I 

After digestion 

II 
100 

50 

O+I~~~~~~~_r_r_r_r_r_r_r_r_r_r_r_r_r_r~~~~._._._._._._._._._._._._._._._._._._~ 

o 10 20 
Degrees 2 Theta 

30 40 
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Sample 1718 
XRD trace from 0 to 45° 2 Theta 

150 Ii 

Before digestion 

100 

50 

fIl - 0 C 
::::I 
0 150 0 10 20 30 40 
0 I 

After digestion 

100 

50 

O+I~~-'-'-'-'-'~~r-r-r-~~r-r-r-r-~~~~~~~'-'-'-.-.-.-.-.--r-r-r-r-r-r-r-r-r-r~~~ 

o 10 20 
Degrees 2 Theta 

30 40 
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Sample 1696 
XRD trace from 0 to 4SO 2 Theta 

150~--------------------------------------------------,,---------v----------------------------' 

Before digestion 

100 

50 

(J) 
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0 C 
:::I 
0 150 0 10 20 30 40 
() I 

After digestion 

II 
100 

50 

o 
o 10 20 Degrees 2 Theta 30 40 
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Sample 1698 
XRD trace from 0 to 4&1 2 Theta 

150 Ii 

Before digestion 

100 

50 

E 0 II r"' ~~' • "I" '""1'",'11 'r " '1' or,. '''II"''I'''"''TtltII'III" r"' III 'r''Il¥If1"'I1"''f"~ ~'!1 ' 
;:J 

8 150 ~I 10 fO " 30 40 

After digestion 
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50 

0+1~~-r-r~~~~~~~~~~r-r-~~~~~~~~-r-r-r~~~~~~~~.-.-,,~-'-.-.~ 

o 10 20 
Degrees 2 Theta 

30 40 
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XRD Raw data from selected samples before and after digestion 
1706 1706 1718 1718 1696 1696 1698 1698 

Degre .. After ReCore After Before AIter Berore Before 
1 Tbeta di~ .. Ii.n di~e.lioD dillesliuD dig •• lioo dig.slioo djg •• tion An.rd;" .. Ii. di ... ti"n 

0,02 313 321 315 260 32] 252 363 365 
0,04 223 222 266 206 116 198 31& 28& 
0,{)6 190 176 173 158 155 110 245 247 
O,(}S 156 155 134 98 143 92 187 191 
0,[ 109 124 110 74 125 50 141 169 

0,12 118 99 90 56 69 50 127 140 
0,14 84 92 89 45 75 37 90 118 
0,16 81 64 69 49 73 37 122 108 
0,18 75 104 63 42 84 31 128 117 
0,2 81 98 81 39 82 33 97 130 

0.22 75 11 63 41 13 32 105 116 
0,24 71 74 75 41 72 27 102 131 
0,26 73 70 70 39 65 28 104 99 
0.28 68 67 60 31 74 33 103 99 
0.3 78 68 74 31 58 37 90 88 

0,32 76 66 49 18 55 27 75 78 
0.34 7(} 62 73 25 56 32 90 89 
0,36 61 62 66 39 56 19 88 102 
0,38 70 59 46 19 51 24 92 85 
0,4 62 67 57 23 49 20 98 91 

0,42 56 55 48 33 45 16 S4 92 
0.44 60 66 60 21 67 25 93 85 
0,46 56 62 48 28 46 25 89 64 
DAB 59 52 74 22 68 21 65 78 
0.5 46 47 42 28 45 23 70 83 

0.52 51 49 46 18 48 25 60 64 
0,54 53 48 51 30 46 19 65 66 
0,56 59 50 65 15 48 20 69 73 
0,58 62 47 51 17 51 34 64 64 
0,6 51 47 46 to 42 20 64 66 

0,62 55 55 35 18 38 24 80 62 
0,64 53 53 44 18 38 15 71 60 
0,66 48 48 43 31 46 30 62 64 
0,68 50 54 50 12 37 29 69 51 
0,7 51 46 43 12 53 19 68 52 

0.72 66 40 43 8 46 19 64 59 
0,74 43 50 45 14 41 26 51 62 
0,76 67 48 40 18 49 16 62 56 
0,78 39 57 38 17 36 8 53 52 
0,8 39 47 39 15 37 15 52 58 

0.82 35 37 33 14 29 26 63 49 
0,84 36 40 52 19 29 23 51 46 
0,86 44 43 45 19 37 16 52 53 
0,88 41 39 27 18 31 13 64 61 
0,9 40 49 27 13 40 17 49 47 

0,92 32 32 40 12 29 24 54 38 
0,94 37 41 37 17 45 23 46 47 
0,96 46 48 32 12 37 18 56 43 
0,98 48 35 38 13 31 14 55 56 

I 40 47 33 17 n 24 55 54 
1.02 33 43 32 15 34 19 52 42 
1.04 41 29 36 9 38 13 62 43 
1.C6 37 38 33 9 36 8 46 38 
1.08 33 44 27 18 39 II 44 42 
l.l 32 37 30 20 33 18 35 34 

1,12 49 31 34 12 29 11 45 38 
1.14 31 44 34 15 46 II 43 32 
1.16 40 31 21 16 34 12 37 44 
LIS 53 42 33 J6 35 11 48 40 
1.2 36 37 20 II 42 7 49 30 

1.22 38 35 31 14 34 13 53 46 
1.24 31 33 35 16 38 13 31 27 
1.26 30 34 37 13 27 13 38 42 
l.28 37 37 20 14 20 16 43 46 
1.3 31 35 29 13 23 II 39 42 

1.32 31 27 30 16 24 13 41 39 
1.34 40 21 23 9 32 7 34 32 
1.36 35 26 28 13 33 10 45 28 
1.38 31 28 37 9 24 10 29 46 

1.4 29 21 30 7 31 II 37 31 
1.42 46 39 39 7 26 10 30 41 
1.44 25 27 31 9 34 II 41 34 
1.46 33 29 22 8 28 12 34 44 
1,48 37 40 39 5 40 7 35 33 

1.5 39 24 23 II 26 14 45 33 
1.52 28 28 23 9 22 12 43 37 
1.54 27 30 21 5 41 7 26 31 
1.56 29 28 22 2 30 16 40 29 
1.58 35 29 21 11 25 12 30 27 
1.6 35 18 29 7 21 8 33 34 

1.62 27 27 18 9 16 10 36 30 
1.64 23 31 34 6 24 12 29 32 
1.66 26 23 28 10 21 5 21 28 
1.68 16 30 19 7 30 10 31 25 

1.7 26 29 18 13 23 11 27 27 
1.72 27 24 41 II 25 8 27 22 
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17116 17116 1718 1718 1696 11;96 1698 1698 

Degr"". After Before Arter Before Arkt Before nefore 
lTbeta di2 .. tion di2 .. tion di ••• tion di2C.tiOD di.c.tion dill.stiDD After die .. ti. di ... tion 

1.74 34 23 27 9 n 12 25 45 
1.76 33 20 24 6 26 14 27 34 
1.78 31 23 26 6 32 to 25 25 

1.8 26 31 37 6 20 9 38 29 
1.82 27 34 25 8 22 13 27 34 
1.84 27 25 18 7 20 9 26 29 
1.86 30 22 25 7 22 to 31 27 
1.88 25 29 22 5 29 15 23 25 

1.9 21 21 28 12 34 11 31 26 
1.92 24 IS 22 5 n II 29 32 
1.94 30 23 21 10 18 to 31 30 
1.96 25 30 18 9 17 7 21 27 
1.98 25 31 25 5 25 14 22 27 

2 23 21 19 9 20 6 27 27 
2.02 26 18 28 9 27 to 25 16 
2.04 23 25 14 4 26 5 23 26 
2.06 21 27 26 8 26 12 25 33 
2.08 20 20 20 6 15 to 25 29 

2.1 21 17 29 6 20 8 31 24 
2.12 22 28 20 4 IS 6 21 21 
2.14 21 27 11 4 10 6 11 27 
2.16 20 25 23 3 22 10 24 31 
2.18 22 18 24 14 24 5 36 24 

2.2 28 21 14 6 19 7 30 38 
2.22 24 27 15 5 23 II 29 28 
2.24 21 21 23 6 23 5 2S 33 
2.26 20 25 20 6 18 9 19 23 
2.28 19 15 25 3 20 10 18 21 

2.3 20 26 20 to 23 11 17 22 
2.32 23 26 14 5 20 5 29 23 
2.34 21 17 22 II 17 6 28 26 
2.36 26 22 9 4 22 6 23 22 
2.38 18 17 13 5 23 7 20 22 

2.4 23 16 18 5 19 9 25 26 
2.42 20 19 18 4 19 8 17 21 
2.44 23 20 16 3 23 4 24 25 
2.46 26 22 20 6 16 7 27 26 
2.48 26 22 22 7 19 7 26 28 

2.5 12 29 18 5 30 8 29 23 
2.52 18 23 29 8 20 5 19 19 
2.54 26 16 16 8 23 to 24 24 
2.56 21 13 to 9 18 7 24 20 
2.58 26 13 9 10 18 8 14 25 
2.6 25 19 21 2 to 9 21 20 

2.62 22 18 14 7 15 to 16 12 
2.64 18 23 22 12 19 4 25 20 
2.66 13 19 20 3 15 6 16 20 
2.68 27 17 18 7 20 6 19 19 
2.7 14 14 12 4 14 6 24 24 

2.72 22 22 22 3 19 8 16 23 
2.74 19 28 14 7 14 7 18 15 
2.76 14 15 21 5 24 10 13 23 
2.78 21 13 20 6 15 7 15 IS 
2.8 16 16 20 2 16 7 22 16 

2.82 20 17 16 6 19 7 16 23 
2.84 17 23 12 3 8 7 18 19 
2.86 18 28 17 8 11 8 26 19 
2.88 22 J3 18 6 15 11 15 26 
2.9 23 19 18 5 16 3 20 13 

2.92 21 16 22 11 13 7 11 21 
2.94 18 22 25 9 17 5 22 21 
2.% 20 20 14 2 20 10 15 20 
2.98 14 30 13 7 17 5 18 16 

3 19 26 17 3 24 8 16 2S 
3.02 24 27 18 4 n 7 18 19 
3.04 21 27 18 3 14 8 22 22 
3.06 24 23 18 5 18 4 16 27 
3.08 14 24 20 6 15 1 IS 24 

3.1 24 14 12 4 11 6 24 26 
3.12 14 14 19 7 9 6 21 26 
3.14 20 15 12 5 13 3 23 17 
3.16 [4 26 18 6 17 7 12 23 
3.18 24 25 11 4 18 11 14 20 

3.2 25 22 13 4 12 B 20 18 
3.22 23 i3 18 3 17 7 13 18 
3.24 27 17 20 3 12 15 14 17 
3.26 IS 26 14 4 31 3 15 26 
3.28 20 18 16 2 24 3 20 21 

3.3 22 21 12 6 16 3 24 13 
3.32 20 18 11 2 21 7 18 21 
3.34 23 14 17 4 13 5 19 22 
3.36 12 19 22 I 25 6 29 15 
3.38 15 20 11 6 25 8 II 31 
3.4 17 14 8 2 23 7 18 20 

3.42 16 20 13 2 16 6 17 17 
3.44 19 15 8 4 17 5 15 13 
3.46 24 21 13 4 17 7 19 19 
3.48 17 16 6 1 21 9 24 29 

3.5 18 13 9 2 18 9 15 18 
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1706 1706 1718 1718 1696 1696 1698 1698 

Degree. Ane. Before Afte. Berore An •• Before B.fore 
2 Theta di2estioD diu.,tion digestion dive.tion digestion dl .... tion After di~e,tio d["cstlon 

3.52 1"2 16 23 6 18 5 13 29 
3.54 24 21 8 2 20 6 22 16 
3.56 23 25 S 1 12 S 15 21 
3.5& 20 19 13 7 J3 1 IS 24 

3.6 15 18 12 4 19 II 14 23 
3.62 22 15 9 2 12 6 17 19 
3.64 17 17 14 3 18 5 17 22 
3.66 19 10 12 4 21 8 19 21 
3.68 22 17 10 6 11 4 19 18 
3.7 18 11 11 1 18 4 12 18 

3.72 25 19 13 3 14 3 22 23 
3.74 20 19 12 1 15 9 14 13 
3.76 23 12 S 3 II 5 14 18 
3.78 16 17 16 8 17 8 18 26 
3.8 19 14 9 2 12 4 17 28 

3.82 13 19 14 5 20 7 20 17 
3.84 15 18 13 4 9 4 16 20 
3.86 15 14 16 5 11 6 [4 18 
3.88 20 17 14 5 13 6 [4 15 
3.9 16 26 13 6 18 6 15 [5 

3.n [2 Hi 14 4 13 7 23 32 
3.94 22 13 15 3 15 3 19 19 
3.96 16 17 14 II 22 9 10 18 
3.98 19 11 13 3 18 3 19 21 

4 17 16 13 7 18 3 14 22 
4.02 21 21 15 8 19 7 15 21 
4.04 16 9 12 4 18 I 16 17 
4.06 20 20 to 4 II 6 15 29 
4.08 II 17 13 3 10 4 13 17 

4.1 15 20 II 5 15 9 18 19 
4.12 12 9 19 5 6 5 10 15 
4.14 23 23 18 2 11 4 18 16 
4.16 23 13 5 9 12 7 10 25 
4.18 17 19 13 3 16 4 21 21 

4.2 14 14 7 2 14 5 14 13 
4.22 16 12 II 5 10 9 14 18 
4.24 20 19 13 3 II 5 15 10 
4.26 13 22 6 I 16 4 12 22 
4.28 18 18 10 4 II 4 13 19 

4.3 15 16 19 I 17 3 17 21 
4.32 22 21 15 3 13 7 t7 17 
4.34 10 8 14 3 24 10 12 15 
4.36 21 13 16 2 16 5 16 19 
4.38 18 17 10 4 16 9 13 19 
4.4 18 17 16 2 14 5 8 21 

4.42 11 16 15 3 II 4 17 20 
4.44 IS 18 8 5 20 3 20 10 
4.46 19 13 13 1 11 9 15 19 
4.48 20 12 14 4 15 5 10 25 
4.5 11 15 10 4 15 8 16 33 

4.52 17 19 16 3 15 8 13 24 
4.54 27 16 16 6 8 5 21 24 
4.56 21 13 11 2 9 5 13 20 
4.58 14 15 13 4 16 7 21 24 

4.6 13 11 10 2 11 4 15 15 
4.62 21 17 13 3 16 8 18 21 
4.64 20 23 7 1 15 8 20 17 
4.66 12 20 14 2 21 5 10 23 
4.68 16 17 16 3 11 5 13 24 

4.7 10 11 11 4 15 5 14 17 
4.72 14 20 17 6 12 3 19 26 
4.74 18 15 12 3 18 4 13 20 
4,76 9 16 9 2 13 5 17 18 
4.78 22 26 11 3 17 9 16 28 

4.8 16 15 8 3 23 3 14 2-2 
4,82 21 11 17 I 18 6 12 26 
4.S4 21 16 15 3 19 6 13 19 
4.86 14 20 21 I 17 B 13 22 
4.88 13 17 13 4 14 4 11 23 

4.9 10 19 IS 2 11 g 19 20 
4.92 19 Ii 9 5 g 7 18 16 
4.94 13 13 22 3 t1 5 9 23 
4.96 13 16 18 2 16 1 16 24 
4.98 21 23 13 2 15 6 9 22 

5 12 15 12 I 17 5 13 20 
5.02 5 17 II 2 13 3 18 24 
5.04 14 20 8 1 21 2 13 21 
5.06 15 22 24 2 14 2 14 24 
5.08 22 17 10 4 19 3 10 32 

5.1 13 19 11 3 11 3 12 23 
5.12 15 23 11 5 [5 6 17 14 
5.14 II 22 10 2 12 4 17 IS 
5.16 15 12 12 I 17 4 21 26 
5.18 13 16 12 6 12 5 14 2S 
5.2 16 II 14 2 16 3 13 27 

5.22 15 20 11 2 21 3 20 24 
5.24 13 15 5 2 5 4 23 19 
5.26 14 10 t3 2 16 5 9 17 
5.28 14 16 19 2 IS 7 12 21 
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1766 1706 1718 1718 16% 1696 1698 1698 

Degrees After Before After Before After Before Bdor. 
2 Tnda di~estlon di2 •• tion di2CStiOD di2 •• tiOD di2COtiOD di2cstion Afttrdi2estiO di".stiOD 

5.3 19 22 16 2 15 5 6 20 
5.32 11 17 11 2 15 3 17 23 
5.34 16 9 13 5 12 6 9 32 
5.36 14 21 16 6 11 2 20 24 
5.38 20 21 13 I 17 4 19 32 

5.4 12 25 10 2 16 6 12 25 
5.42 16 16 II 4 12 3 17 19 
5.44 20 14 12 I 17 5 16 22 
5.46 II 16 14 4 13 2 10 18 
5.48 21 11 20 2 14 2 14 29 

5.5 14 17 16 1 II 5 15 21 
5.52 17 14 13 2 8 5 18 17 
5.54 8 17 12 3 14 9 18 26 
5.56 14 13 9 3 18 4 19 24 
5.58 9 19 11 5 7 4 17 22 
5.6 21 16 16 4 18 2 14 33 

5.62 8 20 10 4 8 3 II 19 
5.64 25 21 9 1. 16 6 15 18 
5.66 14 24 13 4 16 5 12 25 
5.68 \0 19 10 2 12 4 18 21 

5.7 9 13 6 2 13 5 J3 17 
5.72 19 15 14 1 17 4 22 17 
5.74 17 13 11 5 17 3 10 21 
5.76 18 23 16 2 8 6 13 19 
5.78 13 18 8 7 8 5 10 23 
5.8 12 14 \3 6 9 2 14 18 

5.82 14 16 13 2 12 3 12 23 
5.84 11 14 16 2 8 7 22 14 
5.86 II IS 8 I II 6 22 16 
5.88 12 13 11 1 14 6 8 19 

5.9 18 15 12 I 19 2 9 14 
5.92 8 12 12 4 12 3 12 26 
5.94 B 21 10 5 15 4 15 14 
5.96 14 12 9 6 21 1 12 15 
5.98 19 IS 11 5 9 3 13 18 

6 21 21 12 2 14 7 8 27 
6.02 21 9 16 3 to 7 18 17 
6.04 12 20 JO I IS 5 15 19 
6.06 13 12 7 I II 6 6 24 
6.08 17 18 5 2 19 3 14 16 

6.1 16 13 15 3 15 5 22 15 
6.12 14 21 10 2 13 3 14 27 
6.14 11 13 16 3 14 1 13 23 
6.16 19 15 19 2 13 3 12 26 
6.18 IS 4 13 3 10 4 15 19 

6.2- 10 12 15 6 8 3 11 18 
6.22 7 14 13 2 17 4 17 22 
6.24 13 19 13 3 14 4 13 21 
6.26 14 II 6 3 13 9 16 16 
6.28 6 14 14 3 24 1 14 17 
6.3 12 14 15 3 15 2 II 24 

6.32 21 18 8 4 9 3 20 22 
6.34 13 17 8 5 19 3 13 21 
6.36 13 16 12 2 17 6 22 13 
6.38 14 15 14 3 13 6 16 15 
6.4 20 17 5 4 7 3 17 13 

6.42 17 17 13 3 14 2 12 16 
6.44 13 15 14 3 28 2 17 20 
6.46 9 7 13 I 15 8 17 22 
6.48 16 14 12 2 12 2 13 21 
65 15 20 8 2 13 3 15 16 

6.52 9 13 17 I 14 4 17 21 
6.54 10 21 14 I 10 1 15 15 
6.56 18 13 17 5 19 4 15 24 
6.58 15 5 14 2 16 6 11 24 

6.6 16 8 16 3 12 2 17 19 
6.62 11 16 15 3 16 7 13 7 
6.64 12 12 12 5 20 2 12 13 
6.66 12 12 15 I 10 4 12 19 
6.68 16 17 9 4 16 5 15 20 

6.7 19 7 10 3 II 6 22 20 
6.72 13 16 9 3 19 3 20 15 
6.74 7 19 16 2 19 2 19 18 
6.76 14 21 19 I 3 5 25 20 
6.78 15 11 9 2 II 3 16 20 
6.& 14 II 11 1 16 5 14 17 

6.82 16 12 17 I 14 4 17 19 
6.84 18 15 15 9 15 5 15 21 
6.86 15 7 12 5 22 10 17 17 
6.88 14 14 14 2 15 5 19 12 

6.9 15 14 9 I 9 6 15 18 
6.92 14 12 7 4 12 4 12 17 
6.94 16 IV 12 3 14 7 17 19 
6.96 16 15 11 4 12 4 9 13 
6.9B 18 16 11 1 II 2 14 14 

7 15 IS 13 2 21 4 16 13 
7.02 14 17 17 5 18 3 12 13 
7.04 15 17 B 1 15 4 12 16 
7.06 16 20 9 2 11 3 21 16 
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1706 1706 1718 1718 1696 1696 1698 1698 

Degrw; Alter Berore Alter Befllr~ After Before .Bfforc 
2 Theta di2cstion di •• onon di2 .. tion di •• ,tion di.e,tion di"e,ti.n After di ... tlo di • .,tion 

7.0& 11 21 13 4 17 4 1() 16 
7.1 17 12 9 1 25 2 21 15 

7.12 14 J3 12 2 13 I 12 19 
7.14 16 16 14 5 10 3 27 19 
7.16 17 9 13 3 13 6 17 23 
7.18 18 II 25 I 15 5 18 17 

7.2 12 8 12 1 16 4 18 11 
7.22 11 18 14 2 17 2 17 16 
7.24 16 22 12 2 15 3 12 17 
7.26 19 22 14 3 10 4 21 19 
7.28 18 18 16 I 14 4 14 24 

7.3 12 13 25 3 18 3 20 17 
7.32 13 12 14 2 14 8 19 21 
7.34 14 J3 12 I 12 4 10 19 
7.36 12 16 13 I 12 4 II 17 
7.38 11 18 13 3 16 2 13 21 

7.4 11 11 10 2 21 3 18 14 
7.42 23 21 14 2 11 3 23 16 
7.44 14 17 6 2 1& 2 16 22 
7.46 16 14 14 3 14 4 16 22 
7.48 17 13 16 2 17 6 21 29 

7.5 27 23 12 2 1& 6 16 16 
7.52 22 23 10 2 24 4 17 25 
7.54 2.5 17 14 2 17 2 16 15 
7.56 32 18 18 3 22 3 31 17 
7.58 17 20 17 3 17 3 32 22 

7.6 26 26 24 2 24 3 22 18 
7.62 19 24 25 4 25 7 18 30 
7.64 22 26 23 6 23 4 21 31 
7.66 13 23 21 I 19 8 19 25 
7.68 13 22 15 I 23 7 21 29 
7.7 16 21 15 2 21 I 20 22 

7.72 20 27 11 3 17 2 30 26 
7.74 17 24 19 1 17 7 21 22 
7.76 16 17 13 1 17 12 23 35 
7.78 15 13 12 3 13 12 20 27 

7.& 13 24 II I 10 6 17 23 
7.82 13 17 7 2 1& 3 6 22 
7.84 II 13 10 3 13 4 11 23 
7.86 13 13 8 I 20 6 14 23 
7.88 11 9 12 3 14 4 17 19 

7.9 II II 13 4 14 4 18 25 
7.92 15 18 11 2 21 .5 23 19 
7.94 21 S 15 5 14 2 18 13 
7.96 17 9 14 5 14 I 19 12 
7.98 8 14 20 3 13 6 16 10 

8 16 14 16 4 24 4 13 17 
8.02 15 18 10 I 20 4 13 8 
8.04 13 5 14 5 13 4 18 13 
8.06 14 8 9 1 12 6 18 21 
8.08 13 14 14 4 20 7 20 7 

8.1 12 17 22 5 12 5 19 21 
8.12 to 9 14 2 16 2 15 13 
8.14 12 8 20 2 9 6 15 13 
8.16 14 13 II 4 20 2 to 21 
&.18 18 8 8 2 11 4 16 8 

8.2 24 15 6 2 16 2 21 15 
8.22 20 10 IO 1 18 4 19 10 
&.24 8 II 8 2 19 6 18 6 
8.26 18 8 19 5 19 3 ]() 20 
8.28 18 12 7 5 12 I 17 8 

8.3 II 13 7 I 12 I 24 12 
8.32 13 5 16 4 19 4 17 18 
8.34 20 II 8 1 14 4 17 12 
8.36 15 7 10 5 II 5 23 14 
8.38 16 12 18 3 17 7 17 16 

8.4 16 10 11 I 23 4 15 4 
8.42 19 7 16 6 21 6 12 6 
8.44 18 10 13 2 14 6 21 7 
8.46 11 II 19 3 9 3 16 to 
8.48 25 !3 13 3 22 6 17 7 
85 18 8 8 4 16 4 17 11 

8.52 17 11 II 2 15 3 16 12 
8.54 20 12 18 3 18 3 17 14 
8.56 13 10 14 4 12 1 22 14 
8.58 12 11 IS 4 14 2 16 8 
8.6 16 12 10 I 12 3 21 14 

8.62 9 9 15 3 20 1 18 9 
8.64 14 9 11 3 15 I 12 5 
8.66 27 9 13 2 15 4 10 14 
8.68 15 11 12 3 23 1 13 8 

8.7 13 15 12 2 25 6 13 12 
8.72 17 15 15 2 12 3 15 12 
&.74 16 5 17 I III 4 20 12 
8.76 13 3 14 I 19 4 19 8 
8.78 18 9 12 4 17 5 IS 7 
8.8 JJ 8 7 I 21 4 J3 8 

8.82 18 9 11 3 18 2 13 12 
8.84 16 7 16 2 17 6 17 9 
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1706 17U6 1718 1718 1696 169G 1698 1698 

Degrees Aft.r Before After Before After Before Before 
2 Theta dieestion diee,tioD die:cstion diecstlo" di •• stioD die.slion Aft •• dl ... ti. di{!e!ltioo 

8.86 11 7 6 2 17 2 11 18 
S.88 13 16 14 6 22 3 25 7 
8.9 II 10 11 3 20 4 22 10 

8.92 22 10 7 2 14 I 20 9 
8.94 14 10 11 4 14 4 16 10 
8.96 9 6 12 I 15 2 14 10 
8.98 17 12 11 4 12 3 19 10 

9 10 10 g 1 16 I 19 
, 

8 
9.02 13 10 11 1 II 4 14 17 
9.04 20 11 13 3 12 4 10 18 
9.06 23 3 16 2 17 2 16 10 
9.08 14 10 17 2 23 3 19 3 

9.1 23 13 17 1 19 I 19 II 
9.12 16 9 12 :5 18 2 15 9 
9.14 24 10 14 5 8 3 18 8 
9.16 15 5 21 I 13 1 26 II 
9.18 21 13 22 3 18 4 23 12 
9.2 16 5 25 2 16 3 27 10 

9.22 24 11 42 1 23 4 34 8 
9.24 17 9 29 3 2U 4 32 10 
9.26 16 16 20 3 16 3 24 9 
9.28 12 9 21 3 25 3 31 9 
9.3 20 17 32 2 23 7 14 10 

9.32 16 9 18 2 24 3 18 7 
9.34 15 t1 12 4 15 4 19 13 
9.36 12 8 16 4 20 5 19 9 
9.38 14 12 15 1 16 6 17 9 

9.4 23 7 15 I 25 3 18 16 
9.42 19 9 22 2 21 5 20 13 
9.44 11 6 11 1 11 :5 15 15 
9.46 14 6 13 3 20 3 13 6 
9.48 22 7 16 3 20 11 25 16 
9.5 17 4 12 5 24 7 19 14 

9.52 20 12 21 5 15 6 12 11 
9.54 21 7 12 3 19 4 16 11 
~.56 14 10 13 4 16 2 22 ~ 

9.58 19 11 13 5 24 3 16 9 
9.6 IS 4 II 3 20 4 17 9 

9.62 19 iO 12 7 15 7 9 10 
9.64 IS 11 20 3 18 5 21 9 
~.66 16 14 10 4 16 8 13 8 
9.68 IS 8 9 6 21 7 23 10 

9.7 13 II 16 2 13 3 23 13 
~.72 11 9 9 4 19 6 23 13 
9.74 17 7 18 3 9 11 15 5 
9.76 19 9 13 I 13 2 21 It 
9.78 13 12 13 2 21 2 23 13 

9.8 15 6 10 1 14 4 20 9 
9.82 16 12 18 5 18 4 21 4 
9.84 23 7 16 I 19 1 13 7 
9.86 15 10 13 3 21 4 23 8 
9.88 18 11 14 2 21 3 23 13 
9.9 9 9 II I 21 6 13 13 

9.92 18 14 16 4 16 4 17 13 
9.94 1& 12 15 2 11 5 19 12 
9.96 20 9 18 3 16 7 17 10 
9.98 15 7 15 2 12 4 21 II 

10 11 16 12 3 16 3 11 12 
10.02 5 9 11 3 13 4 15 6 
10.04 17 8 25 I 17 2 16 19 
10.06 11 8 12 5 21 3 12 10 
10.08 23 4 19 3 20 4 25 9 

IO.! 13 16 14 6 18 4 20 II 
10.12 19 13 12 I 18 4 18 17 
10.14 20 9 11 2 17 6 20 10 
10.16 22 7 16 4 18 4 23 II 
10.18 13 6 13 I [5 5 15 16 

10.2 21 11 17 5 16 4 22 II 
10.22 19 10 13 3 19 :5 17 10 
10.24 13 14 22 I 21 4 20 18 
10.26 11 11 19 3 17 I 14 19 
10.28 17 18 21 3 11 2 20 13 

10.3 II 1l 17 3 27 6 14 13 
10.32 21 11 10 I 13 2 24 16 
10.34 7 13 10 I 2S 4 15 17 
10.36 19 1l 17 3 to 2 20 24 
10.38 17 25 4 3 16 I 18 19 

10.4 17 14 IS 2 17 2 22 22 
10.42 20 23 15 I 18 7 20 17 
10.44 10 26 18 I 20 4 16 30 
10046 23 27 7 6 II 5 19 29 
IOAg 15 22 16 2 14 3 13 31 

10.5 1& 21 7 3 16 7 23 37 
10.52 14 18 14 2 17 6 20 39 
10.54 12 14 18 4 20 3 16 49 
10.56 19 13 13 2 19 8 24 34 
10.58 13 \I 13 4 18 2 24 47 

10.6 13 17 18 I 17 10 19 29 
10.62 18 10 16 2 14 7 15 27 
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1706 1706 1718 1718 1696 1696 1698 1698 

Degrees Aft.r Before After Before After Before Before 
1 Tbeta di~ .. tion di~ .. tion dl~ •• tioo dieestioo dleestion die •• tion Afte. dieestio dilrelltion 

10.64 18 II 9 1 13 4 30 23 
10.66 16 9 27 4 12 8 25 24 
10.68 15 14 14 2 19 3 16 25 

10.7 12 11 & 2 (7 7 16 22 
10.72 11 II 13 4 20 6 18 24 
10.74 16 10 16 2 16 2 12 17 
10.76 17 20 20 4 21 1 20 1l 
10.78 20 17 15 5 23 4 18 29 
lO.8 22 16 23 1 20 8 20 25 

10.82 14 9 10 4 14 6 23 16 
10.84 II 14 14 3 15 2 12 16 
10.86 14 14 19 2 19 2 25 18 
10.88 11 11 15 1 17 4 17 19 

10.9 13 27 12 4 [4 4 16 26 
10.92 12 21 9 1 19 6 29 21 
10.94 20 15 17 3 12 7 I3 18 
10.96 13 11 20 2 22 8 16 22 
10.98 17 23 13 3 21 9 21 26 

Il 16 17 13 [ 19 3 2[ 22 
11.02 l4 19 10 4 18 2 20 19 
11.04 14 25 15 5 19 6 18 18 
11.06 18 29 15 5 14 5 21 27 
11.08 18 23 14 3 12 8 17 25 

11.1 16 25 16 1 14 11 24 33 
11.12 12 28 17 3 12 4 24 27 
11.14 16 37 10 2 11 8 20 35 
1l.l6 10 31 10 8 19 3 11 33 
11.18 17 21 16 6 14 4 16 38 

11.2 23 33 13 3 27 6 16 29 
11.22 17 33 12 3 16 8 16 28 
11.24 16 33 18 1 23 4 19 37 
11.26 20 19 10 5 22 5 16 34 
11.28 16 32 8 2 24 5 28 41 

11.3 12 17 16 2 17 9 14 39 
11.32 15 12 12 5 21 5 26 33 
11.34 14 18 13 6 24 5 19 26 
11.36 18 19 16 4 15 3 18 30 
11.38 20 12 15 2 16 4 14 21 

11.4 10 14 17 2 24 8 15 14 
11.42 21 13 11 6 13 7 19 24 
11.44 20 9 14 1 24 1 24 18 
11.46 18 14 22 8 20 3 21 12 
11.48 16 8 10 6 19 2 16 16 

11.5 15 17 22 3 13 8 26 12 
11.52 18 4 13 3 II 5 19 16 
11.54 7 18 12 7 22 I 14 12 
11.56 21 4 15 1 JO 6 21 20 
11.58 17 7 12 4 18 4 21 18 

11.6 17 5 IS 4 14 4 19 18 
11.62 18 12 12 2 21 2 9 7 
11.64 13 11 14 3 18 4 23 12 
11.66 20 12 IS 1 20 8 26 12 
11.68 16 8 6 3 19 2 23 11 

11.7 14 9 22 5 20 4 25 10 
11.72 13 II 14 2 24 4 15 7 
11.74 10 6 19 5 15 6 16 II 
11.76 22 4 19 3 21 1 18 4 
11.78 12 9 20 1 13 6 19 11 

11.8 15 5 14 2 14 7 II 11 
11.82 22 5 20 2 14 8 23 7 
11.84 18 4 10 4 17 5 18 )0 
11.86 16 8 19 1 20 2 lJ 10 
11.88 22 11 17 2 25 3 28 7 

11.9 14 8 18 4 23 6 23 8 
11.92 17 3 18 2 11 5 25 6 
11.94 8 10 19 4 23 5 27 9 
11.96 19 10 16 2 26 5 20 7 
11.98 15 6 19 3 26 5 20 9 

12 12 9 15 3 18 5 22 10 
12.02 19 9 IS 2 24 10 25 13 
12.04 18 9 14 3 19 5 25 6 
12.06 20 8 17 2 15 6 24 12 
12.08 19 9 20 5 25 4 25 7 

12.1 19 16 19 I 23 4 19 11 
12.12 17 11 21 3 24 8 26 II 
12.14 22 13 19 3 17 6 28 12 
12.16 17 11 21 I 22 4 27 8 
12.18 14 9 20 2 21 5 20 13 
12.2 19 2 11 5 19 3 26 13 

12.22 17 S 18 6 24 8 20 13 
12.24 25 8 19 I 16 6 19 8 
12.26 16 5 il 2 19 3 23 [0 
12.28 20 5 21 I 12 10 21 13 

12.3 25 7 16 1 20 5 20 9 
12.32 15 10 20 1 20 7 24 9 
12.34 26 9 13 8 19 7 18 12 
12.36 30 S 20 4 22 5 30 13 
12.38 19 6 14 4 16 lJ 25 10 

12.4 22 11 22 7 27 5 30 7 
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1706 1706 I7lS 1718 1696 1696 1698 1698 

Degr ... Arter Before Arter Before Afte. Befarc Before 
2 Theta dl~ .. llon di~ .. llon di2e.tim, di2estioD di2estiou di2ostion Arte. di2estio dige.tion 

12.42 25 13 26 10 30 7 28 11 
12.44 21 6 23 5 36 5 25 10 
12.46 21 16 15 4 27 4 32 10 
12.48 21 :; 21 6 26 3 24 12 

12.5 22 IS 20 5 26 7 17 :; 
12.52 23 8 24 4 19 II 16 12 
12.54 34 11 23 7 18 6 25 13 
12.56 29 11 23 6 24 3 29 4 
12.58 23 14 32 3 20 9 29 14 

12.6 26 16 2S 3 26 6 26 8 
12.62 27 9 21 5 22 6 31 10 
12.64 19 13 24 5 26 5 39 7 
12.66 22 9 30 7 28 3 32 10 
12.68 21 11 20 5 35 6 17 13 

12.7 24 7 26 5 33 10 37 12 
12.72 18 5 19· 13 32 6 20 10 
12.74 21 14 24 6 30 7 23 10 
12.76 15 9 20 3 28 7 20 11 
12.78 18 9 20 5 24 9 22 7 

12.8 17 9 20 3 23 10 n II 
12.82 18 7 9 3 21 5 22 7 
12.84 19 13 14 3 18 6 19 8 
12.86 19 6 16 7 18 6 17 5 
12.88 24 2 !O 7 34 6 17 4 

12.9 17 8 15 8 29 2 25 7 
12.92 18 6 24 2 19 4 16 4 
12.94 15 9 17 3 24 5 18 6 
12.96 19 7 15 1 17 3 15 4 
12.98 15 7 16 7 22 8 22 9 

13 22 6 21 4 20 7 24 5 
13.02 13 6 19 5 26 2 23 8 
13.04 13 8 21 8 19 2 26 8 
13.06 12 6 6 4 20 4 13 6 
13.08 16 5 20 2 19 2 21 8 

13.1 6 9 24 4 19 6 20 6 
13.12 18 6 15 4 19 5 26 6 
13.14 8 8 9 7 22 3 26 6 
13.16 15 5 to 5 21 2 22 9 
13.18 17 13 17 1 21 3 18 g 

13.2 22 6 21 1 19 7 14 3 
13.22 11 8 15 4 30 5 19 7 
13.24 12 3 15 2 19 2 15 6 
13.26 9 7 13 2 19 4 24 9 
13.28 21 2 15 2 19 9 15 7 

13.3 17 11 15 3 14 4 19 6 
13.32 19 11 21 6 21 5 18 7 
13.34 12 8 13 3 18 I 13 11 
13.36 21 9 13 4 11 I 18 6 
13.38 18 7 19 2 25 4 14 4 

13.4 to 8 18 2 25 3 17 9 
13.42 14 3 19 2 23 6 25 5 
13.44 24 6 18 2 23 6 16 4 
13.46 8 10 17 5 15 6 28 7 
BAS 14 9 20 5 17 2 14 4 
13.5 24 2 14 3 16 5 13 II 

13.52 28 9 18 3 22 I 25 7 
13.54 19 8 14 1 16 6 22 8 
13.56 15 8 14 4 15 2 21 9 
13.58 15 6 12 2 14 8 22 9 

13.6 14 13 21 4 26 4 27 9 
13.62 17 11 18 4 27 2 19 6 
13.64 23 5 15 4 13 1 20 6 
13.66 17 9 12 I 19 3 20 to 
13.68 21 6 13 1 14 2 18 7 

13.7 15 12 22 2 19 6 24 8 
13.72 28 4 17 5 10 1 20 3 
13.74 27 6 24 4 25 3 18 7 
13.76 13 8 16 3 21 10 23 I 
13.78 20 7 17 3 15 2 21 6 
13.8 15 10 18 1 28 5 33 10 

13.82 18 4 18 2 20 7 21 4 
13.84 22 1 22 5 12 5 25 5 
13.86 23 8 21 1 12 5 24 9 
13.88 19 7 19 3 24 9 28 3 
13.9 19 4 26 1 14 7 23 6 

13.92 16 6 20 3 27 3 28 7 
13.94 20 4 23 2 25 4 21 5 
13.96 21 8 IS 1 12 6 14 13 
13.98 19 5 17 3 18 5 25 6 

14 15 5 18 6 19 8 20 8 
14.02 13 6 16 4 19 2 16 9 
14.04 23 5 18 2 18 5 35 9 
14.06 15 4 17 4 13 5 14 5 
14.08 19 7 16 5 15 4 15 7 

14.1 15 4 15 2 22 5 17 6 
14.12 24 11 9 4 21 6 13 4 
14.14 26 8 19 ;5 25 4 15 5 
14.16 22 2 13 5 12 4 23 4 
14.18 28 7 22 8 20 4 [J 6 
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1706 1706 1718 1718 1696 1696 1698 1698 

Degre .. After Before After Before After Before Before 
2 Theta di2",tion diecllio. diE •• tiOD die.slion di ••• lion die.slion Aft.r di ••• Ii. die •• lion 

14.2 22 5 16 2 26 8 27 to 
14.22 22 10 18 2 21 4 20 7 
14.24 17 II 15 2 18 5 20 8 
14.26 18 8 8 4 23 3 22 5 
14.28 II 7 17 6 15 4 26 9 

14.3 18 II 17 1 20 3 23 7 
14.32 19 9 21 6 22 1 17 8 
14.34 23 11 7 5 14 4 25 4 
14.36 17 5 18 1 15 3 16 5 
14.38 14 5 to 3 21 2 20 II 

14.4 12 8 16 2 25 I 30 4 
14.42 19 4 20 3 29 2 17 5 
14.44 19 II 14 2 19 2 21 4 
14.46 17 4 20 4 16 8 23 5 
14.48 26 to 12 3 23 4 12 7 

14.5 15 4 16 5 18 2 26 6 
14.52 12 6 IS 2 22 3 13 7 
14.54 18 7 19 2 17 4 21 6 
14.56 16 9 21 2 24 5 22 5 
14.58 17 4 16 2 27 6 28 7 

14.6 18 6 14 2 23 5 20 8 
14.62 26 6 23 I 22 3 24 4 
14.64 21 2 23 I 24 6 26 4 
14.66 12 8 13 I 27 4 21 6 
14.68 15 to 21 1 22 2 23 6 

14.7 16 7 13 7 19 5 24 8 
14.72 21 4 II 3 22 3 19 5 
14.74 21 2 10 2 18 5 19 2 
14.76 18 8 13 I 21 10 25 5 
14.78 17 13 17 3 26 5 30 5 

14.8 22 7 19 3 29 7 20 8 
14.82 23 4 14 2 18 5 24 5 
14.84 13 5 19 I 23 9 22 6 
14.86 23 4 12 I 23 1 22 13 
14.88 23 5 22 2 23 2 19 8 
14.9 16 8 24 1 22 2 23 8 

14.92 22 8 14 3 15 4 21 10 
14.94 14 7 22 4 25 7 29 6 
14.96 22 3 16 I 20 3 17 6 
14.98 18 9 20 I 22 5 22 6 

IS 14 6 12 1 17 S 17 8 
15.02 14 10 18 6 18 1 16 9 
15.04 19 6 14 3 19 4 18 2 
15.06 17 8 19 4 18 7 24 7 
15.08 17 8 13 1 28 4 23 5 

15.1 28 4 9 2 16 4 21 4 
15.12 II 6 23 2 21 II 20 5 
15.14 18 4 17 1 24 7 21 8 
15.16 11 3 15 1 22 4 13 4 
15.18 IS 6 19 1 15 8 18 8 

15.2 II 3 13 I 23 4 22 6 
15.22 18 3 13 3 19 4 18 6 
15.24 21 8 15 1 12 7 26 5 
15.26 17 9 16 3 22 5 25 3 
15.28 25 4 17 2 24 4 27 4 

15.3 21 11 24 3 31 5 17 11 
15.32 IS 7 15 2 30 3 20 8 
15.34 15 3 11 5 22 6 23 7 
15.36 15 8 15 1 25 7 16 7 
15.38 19 11 19 3 19 5 32 2 

15>4 14 8 to 3 16 4 28 9 
15.42 18 7 16 2 25 2- 18 6 
15.44 IS 16 12 3 21 4 23 1 
15.46 25 12 12 2 25 3 33 7 
15.48 18 7 21 5 25 I 30 8 

15.5 23 5 14 I 17 3 28 7 
15.52 16 8 22 3 18 7 19 6 
15.54 16 8 19 I 21 4 24 7 
15.56 15 3 15 5 22 7 18 6 
15.58 22 5 22 I 25 4 29 7 

15.6 18 6 14 4 21 3 27 7 
15.62 33 7 21 1 17 5 23 5 
15.64 16 5 21 2 24 II 20 4 
15.66 21 9 19 1 21 6 24 9 
15.68 10 5 18 2 23 4 20 5 

15.7 12 7 17 2 15 3 23 4 
15.72 14 5 28 7 25 5 22 3 
15.74 22 7 13 1 19 4 24 7 
15.76 21 2 8 1 30 I 18 12 
15.78 22 2 15 1 15 3 24 9 

15.8 26 5 15 I 19 4 24 6 
15.82 19 10 12 1 15 3 23 5 
15.84 S 4 24 3 [6 7 19 12 
15.86 20 10 20 2 15 3 21 6 
15.88 16 15 28 3 30 3 15 3 

15.11 22 6 25 1 27 I 27 7 
15.92 13 4 12 1 20 3 27 7 
15.94 12 6 IS 4 28 4 13 4 
15.96 24 8 IS 6 21 2 22 10 
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1706 1706 1718 1718 1696 1696 1698 1698 

pegro .. Aner Borore An.r BeflJ're AIter Bofore Before 
2 Theta di~ .. tion di2e.tion di2e,tion dlRe,lion di2 .. tlon di .... tion After dioestio dioe,tion 

15.9& 23 7 20 1 22 3 27 5 
16 25 6 14 I 18 4 30 3 

16.02 16 5 l7 I 23 S 20 7 
16.04 10 5 18 2 22 3 18 7 
16.06 32 2 24 4 22 2 23 2 
16.08 24 8 18 5 18 4 31 5 

16.1 28 6 15 1 22 5 22 4 
16.12 19 6 13 I 23 3 15 9 
16.14 25 6 20 2 31 6 26 7 
16.16 16 8 9 I II 3 15 7 
16.18 15 7 14 2 17 3 27 5 

16.2 21 9 17 3 30 2 20 4 
16.22 21 9 13 I 30 6 18 4 
16.24 20 7 22 3 20 6 24 8 
16.26 18 10 25 3 18 1 29 11 
16.28 19 7 14 I 26 2 23 7 

16.3 25 11 11 4 21 6 29 9 
16.32 17 6 19 I 23 5 23 II 
16.34 20 6 18 5 20 2 23 6 
16.36 24 10 17 2 27 5 24 8 
16.38 24 10 18 6 22 7 25 II 

16.4 18 9 21 I 22 4 17 5 
16.42 26 8 15 3 19 3 27 7 
16.44 25 10 11 1 23 3 25 6 
16.46 21 5 17 1 23 3 22 6 
16.48 17 10 32 1 26 2 25 10 
165 22 9 24 I 33 3 2& II 

16.52 21 14 15 7 25 6 27 5 
16.54 22 S 20 4 28 1 22 9 
16.56 21 12 15 1 22 3 29 9 
16.58 14 9 13 2 30 4 21 8 
16.6 31 HI 19 3 27 8 36 9 

16.62 25 j(f 16 4 22 5 17 15 
16.64 15 7 14 4 23 4 25 7 
16.66 25 II 20 2 32 3 19 16 
16.68 18 B II 8 30 6 27 10 

16.7 23 8 17 2 28 3 27 13 
16.72 19 10 16 5 24 3 34 12 
16.74 23 B 33 5 18 4 21 15 
16.76 30 8 14 3 33 4 31 18 
16.78 16 3 19 2 22 9 24 12 

16.8 28 11 17 7 24 4 20 5 
16.82 13 10 15 2 21 3 23 8 
16.84 19 II 16 I 28 3 23 6 
16.86 21 4 18 5 21 3 24 9 
16.88 21 10 21 4 22 3 24 3 
16.9 19 5 20 5 24 8 33 12 

16.92 17 6 17 I 23 3 28 10 
16.94 19 4 15 6 27 7 29 & 
16.96 21 14 15 5 14 2 29 7 
16.98 18 9 18 5 24 3 19 6 

17 18 12 16 9 22 3 20 9 
17.02 22 5 24 1 23 2 36 12 
17.04 22 3 19 4 18 I 21 5 
17.06 26 II 17 3 28 1 38 3 
17.08 19 10 14 1 27 6 24 8 

17.1 20 5 19 I 23 4 27 6 
17.12 24 9 13 6 18 7 23 4 
17.14 20 7 18 4 22 2 32 6 
17.16 [8 12 22 4 30 3 31 6 
17.18 33 5 18 2 20 1 17 12 

17.2 24 8 17 2 23 I 32 11 
17.22 15 13 15 2 28 2 31 6 
17.24 19 1 14 4 29 7 29 8 
17.26 24 7 10 3 26 8 25 11 
17.28 14 9 15 2 26 1 29 12 

17.3 22 6 21 I IS I 31 8 
17.32 28 8 26 I 25 I 19 16 
17.34 19 3 25 2 28 5 15 II 
17.36 25 7 22 1 17 2 23 7 
17.38 19 II 17 5 34 2 42 12 

17.4 21 7 13 1 18 S 22 8 
17.42 16 5 23 I 25 5 27 12 
17.44 19 9 22 1 36 3 31 9 
17.46 15 12 22 4 22 5 30 10 
17.48 25 6 20 6 26 B 31 10 

17.5 29 7 21 3 22 4 24 8 
17.52 28 I 18 1 32 1 34 10 
17.,4 15 7 27 I 21 4 26 5 
17.56 29 7 17 5 27 3 37 3 
17.'8 23 4 18 3 30 1 31 7 

17.6 20 7 22 2 22 7 25 6 
17.62 18 9 10 I 30 4 25 7 
17.64 31 4 20 5 23 3 30 6 
17.66 22 6 18 I 26 5 18 14 
17.68 28 16 14 3 29 4 13 9 

17.7 21 7 26 I 31 5 25 6 
17.72 30 8 19 3 26 I 35 8 
17.74 IS 9 28 4 21 4 24 15 
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1706 1706 1718 1718 16% 1696 1698 l1i98 

Degrees Arret Before After Before After Before B"ro<o 
1 Theta di~eslion diRe,lion di •• slion di~ •• ti.n di2esti.n di".stion Arl.rdill.stio di"estion 

17.7& 35 5 22 3 38 2 30 8 
17.78 16 5 20 2 18 1 29 8 

17.8 15 7 24 2 20 3 28 6 
17.82 34 6 21 I 31 3 29 6 
17.84 17 6 19 2 24 3 20 10 
17.86 26 1 21 1 25 1 31 9 
17.88 27 8 25 5 30 5 39 II 

17.9 27 9 18 3 28 4 31 2 
17.92 22 13 17 4 23 2 28 5 
17.94 20 6 22 2 31 2 23 5 
17.96 20 8 15 2 35 3 33 3 
17.98 38 8 26 8 28 4 18 10 

18 15 6 24 3 19 2 27 7 
IS.02 28 8 18 3 26 4 37 11 
18.04 31 6 20 3 21 2 22 5 
18.06 20 9 19 I 26 3 26 2 
18.08 25 6 21 4 38 4 41 10 

IS.! 8 9 28 2 35 2 26 7 
lS.12 20 10 23 3 27 2 32 9 
18.14 27 13 27 2 [6 4 27 12 
18.16 29 [2 16 4 34 4 31 7 
18.18 26 9 14 5 31 3 35 6 

18.2 26 4 21 1 50 1 24 12 
18.22 34 9 28 4 23 6 30 13 
18.24 [7 6 18 I 32 4 35 12 
18.26 29 10 24 1 24 2 33 9 
18.28 26 7 19 2 33 2 33 9 

18.3 23 5 12 3 27 4 32 5 
18.32 22 10 27 2 26 2 37 16 
18.34 22 16 17 3 28 5 30 14 
18.36 26 [2 20 5 23 I 2; II 
18.38 25 [5 18 4 40 6 35 IS 

18.4 23 [8 27 6 33 4 38 II 
18.42 18 12 22 1 26 7 33 6 
18.44 20 21 21 3 31 9 23 13 
18.46 23 [8 21 4 39 5 24 10 
18.48 33 12 18 1 38 I 26 8 

18.5 25 19 23 2 35 5 29 12 
18.52 31 14 25 5 31 6 33 14 
18.54 29 21 22 5 30 5 24 21 
18.56 23 [9 25 2 26 7 26 19 
18.58 24 17 16 4 31 7 32 16 

18.6 28 29 27 5 34 4 41 12 
18.62 30 26 26 4 34 14 27 10 
18.64 20 21 22 6 38 7 33 20 
18.66 28 17 22 6 25 II 35 28 
18.68 22 35 25 5 40 9 40 12 

18.7 26 23 14 8 33 10 28 24 
18.72 15 28 21 I 34 19 35 26 
18.74 24 25 19 2 29 15 38 22 
18.76 21 24 22 12 28 II 31 24 
18.78 31 [8 17 6 30 7 25 18 

18.8 16 16 15 6 35 12 37 25 
18.82 24 26 16 7 35 15 32 20 
18.84 20 [8 20 4 3! 10 35 22 
18.86 22 23 20 I! 24 6 30 29 
[8.88 23 13 22 10 24 II 26 14 
18.9 20 17 22 11 27 6 29 20 

18.92 26 14 17 10 22 6 27 20 
18.94 27 22 16 4 33 9 22 22 
18.96 24 10 20 3 26 6 34 19 
18.98 30 6 16 14 33 13 34 23 

19 18 27 14 5 37 8 23 19 
19.02 24 16 18 5 36 10 28 12 
19.04 26 9 25 12 31 9 25 15 
19.06 23 [5 26 9 46 9 37 21 
19.08 28 23 22 7 35 6 35 15 

19.1 27 16 22 5 31 12 36 18 
19.12 26 10 19 6 35 9 25 8 
19.14 25 21 11 3 29 9 28 17 
19.16 27 24 23 3 36 4 33 26 
19.18 23 19 16 3 31 5 38 21 

19.2 21 16 20 4 23 10 27 II 
19.22 32 17 14 2 36 10 24 17 
19.24 44 10 23 6 39 7 21 2() 
19.26 44 20 32 I 29 7 25 I1 
19.28 35 20 22 4 31 8 25 10 

19.3 28 23 31 10 29 14 35 19 
[9.32 33 10 28 I 33 5 28 12 
19.34 23 21 19 6 37 5 40 16 
19.36 29 II 31 2 31 8 38 22 
[9.38 25 14 24 4 39 12 21 21 
19.4 41 16 18 4 46 2 34 19 

19.42 27 18 27 4 36 4 39 19 
19.44 43 15 28 5 41 10 41 16 
19.46 57 [0 34 3 38 9 42 24 
19.48 57 21 29 7 40 5 41 [7 

19.5 100 29 21 4 40 7 44 15 
19.52 164 23 28 4 29 7 33 25 
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17G6 17G6 1718 1718 1696 1696 1698 1698 

Degrees Afler Before Aft .. Before After BeCure Before 
2 Theta di~~lioD dil<e.lioD di~e.lioD di~c.lion dl~.slion dl~ .. tlon Afterdi"""do dl~""ti.n 

19.54 259 30 49 4 38 8 SO 15 
19.56 369 17 86 6 43 6 62 15 
19.58 326 25 131 3 70 9 99 21 

19.6 268 25 253 4 83 12 145 26 
19.62 222 JJ 327 7 116 14 219 20 
19.64 138 48 355 8 173 10 236 15 
19.66 79 56 285 2 220 23 209 25 
19.68 65 77 219 5 261 26 152 26 

19.7 43 86 162 7 219 32 126 39 
19.72 50 75 75 6 171 29 71 56 
19.74 43 48 66 3 121 25 76 78 
19.76 35 44 42 10 68 43 52 88 
19.78 45 32 52 7 60 23 53 73 

19.8 26 29 35 11 45 36 58 75 
19.82 36 19 44 to 57 39 53 70 
19.84 27 16 44 15 48 30 49 58 
19.86 32 34 27 24 51 24 42 32 
19.88 34 25 35 29 56 20 42 23 

19.9 32 14 30 44 46 20 39 29 
19.92 37 20 36 49 47 19 37 24 
19.94 32 16 31 74 40 14 47 19 
19.96 31 17 27 67 32 II 33 17 
19.98 22 22 31 73 31 14 39 22 

20 38 13 22 60 33 14 34 15 
20.02 36 19 19 51 33 9 48 16 
20.Q4 26 20 23 47 41 12 46 IS 
20.06 23 19 21 31 36 7 34 11 
20.08 29 19 20 28 41 9 26 16 

20.1 35 21 27 15 47 4 31 11 
20.12 26 12 19 14 29 7 36 19 
20.14 30 10 24 11 27 6 41 15 
20.16 30 7 20 12 38 9 26 15 
20.18 36 13 22 9 39 9 34 14 

20.2 30 11 25 4 32 5 34 16 
20.22 19 13 20 10 30 7 27 12 
20.24 25 15 24 12 31 12 29 12 
20.26 32 18 25 9 33 10 39 IS 
20.28 29 17 20 5 24 7 31 19 

20.3 30 18 26 9 35 5 37 13 
20.32 29 18 36 5 43 6 34 19 
20.34 32 14 24 3 35 6 29 11 
20.36 30 14 22 5 62 6 39 10 
20.38 32 16 18 6 27 3 35 11 

2004 37 19 21 I 47 5 38 12 
20A2 28 17 26 4 32 6 31 15 
20.44 26 13 27 7 42 7 33 6 
20.46 27 11 18 13 26 4 41 15 
20.48 29 15 23 3 38 5 41 9 

20.5 30 16 19 7 26 8 24 15 
20.52 28 11 31 6 44 7 41 10 
20.54 30 15 30 2 40 2 44 11 
20.56 27 16 27 4 32 7 36 13 
20.58 36 8 25 7 30 7 39 12 

20.6 30 8 26 4 40 6 30 12 
20.62 38 7 29 6 35 6 35 11 
20.64 31 14 31 4 37 2 32 12 
20.66 48 19 34 2 33 3 28 14 
20.68 43 J3 28 2 35 4 44 [2 

20.7 35 18 30 3 39 7 38 14 
20.72 58 11 62 3 32 10 54 16 
20.74 61 15 75 2 27 6 57 13 
20.76 49 12 16 5 43 5 60 5 
20.78 51 12 133 7 52 9 64 11 
20.8 45 23 [85 I 72 6 79 14 

20.82 41 19 244 8 76 15 85 13 
20.84 44 18 234 5 64 11 74 16 
20.86 36 28 256 3 66 12 78 14 
20.88 43 41 206 3 56 10 65 14 

20.9 35 22 141 6 57 II 40 [8 
20.92 31 33 109 4 39 15 40 24 
20.94 35 20 59 10 49 11 31 27 
20.96 26 19 48 6 40 17 43 27 
20.98 31 17 32 4 42 9 34 25 

21 32 II 34 [0 43 13 28 21 
21.02 38 15 28 9 30 11 37 13 
21.04 29 16 30 5 45 12 46 18 
21.06 50 17 29 9 38 11 40 19 
21.08 23 15 32 3 39 S 40 9 

21.1 34 8 28 10 43 7 45 21 
21.12 34 8 25 10 36 6 42 15 
21.14 28 21 36 10 39 3 35 15 
21.16 46 10 26 II 48 7 31 18 
21.18 34 19 27 3 35 10 42 14 

21.2 35 8 26 4 37 5 42 II 
21.22 28 12 20 S 21 6 41 15 
21.24 40 13 26 4 44 6 56 14 
21.26 41 15 33 S 43 8 46 14 
21.28 42 12 36 3 37 6 42 12 
21.3 43 10 44 2 37 7 4S 12 
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1706 1706 1718 1718 16% 1696 1698 1698 

Dogroes Artee Before Ane. Bern.e Ane. B.cor. Berore 
2 The'a di"cs'ion di~e.tion di2 •• tion dig •• tiOD dig.stioD digestion Afte. di~ .. tio dl~ •• tion 

21.32 31 18 30 9 43 S 54 18 
21.34 42 30 33 5 38 II 35 8 
21.36 30 19 25 6 38 10 38 13 
21.38 40 13 17 5 35 10 44 9 

21.4 37 10 21 3 41 II 31 16 
21.42 30 9 32 5 53 11 37 17 
21.44 36 7 21 12 32 14 34 10 
21.46 30 12 19 6 43 6 44 13 
21.48 39 18 30 7 35 7 32 13 

21.5 36 14 25 8 31 5 34 12 
21.52 31 IS 34 7 48 6 43 14 
21.54 37 14 26 9 25 S 33 10 
21.56 2S 18 24 6 41 7 49 18 
21.58 30 17 22 9 36 6 41 9 

21.6 44 21 24 1 40 6 29 10 
21.62 28 13 29 7 50 4 43 9 
21.64 28 13 29 4 51 6 42 8 
21.66 34 17 39 4 50 7 37 IS 
21.68 39 16 33 2 36 4 49 9 

21.7 39 15 29 6 40 10 45 11 
21.72 28 17 45 5 35 8 33 10 
21.74 39 14 36 5 44 4 46 13 
21.76 41 II 34 4 43 4 35 11 
21.78 29 15 43 2 39 6 42 16 

21.8 37 15 39 4 36 6 29 7 
21.82 36 14 43 I 45 9 54 7 
21.84 35 17 28 4 47 8 45 13 
21.86 28 15 29 8 42 5 36 15 
21.88 43 15 44 3 43 10 25 24 

21.9 36 11 30 6 34 4 34 21 
21.92 25 IS 24 5 40 7 38 17 
21.94 37 15 25 5 35 9 49 15 
21.96 43 13 22 4 41 9 29 12 
21.98 31 8 24 5 46 9 41 16 

22 35 16 30 6 39 8 54 11 
22.02 33 19 29 9 27 10 38 12 
22.04 30 12 26 7 45 10 27 16 
22.06 35 14 26 6 45 11 44 12 
22.08 43 16 28 7 41 7 32 14 

22.1 31 9 27 8 56 10 43 8 
22.12 30 13 29 3 44 4 43 13 
22.14 25 12 15 5 46 S 39 8 
22.16 51 12 38 7 45 4 29 8 
22.18 32 11 33 8 30 5 41 10 

22.2 36 16 30 4 37 9 41 15 
22.22 46 16 41 3 31 II 44 11 
22.24 51 17 39 6 32 4 52 15 
22.26 47 22 36 4 40 12 SO 9 
22.28 60 13 49 3 26 5 61 15 
22.3 56 20 42 6 48 10 55 16 

22.32 47 20 68 5 67 10 75 20 
22.34 62 11 108 3 52 6 77 18 
22.36 38 17 93 3 60 13 69 18 
22.38 38 25 88 14 70 16 50 13 

22.4 40 17 104 4 55 13 58 22 
22.42 43 21 64 6 62 18 50 15 
22.44 28 22 65 6 50 16 48 25 
22.46 30 12 59 4 47 16 58 22 
22.48 30 18 32 4 55 19 49 18 

22.5 35 22 36 6 53 18 43 34 
22.52 27 18 30 6 43 17 51 19 
22.54 35 17 30 3 36 13 36 15 
22.56 33 15 23 15 33 14 39 15 
22.58 33 20 34 23 38 10 42 19 

22.6 27 12 37 23 36 14 40 13 
22.62 34 14 28 36 33 16 51 27 
22.64 31 17 32 38 34 16 43 19 
22.66 29 16 39 41 41 II 36 19 
22.68 40 18 44 53 38 12 38 15 

22.1 37 11 40 102 53 6 44 16 
22.72 43 17 36 136 45 9 49 16 
22.74 29 17 49 89 41 19 37 11 
22.76 42 20 45 113 43 12 46 22 
22.78 29 19 30 72 SO 12 51 14 

22.8 28 16 32 68 40 IO 46 13 
22.82 31 14 34 32 37 7 48 17 
22.84 31 21 29 23 39 8 31 13 
22.86 41 17 36 14 37 3 37 9 
22.88 53 18 27 9 43 3 29 12 

22.9 36 22 38 II 43 6 43 11 
22.92 38 19 36 6 44 7 53 11 
22.94 51 17 29 II 46 15 47 12 
22.96 45 12 35 10 36 2 49 18 
22.98 46 22 38 7 48 7 50 19 

23 52 17 48 9 49 9 53 14 
23.02 49 26 61 7 47 8 61 26 
23.04 41 26 61 9 42 13 71 14 
23.06 41 22 56 8 58 13 65 27 
23.08 41 19 44 8 63 14 61 15 
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1706 17M 1718 1718 1696 1696 1698 1698 

Degrees After Before After Berore After Berore B,for, 

Z Theta dieestion diro-estiOD die •• lion di ••• tioD die.stioD di ... tio" Aft .. di ... ti" die .. tioD 
23.1 45 19 59 7 63 16 57 19 

23.12 45 2[ 54 8 52 17 59 24 
23.14 36 26 47 10 6() 12 52 20 
23.16 22 31 52 11 52 13 4B 32 
23.18 35 24 46 II 61 17 4() 32 

23.2 20 26 55 16 59 14 36 26 
23.22 37 22 34 8 55 16 51 22 
23.24 22 22 28 7 49 13 38 25 
23.26 31 20 30 7 42 18 30 27 
23.28 31 12 26 6 47 II 34 17 

23.3 33 22 25 12 25 16 41 23 
23.32 30 20 27 II 37 12 37 18 
23.34 33 18 28 7 39 6 28 16 
23.36 24 IS 20 10 45 15 35 18 
23.38 37 16 23 16 46 II 43 12 
23.4 36 21 31 11 33 14 56 24 

23.42 32 32 29 9 35 16 41 28 
23.44 23 19 26 13 47 13 40 20 
23.46 37 24 19 10 35 8 36 30 
23.48 28 24 22 12 42 12 47 21 

23.5 32 19 28 4 45 13 45 25 
23.52 36 31 32 7 34 13 30 24 
23.54 21 16 26 S 32 12 45 24 
23.56 34 21 24 5 27 7 33 25 
23.58 32 32 32 7 32 12 37 18 

23.6 28 34 23 5 34 18 36 25 
23.62 31 3Q 29 3 41 16 44 33 
23.64 37 36 18 3 30 to 28 21 
23.66 33 49 17 1 33 14 29 25 
23.68 37 45 31 4 37 17 40 27 
23.7 36 41 32 5 38 15 40 38 

23.72 38 43 26 7 34 15 53 33 
23.74 38 31 24 7 28 12 35 35 
23.76 29 29 21 2 32 12 41 31 
23.78 20 33 28 9 52 9 26 45 
23.8 35 24 21 6 38 14 36 31 

23.82 18 42 21 2 38 9 30 36 
23.&4 36 37 31 2 37 12 41 32 
23.86 33 39 31 3 34 11 34 37 
23.88 29 23 32 3 41 18 31 28 

23.9 26 31 34 6 37 IS 45 38 
23.92 29 25 28 3 32 9 26 35 
23.94 20 31 21 4 39 10 30 29 
23.96 35 25 29 2 30 17 39 31 
23.98 35 24 31 4 35 II 37 30 

24 28 24 20 5 34 7 41 24 
24.02 34 23 24 10 52 14 41 27 
24.04 35 26 29 4 29 9 41 26 
24.06 37 22 34 2 48 8 47 30 
24.08 39 27 26 3 41 6 45 32 
24.1 24 27 39 8 40 7 49 31 

24.12 26 29 32 8 45 15 61 39 
24.14 37 23 36 2 38 9 45 29 
24.16 27 26 31 4 42 18 45 33 
24.18 34 25 37 6 n 6 31 32 

24.2 37 28 25 5 34 12 39 25 
24.22 34 25 30 6 38 II 45 33 
24.24 33 3Q 39 6 39 9 50 30 
24.26 48 19 26 3 45 10 33 24 
24.28 38 29 40 5 43 II 36 30 
24.3 32 30 41 4 36 10 47 32 

24.32 43 25 43 5 42 15 41 24 
24.34 57 23 28 7 36 II 51 IS 
24.36 40 16 37 9 33 19 48 31 
24.38 40 20 39 4 48 10 42 27 
24.4 35 20 38 I 44 14 50 19 

24.42 36 18 38 3 38 9 66 27 
24.44 44 15 46 6 52 17 65 14 
24.46 30 17 40 5 39 18 47 25 
24.48 37 15 37 8 45 II 50 21 
24.5 42 17 51 II 48 12 54 18 

24.52 32 22 41 3 31 8 48 17 
24.54 27 25 37 5 33 11 45 28 
24.56 37 19 29 5 41 19 41 19 
24.58 31 22 28 7 37 II 26 30 
24.6 27 21 21 5 42 9 45 25 

24.62 28 16 30 7 25 8 49 28 
24.64 43 22 22 9 33 14 30 17 
24.66 27 16 28 5 30 7 3S 23 
24.68 34 18 26 7 39 9 45 14 

24.7 27 24 24 4 41 10 38 17 
24.72 34 22 22 10 43 10 32 20 
24.74 25 12 27 4 39 9 38 16 
24.76 29 14 25 3 35 11 30 23 
24.78 27 15 28 5 30 17 30 15 
24.8 39 26 23 2 38 10 26 19 

24.82 37 24 27 3 33 13 27 [9 
24.84 25 14 21 7 24 11 21 20 
24.86 30 15 21 5 25 S 32 16 
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17U6 1706 1718 1718 1696 1696 1698 1698 

Degrees After B.rore After Before Afte. BdGr. Berore 
2 Theta di" .. tion digestion dige~ti.n di~cmon dige,tion digestion After di" •• tio di" •• tlon 

24.88 43 17 27 6 42 9 29 14 
24.9 30 21 24 7 30 7 30 21 

24.92 27 23 20 2 31 6 41 18 
24.94 35 11 21 4 37 11 31 9 
24.96 37 14 22 4 33 10 34 25 
24.98 32 25 27 2 38 10 40 15 

25 48 22 29 2 34 7 38 18 
25.02 47 23 34 2 34 II 52 22 
25.04 46 31 30 7 31 13 46 16 
25.06 38 27 31 2 40 11 32 20 
25.08 62 25 39 5 34 21 38 19 
25.1 45 26 46 4 3S 6 38 15 

25.12 57 23 40 6 47 13 50 21 
25.14 56 22 43 6 44 10 54 27 
25.16 68 29 63 4 41 10 45 22 
25.18 59 21 52 8 58 9 50 20 
25.2 69 31 9] 3 64 17 41 24 

25.22 81 28 64 2 62 13 55 37 
2S.24 98 26 73 5 54 g 74 20 
25.26 158 24 79 3 67 19 79 24 
25.28 244 37 84 8 66 22 64 32 
25.3 488 27 107 7 54 17 80 31 

25.32 893 41 140 7 70 18 106 20 
25.34 1291 35 253 5 84 21 169 34 
25.36 1159 48 457 6 108 18 317 30 
25.38 926 53 811 9 195 35 577 28 
25.4 750 108 1223 10 311 46 840 40 

25.42 6BI 152 1338 12 609 93 805 40 
25.44 442 240 1154 9 881 114 666 55 
25.46 190 304 895 11 918 126 563 89 
25.48 130 263 727 21 749 136 528 118 
25.5 83 250 562 Il 599 153 390 195 

25.52 74 236 265 21 503 170 184 272 
25.54 69 196 163 24 356 193 118 358 
25.56 79 148 101 20 179 185 80 336 
25.58 74 8g 86 36 114 140 91 287 

25.6 46 63 72 44 8] 126 71 246 
25.62 59 60 81 68 87 102 65 204 
25.64 62 50 70 139 63 90 58 146 
25.66 51 35 63 204 55 67 64 121 
25.68 54 38 65 2]0 71 55 56 93 

25.7 48 23 55 261 60 38 65 84 
25.72 41 33 43 242 78 46 61 64 
25.74 35 33 39 291 64 44 49 56 
25.76 53 36 38 305 69 28 43 57 
25.78 56 36 48 309 66 34 47 41 
25.8 67 27 44 429 45 22 38 38 

25.82 59 23 59 241 47 29 46 39 
25.84 47 25 56 165 37 27 62 36 
25>86 41 25 41 145 47 26 63 30 
25>88 44 20 44 115 45 31 61 32 

25.9 50 28 35 105 48 25 58 27 
15.92 36 27 35 34 44 22 51 27 
25.94 30 26 35 37 44 16 42 32 
25.96 35 24 29 31 46 25 38 26 
25.98 36 29 22 37 27 29 37 29 

26 26 24 35 23 31 17 40 20 
26.02 26 24 31 24 30 17 34 (6 
26.04 28 28 28 31 38 13 26 25 
26>06 25 13 31 33 49 18 27 30 
26.08 39 19 28 38 38 15 32 31 

26.1 45 21 30 31 48 24 30 21 
26.12 48 16 29 39 48 12 37 14 
26.14 70 23 28 34 34 12 30 24 
26.16 86 29 37 21 45 20 33 18 
26.18 88 32 45 34 43 23 43 21 
26.2 97 28 50 22 44 29 54 21 

26.22 93 40 60 12 53 19 59 17 
26.24 80 50 85 16 57 31 59 12 
26.26 74 59 99 6 73 23 89 17 
26.28 71 54 72 13 71 19 86 17 
26.3 70 42 73 13 113 22 79 20 

26.32 46 44 77 14 101 34 73 29 
26.34 43 39 68 9 100 27 61 39 
26.36 33 30 57 4 91 27 59 28 
26.38 38 27 53 13 65 37 58 38 
26.4 41 20 53 12 69 18 47 31 

26.42 33 18 40 9 52 26 55 28 
26.44 41 22 48 8 55 24 50 48 
26.46 53 21 35 18 5S 23 51 )4 

26.48 54 25 51 33 38 IS 50 44 
26.5 55 25 67 41 46 15 57 41 

26.52 S3 28 88 45 69 24 57 32 
26.54 54 40 92 38 69 19 71 39 
26.56 SO 30 71 40 81 18 67 26 
26.58 60 25 60 32 58 11 84 36 
26.6 69 40 74 26 84 18 76 26 

26.62 94 31 85 14 67 23 68 31 
26.64 87 27 94 15 69 24 61 31 
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1706 1706 1718 1718 1(;96 1696 lM8 1698 

Degroes After Before After Before After BeFore BeFore 
2 Tbeta dieestioD die.,tioD di •• stion di".stion di" .. tion di"estion After di"estio di ... tion 

26.66 98 37 97 15 63 26 81 30 
26.68 90 39 122 13 84 34 83 36 
26.7 102 30 98 15 99 27 116 33 

26.72 !O3 34 107 9 99 42 126 13 
26.74 6S 31 112 12 121 38 121 26 
26.76 58 45 122 23 116 27 J08 39 
26.78 65 50 93 29 [13 42 97 37 

26.8 65 62 94 22 121 40 92 40 
26.82 48 49 63 27 97 46 65 57 
26.84 48 32 41 23 96 41 70 55 
26.86 34 30 45 20 80 47 72 62 
26.88 39 26 40 18 74 35 51 41 

26.9 37 28 36 22 54 32 43 46 
26.92 45 18 29 24 43 20 34 31 
26.94 46 20 42 23 56 25 47 33 
26.96 37 15 35 20 56 30 39 38 
26.98 35 21 38 26 50 18 50 24 

27 35 15 35 32 45 17 52 2[ 
27.02 30 22 31 35 38 13 S3 24 
27.04 34 21 34 37 50 21 47 22 
27.06 43 20 31 26 53 18 65 23 
27.08 31 22 37 31 41 18 38 20 

27.1 27 19 31 24 50 21 44 32 
27.12 27 30 28 20 52 12 53 23 
27.14 33 18 45 18 94 13 36 20 
27.16 36 23 28 12 101 11 46 27 
27.18 28 20 29 B 165 17 35 17 
27.2 28 22 22 11 90 18 45 27 

27.22 30 23 19 12 95 17 34 25 
27.24 26 24 30 9 91 13 30 17 
27.26 20 21 16 10 66 7 44 15 
27.28 24 20 30 6 75 15 49 18 
27.3 28 14 37 9 43 6 37 15 

27.32 21 19 31 6 40 14 34 22 
27.34 28 16 27 10 37 12 35 21 
27.36 19 18 28 10 40 7 43 [5 

27.38 31 20 29 6 44 7 34 13 
27.4 23 14 26 6 39 10 36 20 

27.42 30 11 24 8 39 9 21 18 
27.44 22 19 11 9 46 5 27 19 
27.46 26 16 16 7 30 6 31 21 
27.48 29 6 26 4 38 6 27 23 

27.5 27 16 16 2 38 9 25 15 
27.52 26 14 21 6 IS 4 31 10 
27.54 29 14 15 7 29 II 41 [I 

27.56 27 11 [9 8 27 9 26 16 
27.58 18 18 16 4 25 9 15 15 

27.6 24 17 26 6 25 6 18 14 
27.62 16 17 7 10 26 5 29 [0 
27.64 24 12 16 2 26 10 28 12 
27.66 14 [4 8 4 21 9 29 8 
27.68 14 17 14 5 35 9 18 8 

27.7 19 13 J3 7 26 Il 25 15 
27.72 25 16 25 4 17 6 31 16 
27.74 [9 13 13 4 25 4 22 16 
27.76 20 12 24 1 20 9 21 17 
27.78 17 14 22 5 1& 10 26 18 

27.8 17 [4 17 3 36 4 21 15 
27.82 26 22 19 5 34 6 29 17 
27.84 19 20 14 3 21 II 19 11 
27.86 19 12 [5 5 24 5 14 16 
27.88 21 18 18 2 25 7 27 13 

27.9 27 20 21 4 22 3 29 10 
27.92 18 21 21 4 23 10 25 16 
27.94 26 27 21 3 29 4 31 11 
27.96 27 25 17 I 20 4 22 17 
27.98 28 15 20 6 24 13 21 14 

28 15 21 20 2 27 6 27 18 
28.02 23 15 23 5 31 6 26 18 
28.04 32 18 14 2 32 3 20 23 
28.06 15 11 32 3 28 6 28 15 
28.08 16 20 13 6 30 8 22 19 

28.[ 20 18 20 7 18 7 22 17 
28.[2 21 [4 24 7 23 7 28 17 
28.14 31 15 26 2 25 7 24 16 
28.16 33 12 18 11 27 15 18 14 
28.[8 19 13 12 4 28 8 25 15 

28.2 26 23 15 I 25 7 28 [9 

28.22 29 31 27 2 27 7 24 17 
28.24 24 23 15 6 29 6 32 12 
28.26 29 17 18 3 3[ 9 21 13 
28.28 31 31 18 3 24 8 26 16 

28.3 26 27 15 2 32 5 27 16 
28.32 18 24 13 5 30 I 28 20 
28.34 26 23 17 1 39 7 37 II 
28.36 20 27 20 4 26 7 25 9 
28.38 37 17 IS I 17 6 25 14 

28.4 32 18 24 5 27 I 23 17 
28.42 33 20 19 4 25 12 33 14 
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1706 17U6 1718 1718 1696 1696 1698 1698 

Degrees Aller BeFore After Before Arter Before Before 
2 Theta di~."lioD di2e.lion diRe.lion diRe.lion dl2cstlon di .... lion After diocstlo di ••• tlon 

28.44 22 17 20 7 32 4 22 14 
28.46 28 16 30 2 23 9 27 14 
23.48 23 20 20 2 26 9 24 14 
28.5 22 27 27 3 35 10 33 6 

28.52 42 26 25 9 33 13 27 11 
28.54 31 22 29 5 22 9 30 8 
28.56 29 17 20 5 34 6 29 17 
28.58 30 24 31 I 36 14 38 16 
28.6 26 28 29 9 37 I. 27 17 

28.62 34 29 30 3 31 11 39 14 
28.64 34 20 36 2 34 10 42 17 
28.66 29 25 17 4 24 9 29 18 
28.68 38 23 16 4 35 19 45 17 
28.7 34 23 26 6 28 13 32 10 

28.72 25 27 32 6 34 15 44 14 
28.74 27 22 22 7 33 14 26 9 
28.76 35 17 32 2 41 24 29 17 
28.78 33 23 31 6 41 9 29 20 
28.8 31 20 25 3 56 9 34 18 

28.82 42 16 33 6 64 17 27 18 
28.84 33 12 28 7 62 15 31 20 
28.86 21 16 29 7 63 9 43 16 
28.88 27 14 34 6 44 10 27 13 

28,9 2S 13 32 II 45 11 26 20 
28.92 25 21 31 7 51 16 33 20 
28.94 31 17 31 5 46 12 27 20 
28.96 24 14 28 7 48 11 26 18 
28.98 30 20 24 5 38 13 22 13 

29 22 19 20 9 35 8 34 18 
29.02 28 17 30 5 26 15 43 20 
29,04 33 15 30 4 29 7 42 13 
29.06 29 12 27 3 36 7 21 12 
29.08 37 9 31 3 30 8 31 18 
29.1 27 13 34 4 41 13 34 14 

29.12 32 14 27 7 43 14 27 21 
29.14 24 17 26 I 26 26 34 12 
29.16 40 16 28 3 33 7 31 21 
29.18- 36 20 31 9 37 9 27 14 
29.2 37 IS 31 6 34 iO 35 22 

29.22 36 II 37 3 39 8 38 11 
29,24 27 19 79 7 37 1I 51 II 
29.26 25 IS 64 3 35 10 45 14 
29.28 25 16 65 3 31 9 42 15 
29.3 29 16 51 II 43 14 35 16 

29.32 33 19 38 13 35 18 43 15 
29,34 25 12 54 9 29 17 39 II 
29.36 32 IS 32 10 28 19 28 17 
29.38 32 24 25 7 35 18 40 25 
29.4 26 14 23 8 28 17 27 21 

29.42 24 13 29 7 27 9 32 24 
29.44 29 20 19 10 17 18 25 19 
29.46 40 16 19 5 36 6 20 8 
29.48 29 13 18 12 33 12 27 14 
29.5 24 20 26 9 27 6 34 \0 

29,52 36 12 28 15 31 12 24 8 
29.54 38 19 21 10 29 10 29 9 
29.56 32 18 24 13 30 13 27 10 
29.58 26 12 29 18 21 4 33 14 
29.6 39 11 25 7 33 16 33 \0 

29.62 39 19 15 3 37 13 38 8 
29.64 26 17 33 9 24 14 37 16 
29.66 18 II 21 8 33 4 41 12 
29.68 14 17 19 9 38 7 34 8 
29.7 25 13 24 4 30 23 28 15 

29.72 26 8 18 7 20 13 26 21 
29.74 24 10 19 5 28 II 23 22 
29.76 18 7 20 10 27 15 25 13 
29.78 19 II 24 12 23 15 24 15 
29.8 19 11 14 S 22 7 11 17 

29.82 20 9 16 5 30 14 21 20 
29,84 18 12 II 8 32 10 26 14 
29.86 20 8 21 6 28 \3 19 12 
29.88 17 18 14 6 26 II 19 l3 
29.9 27 11 9 9 22 6 27 14 

29.92 19 15 14 5 18 8 17 13 
29.94 20 17 18 S 27 3 29 14 
29.96 22 II II 3 26 4 21 7 
29.98 31 13 22 4 27 4 26 15 

30 28 18 15 6 29 9 28 13 
30.02 17 19 18 12 31 II 25 22 
30.04 20 13 17 2 19 4 34 10 
30.06 23 13 25 5 28 8 19 7 
30.08 29 18 21 2 28 4 28 8 

30.1 27 17 17 3 23 8 31 II 
30.12 20 II 20 Z 47 9 29 15 
30.14 19 15 22 I 24 15 32 16 
30.16 21 11 26 3 29 12 26 19 
30.18 16 20 26 5 30 8 34 13 

30,2 23 18 28 4 27 8 27 14 
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1706 1706 1718 1718 1696 1696 1698 1698 

Degrees After Before After Before Afte. Before Before 
2 Theta di2..non di~ .. li6n di •• ,lion dl •• ,lion d .... lion di ... lio" Aft •• di ... fio d .... lio" 

30.22 21 10 26 5 26 17 24 18 
30.24 23 20 27 4 26 14 25 16 
30.26 25 18 19 4 30 11 21 4 
30.28 20 10 28 6 27 14 33 14 

30.3 15 12 17 1 33 11 25 8 
30.32 23 23 16 7 23 S 20 9 
30.34 28 12 20 3 27 10 19 21 
30.36 17 12 20 1 24 11 24 19 
30.38 24 12 19 3 20 7 30 15 

30A 27 17 22 5 15 8 16 13 
30,42 20 15 20 6 25 11 24 6 
30.44 21 18 13 7 16 10 26 6 
30.46 19 21 11 6 25 15 18 10 
30.48 18 30 16 5 34 14 28 9 

30.5 28 43 14 6 20 13 25 14 
30.52 13 71 14 1 24 13 23 12 
30.54 26 84 21 5 17 14 19 14 
30.56 21 86 12 4 23 18 21 16 
30.58 29 85 16 3 24 26 28 7 
30.6 24 81 16 7 23 31 17 to 

30.62 25 56 20 4 24 59 26 6 
30.64 23 48 20 2 18 78 22 12 
30.66 21 50 9 7 24 58 22 11 
30.68 1.5 37 12 5 25 89 32 9 

30.7 13 27 16 6 19 141 21 8 
30.72 28 19 17 II 25 190 19 12 
30.74 21 16 13 7 15 221 13 12 
30.76 11 16 14 10 16 150 16 11 
30.78 21 18 23 6 19 166 18 12 

30.& 16 13 25 10 2S 103 15 12 
30.82 18 11 17 13 16 107 28 15 
30.84 16 15 19 11 20 84 18 14 
30.86 29 12 22 8 24 32 19 13 
30.88 20 15 20 4 21 28 26 6 

30.9 17 15 17 2 24 13 19 6 
30.92 25 15 25 8 22 14 20 13 
30.94 27 14 13 2 22 19 30 11 
30.96 26 17 24 8 21 17 25 9 
30.98 32 13 15 4 20 14 24 11 

31 20 8 21 3 25 9 22 13 
31.02 32 9 16 6 24 14 25 14 
31.04 31 8 IS 8 18 14 23 4 
31.06 34 17 20 4 29 13 28 II 
31.08 20 7 16 S 26 13 27 12 
31.1 27 16 21 6 21 4 30 6 

31.12 25 15 22 2 23 10 27 13 
31.14 25 12 23 4 27 8 20 IS 
31.16 17 to 18 4 32 9 22 II 
31.18 23 14 20 3 26 9 31 11 

31.2 14 10 18 4 20 10 24 5 
31.22 24 8 20 3 29 13 22 7 
31.24 20 11 16 6 26 8 34 7 
31.26 IS 11 10 2 33 7 21 2 
31.28 17 16 13 3 25 5 18 12 

31.3 22 12 9 3 19 8 16 12 
31.32 23 16 16 1 17 13 23 8 
31.34 24 9 20 6 19 7 14 8 
31.36 21 14 12 2 20 3 22 II 
31.38 25 IS 12 8 25 13 18 8 

31.4 20 6 IS 9 25 9 18 II 
31.42 21 11 11 5 21 9 17 II 
31.44 21 11 20 3 24 6 20 8 
31.46 17 19 21 1 21 8 22 9 
31.48 17 3 g 3 27 7 28 9 

31.5 22 16 17 6 15 7 20 9 
31.52 23 4 15 8 21 7 19 14 
31.54 25 9 13 6 31 5 23 J3 
31.S6 22 10 16 7 21 6 22 6 
31.58 17 10 25 11 22 4 17 6 

31.6 18 11 17 2 23 9 16 9 
31.62 23 9 15 3 18 9 27 13 
31.64 22 11 12 7 24 5 17 7 
31.66 25 14 14 3 26 5 21 14 
31.68 16 8 16 6 28 7 18 10 

31.7 20 9 17 4 19 5 30 8 
31.72 18 12 20 3 27 9 26 S 
31.74 28 7 17 3 31 II 23 7 
31.76 21 12 25 4 21 9 21 10 
31.78 17 9 18 4 25 13 18 4 

31.8 22 8 11 I 27 5 26 10 
31.82 14 17 17 2 27 9 14 9 
31.84 31 to 15 3 27 10 24 7 
31.86 14 14 18 3 21 2 19 7 
31.88 9 12 13 2 13 8 26 14 

31.9 17 14 13 2 26 8 19 14 
31.92 20 20 II 5 31 7 23 15 
31.94 19 18 9 3 24 9 16 19 
31.96 14 22 10 4 23 8 31 16 
31.98 19 15 17 4 18 8 28 11 
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17\16 1706 1718 1718 1696 1696 1698 1698 

Degre .. After Berore After Before After Before Before 
2 Theta dig .. tion digestion diltestion dij! •• tion div;c:§.tion diE!!e5tion After dig:C5tio di2estion 

32 11 24 17 7 17 6 21 12 
32.02 21 & 14 6 17 7 17 11 
32.04 21 14 9 6 18 9 & 1& 
32.06 18 14 9 4 20 9 16 16 
32.0& 23 14 15 7 18 6 20 5 
32.1 10 14 9 5 19 6 25 7 

32.12 22 11 14 4 20 5 16 11 
32.14 11 3 15 5 20 7 17 13 
32.16 20 13 19 6 21 8 25 13 
32.1& 22 12 16 1 1& 7 29 10 
32.2 22 15 23 3 18 11 20 & 

32.22 25 15 20 I 17 8 20 10 
32.24 18 11 22 3 24 5 23 5 
32.26 23 8 15 I 17 4 1& 9 
32.2S 19 II 15 I 19 6 20 10 
32.3 18 14 14 4 16 9 22 11 

32.32 17 10 17 4 15 9 19 15 
32.34 19 14 15 2 27 10 21 10 
32.36 1<; 5 13 I 23 8 18 14 
32.3& 19 7 12 4 21 8 17 9 
32.4 16 16 16 7 14 9 20 9 

32.42 19 7 15 8 7 10 18 15 
32.44 II 10 16 I 17 4 15 11 
32.46 20 9 13 3 17 6 21 14 
32.48 17 14 12 3 18 7 14 6 
32.5 19 5 17 9 17 7 17 9 

32.52 19 16 12 2 23 1 24 4 
32.54 II 18 16 4 19 13 16 13 
32.56 22 21 10 4 14 6 20 5 
32.58 19 15 18 4 19 10 25 8 
32.6 23 5 20 4 15 5 20 3 

32.62 17 6 13 3 20 11 28 10 
12.64 16 13 19 4 29 3 18 14 
32.66 26 7 18 6 26 9 25 8 
32.68 28 16 17 4 17 9 24 II 

32.7 17 11 15 4 28 5 20 4 
32.72 21 14 17 5 25 9 16 10 
32.74 12 10 19 1 27 to 18 II 
32.76 13 8 24 4 17 3 28 10 
32.78 15 16 14 I 23 12 18 8 
32.8 10 11 14 8 23 7 20 8 

32.82 20 10 17 1 21 7 22 5 
32.84 15 7 8 2 25 9 27 IS 
32.86 21 10 18 6 20 9 26 (0 
32.88 25 9 10 6 23 !3 13 10 

32.9 17 15 (3 3 18 6 24 8 
32.92 II 3 12 6 12 8 21 8 
32.94 14 12 12 2 22 8 20 8 
32.96 21 [8 15 5 24 7 11 8 
32.98 9 12 17 6 16 4 20 5 

33 19 21 18 5 12 12 13 11 
33.02 14 14 14 4 16 1 9 13 
33.04 29 17 23 4 18 7 21 10 
33.06 18 10 II 2 28 6 20 12 
33.08 20 23 [2 3 23 8 21 15 

33.1 28 13 II 1 16 4 18 II 
33.12 9 12 15 6 14 7 24 7 
33.14 21 12 16 5 15 1 17 8 
33.16 13 14 24 3 28 4 18 15 
33.18 30 18 17 I 24 6 21 10 

33.2 16 24 15 6 8 10 28 11 
33.22 17 19 15 5 29 15 15 12 
33.24 19 11 26 4 18 13 22 8 
33.26 21 16 24 3 27 13 17 9 
33.28 16 17 31 6 25 9 25 II 
33.3 13 16 15 4 24 5 22 12 

33.32 18 12 25 5 16 6 18 8 
33.34 15 6 20 2 22 6 26 14 
33.36 21 17 8 6 [5 8 28 12 
33.38 20 19 17 6 21 6 19 13 

33.4 16 15 20 4 12 12 ZO 18 
33.42 17 14 15 4 17 12 26 19 
33.44 22 17 15 7 27 8 32 10 
33.46 16 15 16 6 23 II IS 21 
33.48 26 17 17 11 22 6 31 17 

33.S IS 14 13 8 26 15 32 16 
33.52 28 11 17 3 21 13 26 15 
33.54 25 17 26 3 [9 8 25 19 
33.56 19 12 15 8 19 9 22 18 
33.58 26 17 13 S 19 12 22 9 
33.6 15 11 24 6 16 7 28 12 

33.62 24 21 14 3 28 9 27 20 
33.64 21 18 18 6 27 to Z2 13 
33.66 22 21 17 4 27 13 20 18 
33.68 18 19 16 4 29 10 31 14 
33.7 25 21 14 6 24 10 19 12 

33.72 2() 20 20 10 20 12 25 19 
33.74 26 25 14 3 19 18 32 32 
33.76 21 27 16 8 26 14 21 13 
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1706 1706 1718 1718 1696 1696 1698 1698 

Degrees After Before Aftc. Before After Bef .... Before 
ZTbeta di~ .. ti.o di •• ,tion di!;!cstion digestion digestiun di:li::estjoD After digesti. dillElStiOD 

33.7& 29 17 16 JO 21 22 27 18 
33.8 J2 25 21 7 23 12 2S 13 

33.82 21 22 14 4 22 17 16 17 
33.84 21 24 18 3 21 8 22 17 
33.86 22 29 26 2 25 14 21 14 
33.88 22 16 19 6 26 21 19 24 
33.9 24 22 16 6 26 17 32 13 

33.92 18 24 20 1I 28 IS 25 23 
33.94 23 11 20 Jl 27 9 26 39 
33.96 20 22 18 9 28 16 28 21 
33.98 18 25 22 3 24 10 33 23 

34 15 18 24 12 25 17 13 19 
34.02 13 19 14 7 23 9 23 19 
34.04 21 17 12 9 29 11 31 26 
34.06 14 15 20 J2 35 20 19 23 
34.08 19 24 8 13 22 16 19 24 

34.1 18 14 22 12 27 10 22 19 
34.12 17 10 18 9 17 14 26 20 
34.14 24 24 17 8 29 13 19 17 
34.16 27 18 20 5 24 9 20 16 
34.18 20 17 18 8 28 10 30 14 
34.2 25 17 15 9 19 13 22 16 

34.22 19 21 II 8 20 13 24 12 
34.24 II 11 16 10 30 15 25 16 
34.26 19 20 18 10 17 10 21 7 
34.28 20 II 13 7 17 9 31 16 

34.3 24 17 24 4 17 4 16 16 
34.32 20 21 13 7 23 14 21 19 
34.34 17 7 20 8 33 11 14 15 
34.36 14 17 22 2 25 13 24 14 
34.3& 17 19 29 6 25 12 18 23 

34.4 24 19 22 7 22 8 24 15 
34.42 17 20 28 6 16 10 20 12 
34.44 26 15 22 S 17 14 16 19 
34.46 18 18 16 3 17 10 23 18 
34.43 19 13 14 8 23 12 14 15 

34.5 21 14 10 II 22 15 17 12 
34.52 19 20 13 10 17 II II 20 
34.54 14 24 20 10 20 12 24 19 
34.56 II 26 15 9 12 7 22 IS 
34.58 10 20 10 10 7 14 17 13 
34.6 17 15 19 10 26 7 20 II 

34.62 13 19 6 3 15 9 21 13 
34.64 16 15 10 10 14 6 15 14 
34.66 16 19 18 6 28 11 17 18 
34.6& 12 15 13 11 17 13 26 17 

34.7 21 14 10 6 13 7 14 16 
34.72 17 15 13 4 21 10 13 16 
34.74 19 19 10 11 16 9 16 13 
34.76 14 19 7 7 19 9 18 13 
34.78 14 18 II 4 14 9 21 19 
34.8 14 17 11 5 16 10 16 17 

34.82 24 20 9 7 16 11 20 17 
34.84 22 17 22 5 22 9 II 22 
34.86 !3 21 24 2 18 12 20 13 
34.88 17 20 10 6 26 10 12 13 
34.9 19 19 10 4 13 8 22 16 

34.92 14 21 II 6 25 12 26 9 
34.94 19 19 19 2 12 9 22 12 
34.96 21 12 18 4 23 13 19 II 
34.98 15 18 15 7 24 7 10 14 

35 10 15 16 6 28 7 21 15 
35.02 12 14 IS 6 19 7 19 12 
35.04 14 16 14 2 15 10 16 13 
35.06 17 14 20 10 13 6 10 9 
35.08 21 21 13 5 16 8 23 16 

35.1 22 10 17 6 18 8 17 10 
35.12 15 16 18 2 16 11 15 8 
35.14 21 20 19 5 21 12 20 16 
35.16 16 14 14 4 25 7 14 9 
35.18 31 16 IS 4 12 9 24 14 
35.2 34 8 16 :; 24 9 25 14 

35.22 54 17 29 2 15 6 27 16 
35.24 81 12 25 7 27 9 20 15 
35.26 87 18 45 4 21 9 37 15 
35.28 70 24 80 3 27 15 51 8 

35.3 46 21 85 7 29 g 56 10 
35.32 50 27 107 6 62 15 85 11 
35.34 59 27 80 4 75 27 53 15 
35.36 46 44 75 6 76 35 38 20 
35.38 29 37 68 6 65 24 43 32 
35.4 26 45 74 7 35 23 57 29 

35.42 25 21 66 9 5J 43 51 41 
35.44 27 22 50 7 50 23 36 46 
35.46 21 20 41 11 49 37 37 37 
35.48 20 24 30 7 47 28 17 37 

35.5 20 27 21 12 23 22 23 30 
35.52 16 18 20 11 17 24 23 28 
35.54 12 19 24 23 27 16 IS 27 
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1706 1706 1718 1718 1696 1696 1698 1698 

Degrees After Before Afte. Before Afte. B.rore Before 
~ Tbcta dieestion di~ .. tion diQ •• tiOD di~e,tioD dige.tion wg .. tion Afle. dig •• tio dij: .. tion 

35.56 19 16 14 27 to 16 17 23 
35.58 22 17 15 32 16 17 9 20 
35.6 18 12 16 50 14 15 16 13 

35.62 18 16 15 42 13 11 19 14 
35.64 18 16 16 43 16 12 26 20 
35.66 24 15 23 47 14 !3 20 12 
35.68 12 11 15 36 20 6 15 14 
35.7 15 19 16 39 16 8 14 15 

35.72 6 14 17 i5 19 14 19 11 
35.74 20 11 17 16 20 8 17 6 
35.76 12 1[ 15 22 27 10 17 10 
35.78 21 16 17 9 17 13 26 14 
35.8 15 13 19 13 14 5 18 7 

35.82 12 16 14 8 17 13 16 10 
35.84 16 13 9 7 16 9 18 9 
35.S6 11 17 18 9 14 9 II 24 
35.88 19 15 16 7 18 16 17 10 
35.9 20 22 13 13 19 9 22 9 

35.92 16 11 19 7 21 9 14 16 
35.94 10 17 19 5 21 10 18 16 
35.96 9 8 16 5 18 10 22 15 
35.98 21 IS 16 3 21 10 22 22 

36 11 21 18 6 18 9 25 11 
36.02 17 \3 21 6 16 6 18 18 
36.04 6 9 7 7 16 9 15 11 
36.06 21 11 17 4 12 11 13 5 
36.08 18 18 14 5 11 8 16 19 

36.1 14 12 12 9 15 8 15 14 
36.12 14 16 9 6 11 5 19 11 
36.14 18 IS 18 2 18 10 27 17 
36.16 20 12 12 6 II 17 12 16 
36.18 17 14 14 4 18 5 19 13 

36.2 16 20 15 8 23 7 17 15 
36.22 13 18 19 7 25 10 17 11 
36.24 10 16 15 9 17 10 26 10 
36.26 13 12 13 ;5 23 II 21 10 
36.28 20 15 8 11 19 7 10 13 

36.3 16 13 13 3 7 14 20 19 
36.32 13 18 11 4 14 23 13 18 
36.34 18 8 11 6 12 13 12 16 
36.36 18 15 12 10 22 13 26 15 
3638 19 16 9 6 18 13 15 10 

36.4 IS 18 13 8 21 9 14 10 
36.42 15 18 15 7 31 9 17 13 
36.44 14 17 18 8 14 6 20 18 
36.46 13 12 15 3 ]0 7 22 14 
36.48 18 21 22 5 14 6 20 19 
36.5 12 9 6 4 10 12 15 8 

36.52 15 22 14 ;5 22 7 20 9 
36.54 12 10 13 6 14 13 24 21 
36.56 16 21 14 4 19 11 15 8 
36.58 IS 9 11 13 16 14 17 13 

36.6 12 19 12 6 16 18 17 16 
36.62 23 16 17 9 20 9 21 14 
36.64 18 18 10 8 11 12 24 13 
36.66 16 12 9 2 19 II 19 17 
36.68 10 21 14 8 12 13 19 14 

36.7 16 15 16 7 17 7 20 12 
36.72 10 22 II 8 11 11 8 14 
36.74 18 8 8 7 19 7 17 8 
36.76 15 20 13 17 11 6 17 12 
36.78 9 19 13 11 18 12 12 19 

36.8 14 16 7 16 18 10 II 22 
36.82 14 10 10 17 17 ;5 12 11 
36.84 16 19 10 [1 9 6 14 8 
36.86 16 7 13 11 12 13 14 10 
36.88 10 11 8 6 17 5 17 9 
36.9 13 12 9 10 19 6 10 J3 

36.92 16 13 17 8 9 9 18 10 
36.94 11 11 8 6 13 5 21 19 
36.% 18 14 II 5 17 11 15 13 
36.98 17 22 15 7 10 9 21 7 

37 17 23 14 3 23 8 17 18 
37.02 14 12 10 2 17 4 13 9 
37.04 10 8 9 1 20 7 18 9 
37.06 6 6 13 3 16 12 26 9 
37.08 18 16 16 4 11 4 17 11 

37.1 7 9 12 2 19 6 15 4 
37.12 13 15 15 7 12 7 19 14 
37.14 15 11 10 4 13 6 7 15 
37.16 14 15 6 2 20 7 19 17 
37.18 8 12 13 5 10 8 17 12 
37.2 25 17 10 I 20 10 15 11 

37.22 20 10 IS 3 16 9 19 15 
37.24 21 14 20 5 19 7 IS 16 
37.26 16 10 11 5 23 9 25 12 
37.28 10 15 16 5 12 8 17 12 

37.3 18 12 17 I 12 12 23 15 
37.32 19 15 17 4 18 13 17 13 
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1706 1706 1718 1718 1696 1696 1698 1698 

Degrees After Before After Before After Before Before 
2 Theta dieesrion die •• lion dl2estion dj~estioD di~ .. tion di2estion An .. d12estio di2estion 

37.34 10 18 19 5 9 S 14 11 
37.36 8 17 17 5 21 7 20 13 
37.38 13 12 14 9 II 16 14 10 
37.4 20 18 12 5 17 8 18 16 

37.42 Il 20 11 3 12 12 24 7 
37.44 22 16 13 8 14 5 20 19 
37.46 18 22 22 9 17 13 18 16 
37.48 18 17 6 3 11 7 29 21 

37.5 II 14 16 4 16 11 27 11 
37.52 13 17 15 3 9 4 17 11 
37.54 9 15 1& 9 18 19 16 12 
37.56 17 15 16 7 20 14 18 7 
37.58 13 13 9 6 12 5 20 10 
37.6 20 11 12 4 18 7 13 to 

37.62 13 14 13 5 19 II 15 13 
37.64 14 11 13 2 II 11 16 12 
37.66 14 9 15 6 23 10 16 12 
37.68 18 II 18 8 17 15 23 14 

37.7 18 13 13 5 25 5 16 9 
37.72 14 9 9 3 20 14 17 II 
37.74 20 10 14 4 27 6 16 9 
37.76 13 13 12 3 IS 11 21 15 
37.78 6 12 13 8 17 8 14 14 

37.8 22 10 16 2 21 9 13 7 
37.82 13 10 18 5 19 12 13 15 
37.84 11 13 1I 3 11 8 13 6 
37.86 18 8 10 9 21 8 14 7 
37.88 19 13 15 5 19 8 IS 16 

37.9 7 12 14 7 16 8 18 14 
37.92 16 12 12 3 16 6 17 12 
37.94 10 8 12 3 14 13 15 II 
37.96 21 II 15 7 18 6 II 7 
37.9& 16 9 14 3 19 16 15 7 

38 7 15 12 2 18 5 II 18 
38.02 16 10 16 2 13 6 16 1() 

38.04 14 10 15 14 12 8 13 8 
38.06 15 10 7 3 10 9 19 7 
38.08 21 12 16 3 13 8 22 13 

38.1 16 15 19 10 11 9 9 12 
38.12 26 11 13 2 16 6 15 6 
38.14 51 II 23 5 10 9 12 12 
38.16 66 11 25 3 14 1() 20 11 
38.18 56 IS 33 8 24 II 28 11 

38.2 44 14 56 3 22 II 42 13 
38.22 31 18 84 6 28 16 61 6 
38.24 44 15 100 2 40 18 59 17 
38.26 36 29 72 3 37 16 64 17 
38.28 36 43 57 5 46 18 42 15 
38.3 49 37 4S 5 45 17 41 14 

38.32 29 35 50 6 32 17 41 30 
38.34 21 30 53 6 28 14 44 29 
38.36 19 17 32 9 28 25 36 23 
38.38 16 23 41 5 33 38 25 24 

38.4 14 34 18 7 38 33 21 24 
38.42 14 17 14 7 27 15 22 13 
38.44 13 10 16 7 20 15 29 23 
38.46 12 5 17 20 19 6 16 19 
38.48 15 IS 8 n 17 13 12 22 

38.5 11 9 16 16 17 14 9 11 
38.52 13 13 15 18 16 12 15 17 
38.54 12 7 16 31 16 8 15 7 
38.56 21 10 17 17 13 10 15 13 
38.58 12 18 14 16 10 7 18 16 

38.6 14 14 16 19 14 13 15 to 
38.62 16 11 14 II II 13 13 12 
38.64 7 16 17 8 15 8 15 14 
38.66 12 14 8 10 18 8 18 13 
38.68 15 17 18 IS 10 5 13 6 
38.7 13 11 14 10 14 13 22 11 

38.72 13 14 JQ 8 18 8 16 3 
38.74 12 10 12 8 5 3 23 10 
38.76 17 II 22 4 21 12 12 II 
38.78 11 9 8 6 8 6 16 7 

38.8 14 13 7 8 12 9 4 8 
38.82 21 to 15 5 18 9 20 8 
38.84 18 11 16 6 15 3 13 7 
38.86 18 12 11 4 15 8 17 6 
38.88 16 12 7 3 13 5 16 10 

38.9 18 8 7 S 11 7 9 17 
38.92 18 15 15 4 23 5 21 5 
38.94 21 IS 24 5 14 10 18 9 
38.96 29 11 16 S 15 7 17 9 
38.98 36 II 25 1 l3 2 19 10 

39 57 11 27 1 10 14 17 12 
39.02 43 9 42 2 18 6 26 7 
39.04 31 13 36 2 15 15 38 12 
39.06 34 18 52 5 24 7 22 9 
39.08 34 17 62 3 32 8 29 6 

39.1 37 17 28 1 31 13 33 IS 

Appendix 3 



Page 256 

1706 1706 1718 1718 1696 1696 1698 1698 

Degrees After Before Aft •• Before After Before B.Core 
2 Theta di2estion dig.,tion dige.tlon dI2 •• tlon digestion di2estlon Aft.rdl~ .. ti. digestion 

39.12 27 19 35 2 39 12 19 19 
39.14 22 20 23 8 23 19 21 18 
39.16 22 19 31 3 22 10 25 30 
39.18 15 13 44 8 18 13 21 20 
39.2 15 14 29 5 29 13 20 17 

39.22 9 14 15 5 30 12 18 13 
39.24 12 16 16 7 21 20 14 11 
39.26 15 10 17 10 19 15 16 10 
39.28 14 II 8 10 16 13 II 18 

39.3 13 13 18 14 25 12 20 21 
39.32 9 10 7 21 12 II 16 10 
39.34 8 10 7 13 12 7 17 13 
39.36 12 8 15 11 II 7 13 11 
39.38 21 10 6 15 15 12 14 15 
39.4 12 15 15 6 16 8 10 12 

39.42 13 12 12 15 23 6 19 6 
39.44 17 9 12 13 16 8 15 17 
39.46 17 9 11 7 ]9 4 22 4 
39.48 21 9 17 7 13 5 17 9 

39.5 21 IJ 7 7 13 7 16 8 
39.52 11 II 14 7 15 6 8 7 
39.54 10 12 12 5 18 6 12 16 
39.56 13 12 13 4 15 15 15 5 
39.58 13 10 9 2 19 8 12 16 

39.6 8 12 10 4 ]1 6 10 14 
39.62 1l 10 II 4 14 7 19 12 
39,64 II 5 8 5 12 13 13 IS 
39.66 9 14 16 2 12 4 19 21 
39.68 17 11 6 8 [6 9 15 9 

39.7 10 6 9 2 16 11 17 5 
39.72 12 10 [5 I 10 7 10 13 
39.74 II 8 17 I 18 5 19 11 
39.76 20 7 15 4 16 8 13 7 
39.78 13 13 II 3 14 8 14 9 
39.8 12 6 19 7 15 7 18 8 

39.82 12 10 12 I 8 13 17 9 
39.84 12 8 17 7 [1 7 15 7 
39.86 12 11 13 1 10 7 16 9 
39,88 8 15 10 5 13 B 10 5 
39.9 8 8 8 3 18 9 19 6 

39.92 18 13 8 6 [3 9 19 9 
39.94 16 9 22 3 14 10 14 7 
39.96 11 7 17 3 II 8 10 14 
39.98 19 13 12 6 14 4 11 6 

40 22 20 !O 2 12 5 18 13 
40.02 15 15 11 6 10 12 15 5 
40.04 19 5 13 5 17 7 25 6 
40.06 9 11 14 3 15 9 12 12 
40.0& 14 15 8 2 II 7 21 13 

40.1 10 7 20 8 13 7 13 10 
40.12 21 7 13 3 12 S 10 10 
40.14 II 9 9 5 20 9 15 13 
40.16 II 7 II 3 22 6 13 7 
40.18 22 13 13 8 8 6 16 10 

40.2 IS 12 11 3 II 5 14 13 
40.22 13 12 9 4 13 6 18 12 
40.24 16 16 14 2 14 10 19 4 
40.26 15 9 7 5 10 10 12 7 
40.28 21 7 11 4 6 6 22 15 

40.3 10 14 II 5 10 12 12 16 
40.32 II 6 10 5 12 10 ]2 i3 
40.34 18 14 14 3 15 6 II 5 
40.36 16 7 10 I 16 9 17 8 
40.38 17 17 II 3 20 9 24 13 

40.4 19 10 13 3 15 6 19 15 
40.42 17 9 16 3 15 10 22 8 
40.44 20 8 14 4 II 9 18 6 
40.46 22 16 22 5 [9 5 22 II 
40.48 25 12 10 3 14 [3 16 6 

40.5 23 15 15 2 15 16 24 4 
40.52 20 9 25 2 17 9 17 9 
40.54 16 12 15 4 12 6 20 17 
40.56 29 21 12 2 13 9 25 8 
40.58 24 10 16 4 14 9 22 7 
40.6 21 15 17 4 16 6 17 5 

40.62 22 14 12 5 l7 8 21 14 
40.64 19 10 15 15 16 9 26 13 
40.66 12 16 [9 3 17 6 17 12 
40.68 14 11 21 18 15 11 10 5 

40.7 12 9 16 23 14 12 17 11 
40.72 16 4 II 49 15 8 17 6 
40.74 16 16 16 39 18 14 15 11 
40.76 19 14 16 25 10 9 [I 8 
40.78 17 II 18 28 16 8 [I 7 

40.8 13 12 5 20 10 7 14 10 
40.82 9 14 14 40 II Il 16 8 
40.84 12 II 8 14 19 12 19 9 
40.86 14 10 10 24 14 8 [3 S 
40,88 12 7 17 l6 19 14 20 4 
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1706 17D6 1718 1718 1696 1696 1698 1698 

Degrees Aftcr Before Afler Before After Before Seron 
ZTbeta di2 .. tion di2e,tion di2e.tion diecstioo di<: •• tion diec!ltl()D Arter die .. tio di ... tion 

40.9 12 8 6 11 1l 15 18 10 
40.92 17 14 9 13 17 8 11 8 
40.94 14 12 10 6 II 8 13 12 
40.96 22 9 9 9 10 1 17 15 
40.98 9 10 14 9 22 6 16 9 

41 25 6 8 6 17 11 21 4 
41.02 19 14 16 7 23 9 22 10 
41.04 16 9 6 3 18 8 15 10 
41.06 15 14 18 3 15 5 14 10 
41.08 23 13 19 3 IS 8 18 9 

41.1 24 14 13 4 12 9 13 12 
41.12 4Q 16 19 5 16 10 22 15 
41.14 46 14 27 5 23 8 29 9 
41.16 65 18 31 7 15 4 31 14 
41.18 71 16 52 7 16 7 30 7 

41.2 37 17 67 4 26 10 40 15 
41.22 37 16 69 5 25 13 52 14 
41.24 36 31 81 3 32 22 40 15 
41.26 48 29 63 5 42 24 40 17 
41.28 49 22 38 5 44 20 35 19 

41.3 33 23 47 5 38 23 25 28 
41.32 17 21 57 3 19 22 39 31 
41.34 12 20 48 4 31 28 28 33 
41.36 24 15 43 5 43 23 25 27 
41.38 17 17 26 4 30 20 26 25 
41.4 20 20 23 9 20 19 27 24 

41.42 15 15 27 14 17 19 26 19 
41.44 18 23 22 17 30 22 18 25 
41.46 HI 19 18 9 21 23 13 24 
41.48 21 9 28 26 23 7 16 23 
41.5 16 12 20 18 15 14 13 14 

41.52 9 14 21 20 21 11 18 13 
41.54 23 7 23 21 25 17 IS II 
41.56 14 14 18 16 11 9 7 12 
41.58 II 11 9 8 20 8 13 8 
41.6 14 II 14 18 IS 13 19 9 

41.62 iO 9 9 15 18 8 19 g 
41.64 13 14 11 12 16 J3 10 10 
41.66 18 9 15 13 17 11 13 13 
41.68 16 9 16 13 13 14 12 5 
41.7 18 11 14 13 13 9 12 13 

41.72 13 16 14 12 20 8 15 7 
41.74 ') 11 15 6 2() 7 14 7 
41.76 15 10 W 7 2() 9 11 13 
41.78 13 12 IS 6 9 7 12 10 
41.8 II 7 17 10 18 4 II 17 

41.82 14 12 21 4 11 5 13 8 
41.84 17 17 12 5 20 4 13 6 
41.86 15 12 10 6 11 7 20 15 
41.88 15 g 12 4 16 10 13 7 
41.9 16 13 16 3 18 14 19 7 

41.92 IS IS 13 7 14 I 17 10 
41.94 [9 5 19 5 19 2 21 8 
41.96 14 11 13 5 12 3 14 7 
41.98 7 12 12 2 2{) 6 24 5 

42 9 1) \4 10 IS 8 14 10 
42.02 9 14 7 7 15 4 18 7 
42.04 13 10 8 5 16 3 13 9 
42.06 19 10 12 4 16 1I II II 
42.08 10 18 11 3 18 8 18 12 

42.1 II 8 10 3 12 4 17 9 
42.12 14 13 19 3 12 10 18 9 
42.14 17 9 15 3 17 7 II 6 
42.16 10 13 9 6 15 6 12 2 
42.18 13 10 10 3 15 5 13 12 
42.2 17 5 15 4 16 5 9 6 

42.22 12 13 10 2 12 7 15 5 
42.24 ') 13 15 6 16 8 15 10 
42.26 13 12 18 6 17 4 18 8 
42.28 4 13 10 I 14 9 14 7 

42.3 7 12 6 I 13 7 18 11 
42.32 13 I) 9 2 12 5 S 10 
42.34 12 11 19 2 11 6 12 2 
42.36 7 13 7 I 19 17 14 5 
42.3& 15 8 10 7 19 g 15 12 
42.4 15 11 9 1 9 8 17 12 

42.42 11 10 IS 3 19 10 20 10 
42.44 10 g 10 2 13 11 19 7 
42.46 10 IS 14 2 17 5 19 9 
42.48 13 10 20 1 16 7 16 7 

42.S 15 18 9 7 14 9 14 9 
42.52 10 5 13 1 12 6 13 7 
42.54 II 10 10 3 15 7 16 3 
42.56 8 6 13 2 15 10 12 9 
42.58 7 14 7 2 22 6 16 8 
42.6 15 5 10 1 15 9 II 4 

42.62 15 7 7 2 19 10 18 9 
42.64 16 22 11 7 21 5 20 9 
42.66 10 10 13 6 21 7 13 2 
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1706 1706 1718 1713 1696 1696 1698 1698 

Degrees ARer Before After Before After Berorc Before 
2 Tbeta di:e:"fstion di •• ,lion di •• slion digestion dl ••• tlon di" .. tlon After di~esli. dill.slion 

42.68 19 10 7 4 13 2 16 5 
42.7 11 12 15 8 17 8 16 10 

42.n 10 6 10 5 12 6 14 6 
42.74 6 5 9 6 13 4 11 4 
42.76 12 13 13 3 15 8 24 4 
42.78 14 8 IS I 17 6 13 5 
42.8 10 13 13 4 17 4 15 6 

42.82 7 10 12 4 17 9 12 5 
42.84 12 10 12 8 9 S 14 5 
42.86 9 7 14 4 20 S II 9 
42.88 17 10 7 6 17 7 15 II 
42.9 7 13 8 I 13 8 9 13 

42.92 17 14 10 1 17 8 16 5 
42.94 12 10 9 I IS 6 12 7 
42.96 11 10 13 5 10 6 15 6 
42.98 11 13 15 2 16 3 10 6 

43 14 18 14 4 13 5 7 8 
43.02 11 10 16 10 12 S 13 8 
43.04 8 13 10 2 20 5 II 8 
43.06 10 9 II 5 15 7 9 8 
43.08 15 11 7 3 20 S 10 6 

43.1 II 13 10 7 14 7 10 7 
43.12 16 17 13 4 17 7 12 10 
43.14 15 20 S 3 16 9 18 6 
43.16 19 3 15 6 15 12 12 7 
43.18 13 11 13 5 9 4 12 10 

43.2 12 8 14 3 14 10 12 10 
43.22 22 8 8 2 16 6 8 13 
43.24 17 15 II 4 16 5 12 9 
43.26 12 8 7 6 16 6 18 5 
43.28 6 8 6 6 12 4 15 6 

43.3 15 g 8 4 13 5 12 8 
43.32 14 5 8 3 15 10 15 II 
43.34 11 5 8 4 12 1 23 7 
43.36 17 7 14 2 10 4 7 g 
43.38 16 9 11 3 10 7 11 8 

43.4 12 8 11 4 10 6 12 13 
43.42 19 6 8 I 15 g II 9 
43.44 11 15 13 I 16 10 14 6 
43.46 12 12 6 3 13 5 20 7 
43.48 18 !O II 3 IS 7 17 6 

43.5 17 7 7 2 8 5 20 15 
43.52 II 9 12 1 16 6 14 5 
43.54 II 9 11 5 II 5 7 9 
43.56 15 7 14 4 17 6 17 7 
43.58 10 6 8 5 II 2 16 II 

43.6 15 14 14 3 II 8 10 l() 

43.62 7 7 18 4 16 3 6 7 
43.64 19 !O 12 2 7 6 21 3 
43.66 19 9 12 5 12 9 8 l() 

43.68 16 14 9 6 12 3 19 7 
43.7 12 13 10 3 15 9 12 12 

43.72 10 14 18 3 12 9 20 7 
43.74 17 10 17 7 17 8 12 12 
43.76 13 15 13 1 II 11 12 9 
43.78 9 6 14 2 13 15 15 12 

43.8 II 13 20 6 13 8 to to 
43.82 10 Il 16 9 15 9 11 9 
43.84 19 10 18 11 12 7 16 16 
43,86 13 12 15 7 12 7 9 9 
43.88 18 19 13 8 20 7 22 7 

43.9 11 9 8 4 10 6 10 10 
43.92 16 Il 19 7 13 8 21 16 
43.94 9 18 6 7 17 12 22 9 
43.96 12 11 16 4 18 12 20 11 
43.98 19 11 7 5 14 20 19 13 

44 14 9 16 4 12 9 15 7 
44.02 15 9 8 3 19 12 16 9 
44.04 6 22 8 3 12 14 14 10 
44,06 18 16 16 3 18 9 13 8 
44.0S 9 16 8 4 IS 14 13 13 

44.1 16 17 16 2 19 14 17 19 
44,12 17 12 13 3 17 12 14 10 
44.14 12 21 15 3 14 6 15 22 
44.16 10 13 13 5 9 13 II 23 
44,18 18 12 12 4 18 13 18 17 

44.2 14 33 18 5 14 11 9 17 
44.22 13 20 17 to 12 7 16 II 
44.24 23 34 5 6 22 14 18 13 
44.26 13 75 15 5 19 17 15 13 
44.28 10 52 9 7 16 16 II 20 

44.3 12 71 13 5 20 43 6 18 
44.32 15 63 17 8 14 43 9 9 
44.34 15 64 6 7 18 45 18 23 
44.36 12 43 14 4 14 61 13 22 
44.38 13 44 12 3 16 24 9 20 

44.4 13 40 11 8 11 45 15 20 
44.42 14 49 18 7 17 43 II 14 
44.44 24 46 14 6 13 48 20 14 
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1706 1706 1718 1718 1696 1696 1698 1698 

Dogree. After Before After Before After Before Before 
1 Theta digestion di~.stion digestion digestion di~e.tion dil(estioa Arter digestion digestion 

44.45 22 30 21 5 23 49 9 21 
44.48 29 15 12 17 13 32 16 12 

44.5 48 26 18 11 27 35 22 13 
44.52 38 24 20 II 20 32 26 11 
44.54 28 19 42 11 16 20 35 14 
44.56 20 19 33 11 18 27 31 8 
44.58 19 16 46 11 35 16 37 18 

44.6 23 22 38 13 33 27 22 20 
44.62 36 24 33 5 37 26 20 19 
44.64 21 26 24 6 29 24 14 29 
44.66 18 25 23 7 29 16 34 25 
44.68 12 19 22 6 21 12 32 27 
44.7 21 17 29 8 27 21 24 25 

44.72 20 23 21 12 31 34 20 18 
44.74 14 20 15 12 22 14 10 12 
44.76 14 15 16 7 19 19 21 11 
44.78 12 16 21 21 12 21 18 19 
44.8 19 22 16 15 14 19 11 14 

44.82 13 4 16 26 19 13 8 15 
44.84 13 8 10 18 16 10 16 14 
44.86 14 12 14 20 17 13 22 9 
44.8& 17 12 9 20 9 10 18 11 
44.9 20 10 10 17 16 II 10 14 

44.92 10 9 12 24 11 5 16 11 
44.94 14 17 12 7 18 7 19 10 
44.96 18 8 11 13 13 8 (7 11 
44.98 12 9 7 13 14 8 10 14 

45 14 17 16 14 15 8 13 6 
45.02 17 \0 9 10 13 11 24 3 
45.04 9 12 6 6 iO 3 18 16 
45.06 9 11 14 9 13 8 13 12 
45.08 13 II 10 5 17 14 7 10 

45.1 15 5 11 10 15 9 14 4 
45.12 15 12 9 8 17 11 (I 6 
45.14 14 7 10 1 13 12 13 11 
45.16 13 7 10 11 23 9 19 4 
45.18 L3 9 21 2 12 8 9 8 
45.2 16 19 8 6 9 4 10 8 

45.22 14 \0 8 5 18 7 \I 10 
45.24 14 5 11 4 i3 6 (7 5 
45.26 14 10 15 4 9 5 10 6 
45.28 13 4 8 8 13 6 12 8 

45.3 11 II 6 3 18 I 21 9 
45.32 15 10 7 4 11 I 18 2 
45.34 12 14 15 4 13 8 12 6 
45.36 19 14 16 4 12 10 (0 8 
45.38 12 5 10 3 19 1 12 11 
45.4 18 7 9 7 8 9 5 8 

45.42 11 II 10 3 11 4 12 5 
45.44 10 9 13 3 9 4 10 5 
45.46 9 15 12 5 12 6 14 7 
45.48 16 9 11 4 13 8 \3 8 
45.5 10 4 9 6 13 1 II 8 

45.52 12 8 9 5 10 4 10 8 
45.54 14 9 12 7 19 4 8 11 
45.56 to 8 II I 15 7 13 9 
45.58 9 10 6 1 11 6 16 7 
45.6 12 9 7 6 10 8 9 9 

45.62 10 g 19 7 17 2 14 4 
45.64 12 12 9 3 11 8 15 8 
45.66 II 9 16 3 13 8 t7 9 
45.68 15 10 Jl 6 19 4 19 4 

45.7 16 6 8 3 7 4 14 7 
45.72 17 8 II 2 14 5 10 10 
45.74 8 9 9 5 10 9 12 4 
45.76 11 11 14 3 22 7 22 S 
45.78 7 7 12 5 13 10 6 7 

45.8 14 15 18 3 12 9 15 10 
45.82 16 8 9 3 9 6 11 5 
45.84 14 7 13 6 6 6 11 9 
45.86 19 6 20 3 15 12 15 5 
45.88 IS 13 15 2 II 4 14 7 

45.9 13 9 12 2 11 9 20 6 
45.92 lG 12 9 7 13 7 13 10 
45.94 19 12 12 1 21 13 13 4 
45.96 18 10 12 6 15 11 15 (0 

45.98 II 4 5 6 14 9 15 11 
46 II (1 9 4 8 6 14 6 

46.02 12 13 II 5 28 lQ 19 9 
46.04 13 8 II 4 II 9 17 3 
46.06 IS 14 13 3 II 6 12 8 
46.08 16 6 15 3 16 6 10 11 

46.1 14 5 8 9 7 3 13 14 
46.12 10 10 10 4 12 11 12 5 
46.14 18 10 15 6 12 5 19 II 
46.16 10 14 9 7 10 9 16 2 
46.18 (() 8 11 5 18 4 16 7 

46.2 12 7 15 2 20 6 5 5 
46.22 14 9 18 4 18 6 12 8 
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1706 1706 1718 1718 16% 1696 1698 1698 

Degrees Mter lI.foro After Befl1:re Aft .. Before Before 
2 Them di2 .. tiOD di~cstiolli di ••• tion di ••• tion di1!estion dig.,tioD After dw.cstio di2cs/iOD 

46.24 9 9 12 3 9 5 11 7 
46.26 14 13 15 2 16 9 14 II 
46.28 16 20 16 2 13 5 16 ]() 

46.3 14 11 9 6 5 7 11 7 
46.32 15 16 14 1 14 10 14 14 
46.34 14 8 15 4 10 4 12 7 
46.36 12 13 13 2 II 5 10 12 
46.38 12 II 12 4 19 11 15 7 

46.4 5 11 15 6 15 7 14 13 
46.42 19 9 16 2 19 7 II 4 
46.44 15 13 7 7 13 8 14 13 
46.46 7 11 16 2 12 10 IS 8 
46.48 to S 5 9 13 5 9 13 

46.5 10 13 11 3 12 4 9 6 
46.52 14 12 6 3 21 9 21 8 
46.54 11 14 12 6 15 2 20 12 
46.56 10 9 10 9 16 2 15 6 
46.58 15 13 II 3 17 7 II 5 

46.6 14 9 6 3 II 4 22 7 
46.62 12 10 16 3 8 5 5 4 
46.64 13 6 2 I 14 2 13 11 
46.66 13 13 11 5 16 10 25 13 
46.68 14 12 6 4 14 9 15 2 

46.7 13 10 II 5 20 7 13 3 
46.72 14 8 8 6 17 10 16 12 
46.74 10 16 16 6 6 13 12 7 
46.76 12 9 II 4 18 S 10 16 
46.78 7 10 12 9 17 6 13 8 

46.8 15 8 15 4 17 8 16 11 
46.82 10 10 15 4 10 7 II 10 
46.84 to It 12 3 10 11 16 16 
46.86 II II 3 9 11 9 13 8 
46.88 !O 12 16 4 13 7 20 II 

46.9 17 15 10 5 17 5 6 9 
46.92 II 12 14 5 10 8 8 5 
46.94 20 12 12 5 13 6 15 16 
46.96 11 II 17 3 8 7 17 7 
46.98 13 10 21 6 17 9 13 12 

47 9 7 22 1 14 9 10 9 
47.02 12 8 17 3 16 to 10 g 
47.04 14 II 19 4 12 11 16 9 
47.06 17 9 22 6 17 4 16 9 
47.08 19 18 28 4 12 11 12 7 

47.1 16 9 19 4 IS 5 to 13 
47.12 7 15 17 6 10 8 21 9 
47.14 9 II 18 9 12 11 14 I 
47.16 16 9 20 5 7 5 10 4 
47.18 8 11 13 3 12 5 15 5 

47.2 17 14 17 7 10 6 14 9 
47.22 4 17 15 3 7 8 15 9 
47.24 9 10 13 9 15 4 6 11 
47.26 14 10 8 5 19 14 16 7 
47.28 8 10 14 10 18 4 19 6 

47.3 !() 9 9 10 9 10 15 8 
47.32 14 8 6 11 14 9 15 11 
47.34 13 6 13 19 15 9 10 !O 
47,36 10 10 9 17 14 5 14 5 
47.38 18 II II 24 16 12 11 8 

47.4 9 9 9 26 14 3 11 9 
47.42 8 10 12 23 14 4 19 8 
47.44 9 7 II 21 12 7 16 7 
47.46 10 12 12 10 9 7 9 6 
47.48 6 II 12 14 14 4 14 4 

47.5 14 8 15 6 14 5 15 10 
47.52 14 4 16 15 IS S 16 8 
47.54 9 8 15 12 9 4 10 10 
47.56 II 12 II 8 11 6 9 6 
47.58 12 10 10 4 9 6 11 7 
47.6 10 8 17 7 12 6 14 5 

47.62 15 5 13 2 17 3 15 6 
47.64 7 16 15 10 II 7 12 8 
47.66 15 6 15 4 16 9 11 7 
47,68 11 5 9 5 15 10 15 12 

47.7 11 4 9 3 11 10 12 7 
47.72 Jl 16 15 3 15 4 15 6 
47.74 15 12 9 7 18 6 12 2 
47.76 9 11 21 3 9 10 17 11 
47.78 6 8 22 4 9 8 15 7 

47.8 15 9 14 4 6 10 II 5 
47.82 8 11 13 3 12 10 14 6 
47.84 16 9 11 5 20 9 15 5 
47,86 15 7 II 1 18 3 II 6 
47.88 II 17 8 3 13 7 14 5 

47.9 19 15 14 4 11 8 13 7 
47.92 21 5 15 I 17 7 II 4 
47.94 16 10 21 5 14 II 14 9 
47.96 8 12 15 3 15 6 17 I 
47.98 18 8 15 2 16 5 20 7 

48 II 7 21 5 18 9 18 11 
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1706 1706 1718 1718 1696 1696 1698 1698 

Degrees After Before After Befo.re After Before Before 
2 Theta dieostion di-ee!ition die:c!i:tion di~estion diE"StiOD dieosti.n After di2c.tio dieestion 

48.02 16 13 17 8 17 8 8 5 
48.04 15 13 14 4 15 8 10 II 
48.06 17 9 15 5 II 9 17 12 
48.08 13 9 12 6 12 6 13 B 

48.1 9 15 14 3 12 9 13 7 
48.12 10 12 18 3 10 15 16 7 
48.14 18 16 8 3 15 13 18 5 
48.16 6 16 7 3 13 9 10 10 
48.18 18 4 10 2 21 5 14 5 

48.2 18 II 3 3 8 3 18 5 
48.22 9 3 16 6 11 4 17 7 
48.24 17 7 17 14 13 6 12 9 
48.26 6 5 4 6 19 7 II 9 
48.28 13 7 11 6 13 3 II B 

48.3 11 II 13 6 15 9 II 7 
48.32 20 g 12 5 II 6 10 4 
48.34 17 7 9 4 15 8 24 3 
48.36 12 4 16 6 11 9 15 7 
48.38 17 8 IS 3 to 8 7 10 

48.4 21 9 13 6 15 8 16 8 
48.42 15 II 8 6 18 3 16 5 
48.44 13 7 15 5 16 6 10 3 
48.46 10 7 15 3 13 3 16 6 
48.48 13 12 II 3 12 4 22 6 
485 18 10 17 3 18 6 16 4 

48.52 12 9 II 3 II 10 15 B 
48.54 14 II 14 3 12 8 12 7 
48.56 14 6 15 3 15 12 19 8 
48.58 17 8 20 7 17 6 16 9 

48.6 14 7 19 4 13 16 20 12 
48.62 18 6 22 5 16 5 27 7 
48.64 24 II 32 4 18 6 17 3 
48.66 25 8 16 3 29 10 16 11 
48.68 10 7 19 7 24 12 26 16 

48.7 24 8 IS 2 21 S 19 13 
48.72 20 13 27 6 16 10 21 3 
48.74 24 7 24 5 24 11 14 II 
48.76 19 10 19 6 16 12 11 10 
48.78 32 9 25 6 14 13 22 6 

48.8 47 4 31 6 IS 11 20 9 
48.82 90 II 15 8 15 10 32 10 
48.34 [16 10 35 10 16 15 26 8 
48.86 107 16 80 IS 26 12 43 4 
48.88 91 !3 117 12 32 11 66 22 

48.9 46 26 181 10 42 28 101 15 
48.92 41 16 159 9 64 31 64 18 
48.94 40 40 125 8 70 34 66 25 
48.96 66 3S 76 7 70 29 48 27 
48.98 64 26 65 II 60 45 33 29 

49 62 39 61 10 42 37 45 41 
49.02 39 23 93 9 36 36 55 51 
49.04 27 14 87 14 26 42 48 54 
49.06 16 20 83 21 42 36 53 3S 
49.08 12 33 68 21 49 39 45 46 

49.1 18 27 46 26 33 34 31 31 
49.12 18 18 27 41 39 1& 14 36 
49.14 10 17 14 41 28 21 22 32 
49.16 14 15 15 45 18 36 [9 26 
49.18 16 9 10 65 13 IS 20 30 

49.2 14 12 13 55 21 19 13 19 
49.22 15 9 23 49 18 23 18 30 
49.24 11 15 12 39 13 9 12 20 
49.26 22 18 15 40 12 10 21 12 
49.28 22 6 11 34 14 10 16 10 

49.3 13 12 18 46 15 3 18 8 
49.32 23 9 12 24 15 [0 15 12 
49.34 19 8 18 19 18 15 12 5 
49.36 18 7 17 29 11 8 II 7 
49.38 28 12 17 15 11 g 13 9 
49.4 22 10 15 10 II 12 17 9 

49.42 17 7 20 6 16 II 21 12 
49.44 9 9 17 7 19 15 18 13 
49.46 16 10 18 8 22 14 11 17 
49.48 15 8 19 6 10 14 17 13 

49.5 22 14 15 5 19 10 17 9 
49.52 20 ; 24 5 20 8 [7 15 
49.54 18 10 22 5 15 18 22 12 
49.56 14 10 28 6 16 17 28 20 
49.58 16 II 19 B 19 17 22 10 

49.6 17 11 9 4 21 10 20 11 
49.62 12 12 17 4 15 II 17 16 
49.64 S 16 12 ; II 13 10 13 
49.66 15 6 16 6 20 I? 14 14 
49.68 14 9 12 6 8 13 16 16 

49.7 19 12 17 4 13 19 18 II 
49.72 7 7 14 6 14 10 11 10 
49.74 13 16 14 4 14 14 13 l! 
49.76 8 12 19 7 15 14 12 5 
49.78 12 11 6 5 15 12 18 8 
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1706 17U6 1718 1718 H,96 1696 1698 1698 

Dogr"", Alter Before Arter Before Afte. Berore Befure 
2 Theta dh!estiOD dige.tioD digestion di~c.tiDn dige,ti •• digestion An.r diKcsti. digestion 

49.8 23 4 9 5 7 7 14 6 
49.82 13 12 12 6 13 6 10 12 
49.84 21 7 9 3 18 5 18 17 
49.86 9 13 7 8 10 3 18 4 
49.88 11 9 6 6 20 9 15 10 
49.9 7 5 15 6 20 6 13 12 

49.92 18 9 16 6 14 8 25 11 
49.94 13 13 S 7 II 8 18 II 
49.96 18 6 26 8 19 8 20 7 
49.98 5 5 16 4 15 15 5 9 

50 11 8 13 7 20 13 18 7 
50.02 9 8 17 7 23 5 19 16 
50.04 14 12 21 1 17 4 16 6 
50.06 13 12 IS 1 ]8 7 ]2 7 
50.08 11 8 20 4 19 3 17 13 

50.1 15 11 17 5 18 6 13 9 
50.12 13 7 18 5 19 5 14 6 
50.14 12 5 22 5 12 2 13 7 
50.16 18 10 16 4 21 5 12 7 
50.]8 10 II 15 3 14 15 12 5 
50.2 15 10 13 4 20 12 19 6 

50.22 9 5 15 5 14 9 17 12 
50.24 6 5 13 4 10 6 t3 9 
SG.26 9 6 7 4 20 9 II 6 
50.28 20 11 13 9 16 7 12 I 

50.3 9 9 12 5 17 7 12 4 
5G.32 11 5 7 3 12 14 9 7 
50.34 22 7 13 8 11 8 II 7 
5G.36 8 12 9 4 16 5 12 9 
50.38 10 10 7 4 9 4 8 2 

50.4 8 5 13 2 11 4 17 6 
5G.42 9 8 7 3 13 13 10 6 
50.44 9 6 8 1 II 13 II 6 
50.46 11 8 13 3 16 8 16 7 
50.48 12 12 11 5 14 1 12 3 
50S 14 7 10 7 12 5 12 9 

50.52 13 6 14 4 9 7 10 2 
50.54 13 7 9 4 17 5 8 g 
50.56 9 6 8 6 IS 8 8 6 
50.58 II 6 7 2 6 7 10 3 

50.6 14 4 11 5 II 5 15 6 
50.62 7 4 10 5 14 7 12 3 
50.64 16 4 9 3 9 4 7 10 
50.66 12 12 9 5 17 2 19 3 
50.68 7 9 14 7 17 4 8 5 
50.7 7 4 9 4 16 4 13 3 

50.72 6 5 9 3 18 :; 9 7 
50.74 7 11 5 6 14 :; II 3 
50.76 12 8 6 2 14 8 10 6 
50.78 9 7 12 I 17 7 9 3 

50.8 13 II 14 4 12 5 10 8 
50.82 15 11 6 3 17 5 8 9 
50.84 7 4 12 3 12 6 13 5 
5G.86 10 8 8 2 18 4 12 6 
50.88 14 8 13 2 9 7 10 4 

50.9 12 9 5 3 15 8 9 7 
50.92 11 3 16 3 8 5 12 6 
50.94 7 8 14 2 18 6 13 5 
50.% 10 8 12 7 12 6 17 2 
50.98 8 11 13 2 10 9 15 6 

51 11 g 12 1 11 4 13 13 
51.02 13 4 10 1 II 3 8 6 
51.04 14 7 11 6 14 11 14 to 
51.06 11 8 20 6 13 8 13 10 
51.08 13 7 12 3 12 6 13 7 

51.1 16 7 9 2 14 3 12 3 
51.12 14 9 14 5 11 4 8 6 
51.14 7 12 7 4 12 9 10 8 
51.16 8 7 9 6 14 5 9 6 
51.1& 8 5 16 2 11 7 12 5 

51.2 18 9 10 3 17 8 17 7 
51.22 6 11 12 3 18 6 16 3 
51.24 6 9 1 2 19 7 i3 10 
51.26 13 10 12 3 21 6 14 9 
51.28 9 10 14 2 14 5 7 6 
51.3 12 8 7 1 II 11 10 10 

51.32 5 12 13 5 9 6 II 5 
51.34 9 13 7 6 10 8 15 3 
51.36 15 3 12 3 6 7 16 6 
51.38 11 10 12 3 21 II 13 8 

51.4 10 13 14 I 4 6 8 5 
51.42 II 12 5 3 10 6 7 6 
51.44 13 9 II 4 10 11 14 6 
51.46 1! 9 10 4 17 5 II 9 
51.4& 21 7 12 6 14 3 19 9 

51.5 9 11 9 I 17 7 II 7 
51.52 11 9 10 3 14 8 10 13 
51.54 12 6 9 4 12 7 12 8 
51.56 10 7 14 5 5 9 15 7 
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1706 1706 1718 1718 1696 1696 1698 1698 

Degrees After BC'ror£: After Before After Before Before 
2 Theta diecstion diecstion dlecstion die •• tioo dieesti.n die •• rion After dieestlo dleo.ti.n 

51.5B 14 7 20 4 21 6 12 8 
51.6 17 6 16 3 12 13 13 4 

51.62 13 7 18 2 10 9 12 7 
51.64 12 6 II 4 12 7 5 4 
51.66 12 8 II 6 1(; 6 14 8 
51.6B S II 9 2 4 2 18 7 

51.1 5 4 9 2 13 6 8 6 
51.72 21 4 11 2 17 9 13 6 
51.74 10 II 7 4 12 12 9 7 
51.76 14 9 10 5 15 7 15 7 
51.78 12 10 17 6 13 6 28 6 

51.8 14 8 11 3 13 9 II 4 
51.82 15 21 10 3 17 10 15 8 
51.84 13 8 12 5 20 9 9 lO 
51.86 9 5 9 2 12 6 16 6 
51.88 12 6 19 3 16 8 20 6 

51.9 9 10 10 2 17 6 II 6 
51.92 13 12 13 4 12 7 9 7 
51.94 11 9 9 1 8 9 14 12 
51.96 10 16 10 4 II 9 16 4 
51.98- 11 8 12 5 20 4 17 3 

52 12 10 14 4 19 9 11 6 
52.02 9 II 14 3 16 6 17 II 
52.04- 12 5 13 4 15 5 17 9 
52.06 10 8 5 4 18 13 14 5 
52.08 5 12 IS 5 II 6 15 II 

52.1 12 13 10 2 10 9 II 4 
52.12 9 6 16 3 II 6 12 II 
52.14 13 17 17 3 12 3 18 12 
52.16 11 13 16 4 18 7 16 6 
52.18 10 9 6 4 10 9 14 7 
52.2 12 8 20 2 17 6 17 13 

52.22 16 9 8 7 14 10 15 7 
52.24 9 8 9 7 17 3 9 9 
52.26 9 18 8 6 11 3 13 11 
52.28 9 & 12 6 14 6 15 8 
52.3 8 8 II 9 12 5 II 9 

52.32 9 14 7 5 1 5 10 6 
52.34 12 II 3 7 II 6 11 5 
52.36 10 10 11 7 15 8 14 4 
52.38 12 4 4 2 14 3 18 4 
52.4 10 9 8 3 13 5 14 7 

52.42 10 15 11 7 9 9 8 5 
52.44 5 S !3 5 16 II 13 13 
52.46 6 10 12 5 17 6 15 9 
52.48 6 8 14 4 15 7 6 2 

52.5 10 17 12 3 14 6 7 6 
52.52 6 5 13 I 16 5 16 11 
52.54 9 IS 1 7 18 8 13 9 
52.56 9 10 12 6 14 5 12 9 
520SS 6 9 9 2 20 3 11 9 

52.6 15 12 7 4 to 3 II 5 
52.62 23 10 15 3 7 6 9 II 
52.64 13 II J2 I 21 11 19 4 
52.66 7 II 18 3 5 9 II 12 
52.68 9 14 12 4 12 4 12 10 

52.7 6 7 10 4 II 5 14 II 
52.72 8 II 10 3 17 14 10 8 
52.74 9 16 13 3 II 7 13 II 
52.76 II II 13 3 13 5 6 4 
52.7& 14 6 14 2 20 10 13 IO 
5a 19 II 6 3 8 10 10 II 

52.82 7 9 6 4 II 4 9 9 
52.84 11 II 7 7 6 14 16 5 
52.86 17 10 11 2 16 7 10 8 
52.88 12 17 10 7 8 7 12 7 
52.9 6 13 12 9 20 6 17 7 

52.92 10 14 10 4 13 12 7 7 
52.94 12 9 12 5 13 6 14 6 
52.96 5 9 l1 7 16 13 II 5 
52.98 7 II 13 4 7 10 12 9 

53 19 14 14 7 10 8 13 9 
53.02 II 15 II 6 17 15 6 10 
53.04- 12 9 !3 5 to 7 12 12 
53.06 11 13 14 3 13 12 13 7 
53.08 10 13 11 I 13 5 17 14 

53.1 7 7 12 5 16 10 14 9 
53.12 14 11 !3 6 7 12 13 10 
53.14 9 6 13 6 to 10 II 10 
53.]6 13 8 5 3 15 5 17 13 
53.18 10 10 !I 13 8 5 12 II 

53.2 14 8 15 3 9 8 12 5 
53.22 10 15 15 8 to 12 14 12 
53.24 5 10 13 I 19 8 17 7 
53.25 14 10 10 4 13 5 12 10 
53.28 11 17 I] 8 12 9 14 13 
533 10 l3 12 6 10 8 9 6 

53.32 21 12 10 2 12 14 15 7 
53.34 13 10 12 7 8 1 13 8 
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17M 1706 1718 1718 1696 1696 1698 1698 

Degrees After Bcrore Arter Before: After Before Before 

2 Tbeta di2 .. tion di~e.tioo diltestion di2 •• tion dj~e.tlon di2o.ti.n Afte. dleestio die.slion 
53.36 10 12 8 1 9 5 18 3 
53.38 7 9 g 4 13 to 15 9 

53.4 9 17 10 2 17 6 8 8 
53.42 15 11 14 5 12 7 12 g 
53.44 14 7 6 3 16 8 II 9 
53.46 14 12 10 5 16 7 10 II 
53.48 II 16 14 9 9 8 13 g 

53.5 13 9 g 3 17 7 18 g 
53.52 20 10 16 5 12 10 12 II 
53.54 26 15 8 8 10 6 12 9 
53.56 29 8 11 2 g 9 14 10 
53.58 38 13 21 8 12 15 31 9 

53.6 38 13 26 6 10 9 23 12 
53.62 32 16 42 I 19 to 27 12 
53.64 23 23 49 2 28 to 28 14 
53.66 21 15 38 6 21 II 33 13 
53.68 13 28 29 4 29 16 29 19 

53.7 27 17 23 3 28 23 23 22 
53.72 30 18 19 7 26 13 17 22 
53.74 27 14 17 7 22 11 20 26 
53.76 27 II 25 4 to 19 21 17 
53.78 17 20 28 4 14 13 22 18 

53.8 II 13 35 3 15 14 19 24 
53.82 13 11 IJ 18 26 21 22 11 
53.84 14 13 22 9 30 14 19 20 
53.86 14 17 14 14 10 22 17 18 
53.88 12 17 18 13 12 II 13 19 

53.9 9 13 10 15 16 11 9 17 
53.92 10 21 12 18 12 13 13 16 
53.94 13 12 14 9 19 16 9 19 
53.96 5 14 11 22 16 16 7 16 
53.98 9 13 13 16 13 7 12 10 

54 19 16 11 41 12 10 9 14 
54.02 22 22 18 15 IS 12 12 13 
54.04 27 II 18 21 11 13 15 12 
54,06 14 17 14 6 14 11 15 20 
54,08 23 12 22 4 12 5 23 17 

54.1 11 16 21 9 13 13 21 12 
54.12 11 14 18 7 15 14 25 16 
54.14 9 17 23 18 16 16 10 12 
54.16 14 15 13 13 21 17 18 20 
54,18 16 18 12 5 18 10 10 15 
54.2 14 18 22 7 8 17 10 16 

54.22 17 9 29 11 20 4 16 23 
54.24 17 10 20 12 22 18 15 23 
54,26 12 II 18 3 17 9 26 18 
54.28 12 23 13 9 II 9 18 21 

54.3 15 13 18 14 10 12 14 20 
54,32 13 13 12 9 5 9 17 14 
54,34 14 12 26 7 10 6 7 14 
54.36 9 20 15 6 14 13 19 14 
54.38 20 6 11 8 13 & 15 11 
54.4 7 10 13 8 10 II 13 9 

54.42 9 16 21 S 16 12 15 IS 
54.44 7 14 16 4 10 9 16 16 
54.46 5 14 9 9 12 10 14 13 
54.48 II 16 II 12 16 7 9 7 

54.5 11 15 12 5 9 10 14 14 
54.52 11 7 14 4 12 6 II 8 
54.54 13 6 17 3 5 6 10 9 
54.56 12 14 7 5 Il II 16 8 
54.58 6 10 S 4 18 8 8 6 
54.6 13 13 8 9 17 11 10 9 

54.62 12 17 II 2 11 to 9 13 
54.64 11 17 6 5 12 7 8 9 
54.66 7 8 12 5 16 4 6 13 
54.68 8 15 g 1 11 8 II 14 

54.7 8 16 10 3 12 10 6 11 
54.72 10 13 5 1 8 13 13 6 
54.74 15 14 9 7 14 6 9 8 
54.76 10 11 6 6 9 5 8 9 
54.78 9 12 13 4 14 8 9 10 

54.8 11 12 8 5 19 6 12 II 
54.82 14 8 15 3 6 7 11 6 
54.84 14 12 11 3 9 9 13 13 
54.86 6 4 10 5 19 7 15 9 
54.88 12 13 9 6 IS 12 13 13 

54>9 8 11 9 5 IS 9 10 10 
54,92 8 10 6 4 16 5 11 !3 
54.94 12 11 12 6 12 g 16 !O 
54.96 16 12 II 9 10 5 10 12 
54.98 8 7 7 5 9 6 19 14 

55 12 9 10 5 12 5 10 9 
55.02 13 12 10 5 12 8 11 12 
55.04 8 9 15 S 9 ;; 16 II 
55.06 IS 17 10 5 17 12 15 17 
55.08 6 12 5 9 18 13 14 11 
55.1 9 10 7 4 14 6 7 12 

55.12 8 11 5 5 13 13 10 19 
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1706 1706 1718 1718 1696 1696 1698 1698 

Degrees Aft •• Before After Before Afte. Before Befo..., 
2 Theta diRestion di~e,tion di~e.tion dill •• tion dlll •• tion diRe,lion Aft •• di ... tio die:cstion 

55.14 I~ 13 9 8 13 10 7 II 
55.16 13 II 10 5 17 7 11 12 
55.18 S 16 12 10 II 13 16 10 

55.7- 16 16 9 4 ;,s 7 10 14 
55.n 5 16 9 9 14 10 17 9 
55.24 10 20 4 7 14 22 19 14 
55.26 14 29 8 5 9 17 12 9 
55.28 7 35 II 3 17 39 18 15 

55.3 15 2& II 6 11 23 9 l7 
55.32 12 70 II 3 g 34 IS l() 

55.34 16 88 9 I 11 25 17 7 
55.36 10 56 8 3 II 24 12 18 
55.38 13 52 2 2 9 19 20 9 
55.4 9 23 10 I 11 35 14 3 

55.42 14 24 8 7 10 27 8 13 
55.44 10 36 16 8 16 26 i3 12 
55.46 5 30 13 4 13 24 12 II 
55.48 5 38 8 6 12 16 11 15 

55.5 6 43 12 8 15 20 16 8 
55.52 13 32 7 5 II II 13 13 
55.54 13 2{) 11 7 9 20 7 9 
55.56 4 18 11 5 15 8 10 7 
55.58 7 23 !3 7 10 II 15 9 

55.6 19 13 13 4 5 10 12 7 
55.62 17 22 8 7 II 6 II 10 
55.64 6 15 10 12 14 9 15 8 
55.66 10 12 14 12 14 3 19 9 
55.68 12 13 9 10 9 9 8 10 

55.7 11 12 6 7 16 9 IS 8 
55.72 8 l() 6 10 14 10 9 13 
55.74 !O 15 12 6 19 II 18 13 
55.76 8 9 11 8 17 6 12 11 
55.78 8 12 8 4 15 3 12 4 

55.8 [2 II 8 13 14 2 8 9 
55.82 4 11 10 4 14 12 IS 7 
55.84 11 7 6 6 18 7 15 9 
55.86 11 3 13 7 14 2 12 [0 

55.88 1 7 II 5 10 8 21 11 
55.9 12 13 7 2 12 2 IS 10 

55.92 9 12 11 3 12 4 7 12 
55.94 15 lO 11 5 30 7 7 7 
55.96 17 11 6 4 11 3 14 8 
55.98 7 6 12 3 15 5 15 7 

56 [2 9 14 2 7 7 13 11 
56.02 7 3 10 5 11 6 9 10 
56.04 8 15 J3 3 13 9 11 5 
56.06 10 11 13 5 11 5 11 7 
56.08 14 7 13 5 15 6 10 12 

56.1 20 9 14 2 9 11 II 8 
56.12 10 5 14 I 7 7 13 3 
56.14 9 13 11 7 16 7 7 13 
56.16 11 6 12 8 14 5 12 13 
56.18 15 7 15 2 14 5 14 15 
56.2 g 13 12 4 17 5 13 13 

56.22 7 9 12 3 7 4 11 7 
56.24 15 7 11 2 17 5 14 12 
56.26 16 8 10 5 12 6 9 6 
56.28 11 9 14 4 8 9 12 8 

56.3 7 9 4 3 22 8 IS 10 
56.32 !O 10 14 3 13 4 II 5 
56.34 14 12 6 5 15 6 13 15 
56.36 12 13 13 2 16 9 15 6 
56.38 10 13 8 3 16 6 10 10 
56.4 8 8 15 2 18 9 9 S 

56.42 13 lO 9 4 7 9 14 7 
56.44 10 14 6 4 6 8 9 9 
56.46 9 7 19 2 11 7 9 4 
56.48 II 8 14 1 12 12 13 6 

56.5 19 9 8 4 17 9 10 8 
56.52 7 16 7 3 7 4 18 9 
56.54 10 12 7 5 17 5 8 5 
56.56 14 8 12 1 16 9 11 8 
56.58 12 7 6 6 15 9 12 8 
56.6 12 9 13 4 17 7 II 6 

56.62 13 8 12 4 7 8 13 II 
56.64 8 6 12 3 14 6 12 8 
56.66 7 5 10 2 14 6 II 6 
56.68 II 13 12 3 14 12 11 9 

56.7 [3 10 7 4 9 7 14 8 
56.72 12 15 7 J 5 6 17 9 
56.74 10 13 12 1 11 7 9 9 
56.76 8 8 9 4 15 8 13 10 
56.78 10 8 20 1 9 8 10 10 
56.8 17 14 5 5 10 7 9 5 

56.82 13 9 12 5 12 8 10 8 
56.84 9 7 12 2 10 4 9 1 
56.86 9 8 13 5 12 10 10 9 
56.88 8 10 14 6 14 6 15 4 
56.9 9 10 9 7 10 9 12 6 
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1706 1706 1718 1718 16% 1696 1698 1698 

Degre .. Aller Before Arter Before Arter B.f.re Before 
2 Tb.ta di~ .. li.n di~e.ti.n diEe,tion di2e.tion dl2cstion di2e,tion After di2cstio di2 •• tion 

56.92 7 8 13 6 5 2 II 6 
56.94 10 10 5 6 9 4 9 7 
56.96 10 8 14 3 12 6 17 7 
56.98 7 12 9 4 14 7 14 7 

57 9 12 9 3 II 5 9 10 
57.02 8 7 9 2 14 8 10 7 
57.04 22 6 14 2 14 1 14 4 
57.06 13 8 7 5 20 6 13 8 
57.08 6 10 8 6 15 1 9 2 
57.1 18 2 10 3 20 10 15 6 

57.12 16 2 15 4 13 5 15 7 
57.14 7 7 15 2 15 5 g 12 
57.16 19 7 11 3 7 11 14 8 
57.18 8 6 11 2 II 7 9 6 

57.2 9 5 7 6 8 11 9 4 
57.22 12 7 12 3 17 3 7 8 
57.24 7 15 12 6 12 5 11 5 
57.26 9 6 11 1 8 7 17 7 
57.28 9 I3 12 5 16 6 II 9 

57.3 16 8 II 3 13 4 14 8 
57.32- 10 11 8 3 12 8 11 7 
57.34 15 3 10 1 24 10 13 5 
57.36 14 9 12 5 14 7 15 5 
57.3& 7 10 10 3 12 lO 13 4 
57.4 9 9 12 3 10 6 12 12 

57.42 15 11 12 4 17 3 14 9 
57.44 19 10 14 5 9 6 17 4 
57.46 21 11 9 5 II 4 11 9 
57.48 17 10 20 3 17 6 13 7 

57.5 15 10 11 5 15 7 14 10 
57.52 8 7 8 4 16 4 23 10 
57.54 16 3 14 2- 14 5 12 9 
57.56 8 11 8 2 15 8 18 6 
57.58 15 7 13 3 16 to 13 3 

57.6 11 18 10 8 11 7 17 7 
57.62 14 8 13 6 13 7 13 6 
57.64 19 7 S 5 12 14 9 9 
57.66 17 16 6 II 9 8 21 7 
57.68 13 9 11 7 14 4 13 7 

57.7 14 II 13 10 12 3 14 13 
57.72 9 12 14 6 11 8 18 5 
57.74 12 6 16 4 12 9 18 4 
57.76 18 10 15 12 13 10 8 9 
57.78 10 5 10 4 12 6 16 5 

57.8 6 6 9 6 S S 11 5 
57.82 9 11 11 8 11 7 5 3 
57.84 9 10 9 5 15 6 13 2 
57.86 11 6 6 3 9 4 10 7 
57.88 9 12 9 5 18 5 g I( 

57.9 9 10 6 5 9 7 15 11 
57.92 12 7 6 4 13 4 8 9 
57.94 11 7 11 4 17 5 !1 14 
57.96 11 8 7 3 8 9 12 6 
57.98 15 12 9 7 12 9 9 7 

58 11 7 8 2 10 5 21 6 
58.02 8 7 6 I 10 7 8 11 
58.04 14 5 10 I 13 13 12 4 
58.06 11 IS 9 2 14 13 13 7 
58.08 16 9 12 4 14 12 17 8 

58.1 12 14 12 3 16 6 12 8 
58.11 13 9 11 4 15 7 10 6 
58.14 16 14 9 1 12 7 9 8 
58.16 15 6 12 2 15 II 10 8 
58.18 16 Il 12 4 15 9 16 7 
58.2 7 13 18 2 13 11 13 6 

58.22 12 IS 11 6 17 9 21 10 
58.24 11 9 8 2 14 7 15 5 
58.26 5 9 7 3 14 7 10 7 
58.28 12 5 9 3 17 10 15 4 
58.3 13 9 4 7 12 7 13 3 

58.32 14 lO 14 1 16 7 7 6 
58.34 8 11 6 6 IS 4 12 10 
5836 10 11 II 4 16 6 !1 16 
58.38 9 6 17 3 4 8 6 9 

58.4 10 12 14 3 9 6 9 11 
58.42 12 12 16 5 12 10 16 7 
58.44 12 16 20 3 14 4 17 6 
58.46 14 10 12 2 13 9 8 7 
58.48 14 10 14 4 IS 10 12 10 

58.5 10 7 20 5 15 8 19 12 
58.52 22 12 16 5 18 8 12 5 
58.54 12 15 1) 2 14 5 16 12 
58.56 17 6 8 8 13 7 10 8 
58.58 16 12 21 1 19 8 11 lO 
58.6 31 9 17 1 16 6 19 9 

58.62 32 14 20 5 !7 8 14 7 
58.64 40 14 23 3 11 7 23 5 
58.66 67 13 42 2 14 5 32 9 
58.68 17 11 29 8 16 14 44 9 
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1706 1706 1718 1718 16% 1696 1698 1698 

Degrees Aftee Before After Before After Before Before 
2 Theta dil!CSlion diee,lioo dil!CStion die:cstiou di2estion di1!e,tion After dil!CStio di2estion 

58.7 76 22 69 6 25 10 45 7 
58.72 37 23 85 4 30 17 46 13 
58.74 22 26 83 5 55 22 62 13 
58.76 24 29 80 3 63 35 36 18 
58.78 IS 41 S3 10 57 44 30 22 

58.8 27 38 30 4 58 19 30 25 
58.82 44 28 37 10 42 26 28 33 
53.84 34 12 27 7 23 31 29 46 
58.86 38 8 49 11 21 33 19 28 
58.88 22 17 38 17 19 24 43 38 

58.9 22 20 59 16 n 21 32 24 
5&.92 18 17 35 29 21 17 37 22 
58.94 16 20 33 39 40 26 34 23 
58.96 14 17 27 57 35 22 26 24 
5&.98 8 17 25 59 32 26 18 27 

59 13 17 10 47 16 21 17 32 
59.02 15 13 8 42 18 12 11 29 
59.04 12 11 12 35 17 19 9 20 
59.06 16 7 17 27 12 21 16 12 
59.08 9 10 9 25 11 IS 18 15 

59.1 5 17 10 30 14 11 13 14 
59.12 7 8 19 26 9 17 9 13 
59.14 12 10 10 38 19 8 19 12 
59.16 12 9 14 35 II 3 13 10 
59.18 13 10 15 21 8 8 14 10 

59.2 10 9 II 17 13 6 8 11 
59.22 7 13 6 8 15 10 8 12 
59.24 7 10 12 14 15 S 12 9 
59.26 15 9 10 9 20 11 14 11 
59.28 9 9 14 10 7 3 14 5 
59.3 11 10 13 9 13 9 7 12 

59.32 11 13 17 7 16 8 18 11 
59.34 15 10 8 7 10 II 9 14 
59.36 8 ;5 8 5 12 11 14 6 
59.38 12 15 13 12 13 9 17 8 

59.4 17 12 9 3 10 9 13 13 
59.42 9 8 14 6 9 9 11 9 
59.44 17 14 13 6 13 7 17 5 
59.46 9 11 9 7 15 8 6 6 
59.48 8 1l 9 7 14 10 9 10 

59.5 13 12 14 6 II 5 10 11 
59.52 9 13 13 6 21 13 1& 13 
59.54 6 11 7 ;5 23 7 9 8 
59.56 8 7 15 2 18 9 15 9 
59.58 9 11 16 4 14 1 8 8 

59.6 18 8 II 8 10 5 10 10 
59.62 12 10 13 6 9 8 12 11 
59.64 11 12 ;5 5 12 5 11 5 
59.66 8 11 16 3 16 8 18 13 
59.68 13 7 8 3 19 2 19 10 

59.7 17 11 11 7 16 5 14 17 
59.72 14 8 16 6 16 II 6 9 
59.74 6 10 14 3 7 10 11 13 
59.76 6 14 12 ;5 15 6 13 11 
59.78 12 3 10 3 17 to 9 8 

59.8 11 7 10 2 12 3 12 3 
59.82 12 13 10 3 16 9 17 9 
59.84 8 12 6 4 16 9 6 7 
59.86 18 14 10 4 10 6 11 8 
59.88 10 14 11 2 12 9 16 8 

59.9 11 8 Il 6 IJ 8 18 4 
59.92 14 10 12 8 19 2 10 7 
59.94 8 9 4 ;5 15 16 9 6 
59.96 11 14 14 2 18 5 13 5 
59.98 15 9 9 3 17 6 7 4 

60 10 13 16 7 11 9 8 11 
60.02 9 10 1l 6 17 13 14 9 
60.04 12 11 15 5 8 10 11 8 
60.06 11 11 8 3 14 6 11 4 
60.08 11 10 6 4 10 6 12 7 

60.1 6 7 12 7 10 4 17 11 
60.12 9 11 12 2 8 5 10 17 
60.14 9 5 13 6 16 g 16 9 
60.16 18 16 16 4 7 2 8 8 
60.18 10 18 10 3 12 5 9 9 

60.2 10 10 17 6 14 4 15 11 
60.22 5 II 6 3 14 7 ;5 to 
60.24 6 12 14 5 10 9 16 7 
60.26 15 10 17 8 8 5 16 6 
60.28 10 12 14 2 9 9 7 9 

60.3 14 11 7 6 9 5 IS 6 
60.32 6 12 12 4 9 10 8 11 
60.34 3 16 11 3 10 5 7 8 
60.36 1 S 10 9 5 15 12 10 14 
60.38 16 15 11 2 10 11 10 12 

60.4 15 12 11 1 12 11 16 11 
60.42 9 11 11 6 15 8 8 II 
60.44 13 12 15 4 8 9 9 10 
60.46 19 12 10 2 6 7 14 17 
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1706 1706 1718 1718 16% 1696 1698 1698 

Degrees After Belare After Before After Before Before 
2 Thet. di2estiOD di2 •• tion dl ••• tion dl ... tlon dl •• stion di •• ,tion Aftcrdl ... tio di~ •• tion 

60.48 12 8 16 3 & 9 14 i1 
60.5 7 10 9 13 17 B 12 10 

60.52 19 7 5 2 7 12 15 6 
60.54 II 18 16 5 13 9 16 II 
60.56 20 10 12 9 19 7 14 16 
60,58 14 15 11 4 9 12 13 13 

60.6 10 14 15 5 11 12 8 8 
60.62 19 10 13 7 16 Ii 19 15 
60,64 11 8 12 6 13 10 5 12 
60.66 10 18 13 5 9 12 16 16 
60.68 17 8 II 6 13 8 1 11 

60.7 15 9 12 3 14 8 16 9 
60.72 14 8 11 4 17 8 20 15 
60.74 12 10 8 5 12 10 15 13 
60.76 12 17 12 I LO 8 12 II 
60.78 10 19 12 7 II 6 12 14 

60.8 12 10 12 3 7 10 12 10 
60.82 8 19 11 4 14 6 11 15 
60.84 8 5 6 4 13 13 15 13 
60.86 14 21 12 5 23 4 16 18 
60.88 13 17 20 7 16 5 19 14 

60.9 16 9 10 3 19 18 11 16 
60.92 14 12 II 3 16 15 10 11 
60.94 8 9 II 8 14 8 11 II 
60.96 12 12 16 3 15 9 16 13 
60.98 11 9 11 7 18 7 13 5 

61 16 9 13 4 19 6 16 8 
61.02 17 10 13 3 15 10 12 14 
61.04 6 12 13 5 9 9 II 12 
61.06 14 14 15 7 7 15 20 8 
61.08 12 11 13 4 19 9 14 6 
6Ll 16 15 II Ii 13 7 15 16 

61.12 13 5 9 2 12 g 11 16 
61.14 14 II 8 5 13 11 14 10 
61.16 12 12 5 9 14 11 16 9 
61.18 5 14 6 2 12 g 9 13 
6L2 11 11 4 5 13 12 13 8 

61.22 10 13 14 8 15 6 15 13 
61.24 13 7 17 6 17 7 11 13 
61.26 14 12 7 4 11 12 11 5 
61.28 18 19 II 9 15 6 12 8 
6L3 10 10 5 4 11 4 19 9 

61.32 8 9 8 5 22 11 7 12 
61.34 13 10 10 9 1& 12 11 6 
61.36 10 7 18 10 21 13 11 II 
61.38 12 10 15 3 13 7 17 10 

61.4 18 7 10 3 16 7 14 II 
61.42 12 10 16 6 9 7 11 8 
61.44 13 7 11 6 13 11 10 9 
61.46 15 6 9 3 12 9 13 9 
61.48 11 6 10 5 10 6 9 5 

61.5 9 15 11 4 17 to 12 8 
61.52 12 11 10 5 7 II 16 8 
61.54 12 17 10 2 12 7 9 9 
61.56 14 10 11 2 23 12 10 5 
61.58 12 9 9 3 7 6 11 4 

61.6 6 8 9 6 11 9 17 6 
61.62 II 6 9 5 10 8 16 10 
61.64 16 & 16 4 17 to 13 7 
61.66 7 9 11 4 8 7 14 8 
61.68 10 II 7 I I3 16 19 9 
61.7 16 6 14 5 17 8 9 9 

61.72 12 6 12 9 14 7 10 4 
61.74 7 10 6 2 17 2 16 3 
61.76 12 14 5 3 9 2 11 12 
61.78 14 12 9 5 11 8 7 4 

61.& 14 12 8 5 16 8 12 5 
61.82 g I3 13 3 12 10 11 7 
61.84 14 10 10 6 8 7 5 6 
61.86 15 13 11 3 11 9 6 8 
61.88 11 8 14 2 14 7 15 8 

61.9 10 12 9 3 9 6 15 5 
61.92 13 5 5 3 12 5 12 8 
61.94 9 10 9 2 13 7 19 12 
61.96 13 6 7 6 11 8 10 7 
61.98 14 8 11 5 10 4 18 7 

62 15 11 7 5 8 5 12 8 
62.02 11 8 14 1 17 5 6 4 
62.04 8 10 10 9 12 5 11 6 
62.06 11 14 8 7 16 7 10 6 
62.08 12 12 11 4 16 7 14 5 

62.1 10 13 5 I 9 7 7 7 
62.12 14 10 13 4 13 6 11 9 
62.14 15 10 11 5 16 9 15 7 
62.16 7 10 16 6 13 6 19 10 
62.18 4 16 8 4 18 6 5 14 
62.2 15 5 15 3 9 4 7 3 

62.22 9 9 9 6 16 5 II 10 
62.24 II 8 13 7 13 5 21 4 
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1706 1706 17lS 1718 16% 1@6 t698 1698 

Degrees MI •• Before Mt •• lIefor. After Before Before 
Z Tbeta di~ .. ti('" di~e.tion di~ .. ti"n dillesti-on dia""tion di"esti'n After di"estio dia""tion 

62.26 1 7 21 7 14 9 11 5 
62.28 8 7 18 2 22 7 10 2 

62.3 13 8 18 2 13 10 II 10 
62.32 II 7 9 2 15 12 16 6 
62.34 19 5 13 3 15 8 8 9 
62.36 9 II 14 4 7 9 14 10 
62.38 9 17 9 4 12 12 9 8 
62.4 14 14 18 4 10 16 16 8 

62.42 II 8 15 4 15 10 19 9 
62.44 7 10 22 2 16 3 12 :5 
62.46 8 7 15 6 17 to 19 7 
62.48 II 11 17 I 18 7 15 5 
62.5 I3 16 19 6 9 7 19 8 

62.52 Ii 9 9 3 12 8 16 8 
62.54 15 12 9 5 11 10 13 13 
62.56 14 9 13 10 16 7 17 9 
62.58 11 7 14 I 10 15 14 12 
62.6 21 8 15 7 9 7 18 9 

62.62 13 7 14 9 17 8 11 2 
62.64 12 7 9 4 15 I 22 8 
62.66 I3 7 14 4 9 7 14 I3 
62.68 20 :5 12 2 9 9 5 12 
62.7 IS 9 14 5 17 II 14 12 

62.72 29 10 22 4 14 10 21 6 
62.74 19 12 11 5 21 6 17 4 
62.76 31 7 18 7 15 7 18 14 
62.7& 24 10 26 8 9 12 13 9 
62$ 16 10 21 5 27 4 17 7 

62.82 18 11 20 4 14 15 24 7 
62.84 20 12 14 2 17 12 19 8 
62.86 10 13 13 8 18 9 26 5 
62.88 13 B 14 3 14 13 10 15 
62.9 12 12 11 10 11 18 20 13 

62.92 16 B 14 10 17 7 13 II 
62.94 19 7 16 8 II 17 13 8 
62.96 19 13 21 6 12 8 23 14 
62.98 15 13 16 10 12 13 15 14 

63 14 12 19 3 15 15 18 7 
63.02 9 16 15 7 14 8 12 12 
63.04 II 5 13 II 16 11 10 18 
63.06 7 14 8 14 10 II 14 IS 
63.08 9 9 14 7 20 II 10 13 

63.1 18 10 8 10 19 6 14 9 
63.12 19 4 15 13 II 7 II 7 
63.14 16 13 14 I 16 8 13 9 
63.16 14 9 14 8 9 9 6 9 
63.18 6 9 II 8 16 6 8 8 
63.2 II 10 13 9 II 5 8 17 

63.22 11 15 13 7 10 7 12 4 
63.24 5 10 10 2 IS 4 II 4 
63.26 14 11 8 7 13 6 12 8 
63.28 8 6 8 2 10 6 II 5 

63.3 7 7 8 4 18 9 14 4 
63.32 10 g II 4 12 6 13 8 
63.34 10 10 8 2 18 8 16 6 
63.36 [9 6 13 3 12 6 18 10 
63.38 21 7 18 2 20 9 15 6 
63.4 16 II 12 3 15 6 14 6 

63.42 15 11 10 3 20 2 12 6 
63.44 16 9 10 1 IS 6 15 10 
63.46 8 10 10 1 8 5 10 8 
63.48 13 9 14 5 16 6 10 10 
63.5 8 14 12 5 17 5 9 8 

63.52 7 6 14 4 II 6 10 6 
63.54 8 9 6 2 15 7 II 9 
63.56 15 7 14 2 15 7 8 8 
63.58 !3 8 10 1 17 13 17 13 
63.6 \\ 13 9 3 13 9 II 6 

63.62 16 II 13 3 10 6 6 7 
63.64 13 10 10 3 18 11 I3 10 
63.66 10 13 7 7 12 10 10 6 
63.68 8 B 12 4 12 7 12 6 

63.7 19 7 4 3 13 9 20 9 
63.72 13 7 10 1 8 7 15 8 
63.74 10 9 8 5 13 9 10 8 
63.76 17 8 10 6 9 8 11 8 
63.78 J3 15 11 4 19 8 9 6 

63.8 14 15 12 1 9 4 8 8 
63.82 15 10 20 2 8 8 15 8 
63.84 II 6 8 2 to 9 14 5 
63.86 7 10 10 5 12 6 13 10 
63.8& 12 8 15 2 II 9 II 8 
63.9 14 17 7 5 10 8 10 4 

63.92 13 10 15 4 13 9 17 8 
63.94 12 10 II 5 12 5 14 4 
63.96 16 12 14 4 14 9 II 9 
63.98 II B 9 4 14 7 16 9 

64 8 11 16 7 17 6 16 II 
64.02 & 10 10 5 10 6 8 5 
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Appendix 4 Normal probability plots of chemical parameters determined in 

surface sediment samples 
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Appendix 5 Sediment core samples - location and strong acid digestion analytical 

results 
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Core From 
Number em 

1827 0 
1827 2 
1827 4 
1827 6 
1827 8 
1827 10 
1827 12 
1827 14 
1827 16 
1827 18 
[827 20 
1827 24 
1827 28 
1827 32 
1827 36 
1827 40 
1827 44 
1827 48 
1827 52 
1827 56 
1827 60 
1827 68 
1827 76 
1827 84 
1827 92 
1827 100 
1827 104 
1828 0 
1828 2 
1828 4 

1828 6 
1828 8 
1828 10 
1828 12 
1828 14 
1828 16 
1828 18 
1828 20 
1828 24 

To 
em 

2 
4 

6 
8 
10 
12 
14 
16 
18 
20 
24 
28 
32 
36 
40 
44 
48 
52 
56 
60 
68 
76 
84 
92 
100 
104 
108 
2 
4 
6 

8 
to 
12 
14 
16 
18 
20 
24 
28 

Collar Coll.r 
Decimal Decimal 
L.titude Longitude 

-19.2352 146.8233 
-19.2352 146.8233 
-19.2352 146.8233 
-19.2352 146.8233 
-19.2352 146.8233 
-19.2352 146.8233 
-19.2352 146.8233 
-19.2352 146.8233 
-19.2352 146.8233 
-19.2352 146.8233 
-19.2352 146.8233 
-19.2352 146.8233 
-19.2352 146.8233 
-19.2352 146.8233 
-19.2352 146.8233 
-19.2352 146.8233 
-19.2352 146.8233 
-19.2352 146.8233 
-19.2352 146.8233 
-19.2352 146.8233 
-19.2352 146.8233 
-19.2352 146.8233 
-19.2352 146.8233 
-19.2352 146.8233 
-19.2352 146.8233 
-19.2352 146.8233 
-19.2352 146.8233 
-19.1542 146.7748 
-19.1542 146.7748 
-19.1542 146.7748 
-19.1542 146.7748 
.19.1542 146.7748 
·19.1542 146.7748 
-19.1542 146.7748 
-19.1542 146.7748 
-19.1542 146.7748 
-19.1542 146.7748 
-19.1542 146.7748 
-19.1542 146.7748 

Appendix 5 
Sediment core samples - Location and strong acid digestion analytical results 

Water 
depth 

m 
3 
3 
3 
3 
3 

3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 

Sample Al 
dote "molfg 

27108/1998 2062.40 
27/08/1998 
27/08/1998 
27/08/1998 
27/08/1998 
27108/1998 
27/08/1998 
27/08/1998 
27/08/1998 
27/08/1998 
2710811998 
27/0811998 
27/08/1998 
27/08/1998 
27/08/1998 
27/08/1998 
27/08/1998 
27/0811998 
27/08/1998 
27/08/1998 
27/08/1998 
27108/1998 
27108/1998 
27/0811998 
27/0811998 
27/08/1998 
27/0811998 
28/08/1998 
28/08/1998 

2286.30 
2266.77 
2349.50 
1963.12 
1974.57 
1975.69 
1973.13 
1740.38 
1859.98 
1849.12 
1667.00 
1671.60 
1287.89 
1625.46 
1263.90 
1420.75 
1490.32 
1380.52 
1309.87 
1312.38 
994.87 
1448.91 
1583.58 
1376.31 
1903.25 
\209.84 
2643.07 
2596.69 

28/0811998 2724.74 
28/08/1998 2774.48 
28/08/1998 2688.93 
28/08/1998 2762.71 
2810811998 2855.63 
28/08/1998 2647.14 
28/08/1998 2798.62 
28/0811998 1180.69 
28/08/1998 2440.35 
28/0811998 2649.54 

Cn 

"mollg 
319.76 
321.96 
344.49 
337.66 
383.75 
410.98 
426.34 
387.56 
567.06 
404.32 
646.67 
703.90 
526.86 
403.68 
537.14 
418.57 
418.87 
423.51 
410.16 
443.86 
495.71 
529.79 
495.22 
439.80 
522.30 
444.44 
443.60 
519.55 
588.35 
688.08 
669.18 
691.17 
578.94 
635.40 
555.66 
614.67 

2536.69 
905.65 
827.28 

CC Cd CQ Cu Fe Mn Ni OC 
jlmollG pll)ollg nmollg nmol/g "mollg "mollg nm<>llg "mollg 

<D. L. 293.69 218.70 573.91 601.66 17.51 362.52 846.91 
32.36 324.19 233.39 575.12 677.87 20.20 403.35 1001.69 
383.01 325.05 235.58 622.56 682.84 18.35 394.36 580.52 
254.58 404.97 228.97 539.00 664.69 13.68 397.16 680.41 
269.48 358.24 222.79 423.60 605.79 9.94 364.31 606.47 
237.49 393.40 223.65 427.79 624.11 
304.66 447.26 228.80 408.49 584.92 
519.76 477.70 220.21 369.23 597.00 
251.24 466.58 201.85 324.15 520.61 
508.65 442.50 206.48 316.53 541.59 
512.56 429.20 203.19 304.17 533.78 
552.99 356.12 190.36 248.56 476.71 

10.49 373.86 633.38 
9.77 367.28 561.71 
9.89 349.29 325.98 
8.87 302.81 722.05 
9.69 318.31 290.81 
10.11 283.83 476.56 
10.14 223.02 417.93 

443.35 350.34 188.32 263.85 476.62 9.86 217.91 359.66 
338.41 386.22 181.83 216.28 410.72 8.89 198.24 321.08 
405.41 410.61 202.50 248.28 472.90 10.42 246.63 452.35 
364.90 377.35 197.24 188.61 409.67 9.33 210.82 405.76 
363.67 408.70 192.12 188.53 431.11 8.84 219.53 490.81 
314.06 256.78 189.19 174.76 446.17 8.57 216.75 418.73 
379.63 275.87 184.94 180.96 443.03 8.66 217.Q3 423.28 
374.48 292.39 179.13 168.38 418.53 
445.15 207.86 188.22 169.65 432.80 
465.67 161.31 190.44 164.99 377.69 
383.96 201.07 181.76 193.83 458.35 
548.95 188.97 191.44 192.21 484.67 
510.17 170.92 191.53 167.77 425.55 
436.74 242.24 209.11 228.88 549.20 
444.01 184.27 223.14 147.66 386.49 
632.83 214.18 236.0 1 350.50 716.53 
820.58 191.62 247.05 328.30 740.84 

8.72 210.17 323.52 
8.77 216.40 360.56 
9.28 232.61 421.l7 
9.03 233.73 496.98 
9.10 247.12 329.28 
8.89 198.99 418.51 
9.98 265.29 562.24 
10.75 173.14 595.47 
8.82 486.09 637.70 
9,42 483.03 479.92 

194.84 2\5.30 247.47 321.43 734.34 9.36 476.74 1129.52 
785.08 177.00 248.73 333.58 735.68 9.63 480.45 507.72 
686.45 189.31 236.98 324.34 715.Q7 9.69 449.05 630.70 
408.16 215.57 240.71 326.93 736.99 9.58 491.18 814.66 
797.39 313.12 254.31 363.08 780.69 10.37 482.20 497.81 
490.54 262.03 235.Q7 323.57 788.76 
516.23 259.31 250.48 332.73 758.05 
590.30 312.85 139.41 152.15 350.48 
729.95 286.76 222.46 316.48 681.02 
884.80 322.98 244.64 327.26 743.34 
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10.35 474.85 712.86 
9.61 447.17 761.33 
5.51 208.51 677.91 
8.52 405.05 706.42 
8.77 442.15 648.37 

p Pb s TC Zn 
]lmollg nrnollg Ilmollg ~mollg nmoV: 

12.87 142.37 127.18 811.39 1541.70 
14.59 164.28 64.60 1034.05 1611.21 
13.98 160.58 57.26 963.54 1677.22 
14.19 139.85 53.69 935.00 1676.28 
13.07 125.39 45.00 875.95 1527.10 
12.40 128.00 48.04 870.87 1543.33 
12.35 129.30 49.16 866.37 1511.07 
11.41 126.08 50.05 845.75 1481.61 
11.17 116.53 54.40 973.29 1313.33 
10.96 
10.59 
8.86 
10.03 
10.36 
11.01 

119.13 44.01 799.46 
114.D2 48.82 989.12 
109.29 47.76 970.92 
101.89 54.19 803.00 
89.25 57.24 659.49 
107.79 66.35 857.76 

1393.13 
1304.19 
1066.14 
1075.62 
1063.02 
1158.42 

10.45 79.25 89.13 770.66 997.65 
9.97 
10.24 
10.20 
10.21 
10.55 
9.26 
10.91 
10.43 
9.88 
10.74 
8.67 

86.17 97.79 854.49 
85.80 95.98 732.79 
82.00 96.29 802.91 
76.55 82.77 698.00 
81.80 96.50 805.71 
87.43 112.79 886.84 
85.70 110.67 880.95 
95.95 121.41 878.23 
91.30 103.69 928.68 
103.39 145.33 998.98 
94.53 184.95 1039.48 

981.01 
895.18 
914.42 
846.85 
776.11 
775.44 
765.76 
804.91 
700.01 
901.36 
602.43 

14.74 97.15 97.52 1270.53 1171.80 
14.11 105.81 93.36 1300.50 1145.20 
14.72 102.45 91.19 1324.36 1183.43 
14.55 103.49 111.71 1292.80 1210.75 
13.79 104.16 120.86 1317.14 1170.57 
14.28 102.18 120.13 1222.82 1214.57 
14.86 101.08 134.26 1295.19 1267.76 
12.56 100.71 144.20 1203.40 1278.87 
13.83 100.65 136.93 1277.55 1204.72 
9.62 74.59 92.02 1268.21 596.14 
13.35 110.07 142.32 1436.37 1097.15 
13.53 115.05 156.21 1533.17 1157.26 
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Core From 
Number em 

1828 28 
1828 32 
1828 36 
1828 40 
1828 44 
1828 48 
1828 52 
1828 56 
1828 60 
1828 68 
1828 76 
1828 84 
1828 88 
1829 0 
1829 2 
1829 4 
1829 6 
1829 8 
1829 10 
1829 12 
1829 14 
1829 16 
1829 18 
1829 20 
1829 24 
1829 28 
1829 32 
1829 36 
1829 40 
1829 44 
1829 48 
1829 52 
1829 56 
1829 60 
1829 68 
1829 76 
1829 84 
1829 92 
1829 98 

To 
om 
32 
36 
40 
44 
48 
52 
56 
60 
68 
76 
84 
88 
96 
2 
4 
6 
8 
10 
12 
14 
16 
18 
20 
24 
28 
32 
36 
40 
44 
48 
52 
56 
60 
68 
76 
84 
92 
98 
102 

Appendix 5 
Sediment core samples - Location and strong acid digestion analytical results 

Collar Collar Water 
Decimal Declmal depth 
Latitude Lon~it"d. m 

-19.1542 146.7748 8 
-19.1542 146.7748 8 
-19.1542 146.7748 8 
-19.1542 146.7748 8 
-19.1542 146.7748 8 
-19.1542 146.7748 8 
-19.1542 146.7748 8 
-19.1542 146.7748 8 
-19.1542 146.7748 8 
-19.1542 146.7748 8 
-19.1542 146.7748 8 
-19.1542 146.7748 8 
-19.1542 146.7748 8 
-19.2760 146.6395 0.3 
-19.2760 146.6395 0.3 
"19.2760 146.6395 0.3 
-19.2760 146.6395 0.3 
-19.2760 146.6395 0.3 
-19.2760 146.6395 0.3 
-19.2760 146.6395 0.3 
-19.2760 146.6395 0.3 
-19.2760 146.6395 0.3 
-19.2760 146.6395 0.3 
-19.2760 146.6395 0.3 
-19.2760 146.6395 0.3 
-19.2760 146.6395 0.3 
-19.2760 i 46.6395 0.3 
-19.2760 146.6395 0.3 
-19.2760 146.6395 0.3 
-19.2760 146.6395 0.3 
-19.2760 146.6395 0.3 
-19.2760 146.6395 0.3 
-19.2760 146.6395 0.3 
-19.2760 146.6395 0.3 
-19.2760 146.6395 0.3 
-19.2760 146.6395 0.3 
-19.2760 146.6395 0.3 
-19.2760 146.6395 0.3 
-19.2760 146.6395 0.3 

Sample 
dato 

28/08/1998 
28/0811998 
28/08/1998 
28/08/1998 
28/08fl998 
28/0811998 
28/08fl998 
28/08f1998 
28/08/1998 
28/0811998 
28/08fl998 
281081!998 
28/0811998 
29/0811998 
29/0811998 
29/08/1998 
29/0811998 
2910811998 
29/08/1998 
29/0811998 
2910811998 
29/08/1998 
29/08/1998 
29/08/1998 
29/08JI998 
2910811998 
2910811998 
291081l998 
29/08J1998 
29108/1998 
29/08fl998 
29/08/1998 
29/08/1998 
29/08Jl998 
29108J1998 
29/08/1998 
29f08Jl998 

AI 

2831.16 
2645.83 
2465.25 
2670.41 
2754.69 
1729.50 
444.89 
1019.47 
798.16 
854.15 
846,66 
l376.31 
1687.06 
1556.84 
1594.53 
1307.79 
1618.41 
784.87 
737.81 
804.59 
8\3.12 
863.41 
842.14 
1064.58 
827.93 
984.83 
940.87 
1015.48 
861.02 
827.76 
861.68 
778.67 
976.90 
1030.19 
1126.20 
1295.64 

29108Jl998 122 1.29 
29J0811998 2998.07 

760.15 
688,39 
832,81 
717.33 
587.14 
1875.27 
513.11 

CC Cd Co Cu Fe 
nmoV. nmoVg ~moVg 

242.25 337.97 760.80 
756.40 262.21 242.17 343.23 740.39 
733.99 240.86 241.23 332.02 727.38 
848.41 261.92 218.77 298.44 667.49 
990.08 241.78 230.28 326.77 717.58 
2449.25 197.63 231.12 310.21 737.46 
1911.47 199.45 164.63 196.01 463.23 
1707.20 230.77 60.98 53.94 132.54 

Mn Ni 
~moVI 

9.11 
9.14 
9.70 427.70 
8.64 388.52 
8.97 422.56 
8.99 434.00 
6.00 295.10 

OC 
moVg 

707.31 
652.58 
691.62 
674.06 
763.27 
329.49 
516.29 

2.02 104.17 519.31 
1506.16 2068.46 155.66 119.53 140.86 304.12 4.44 195.39 527.78 
1959.98 1725.40 201.76 121.96 121.45 255.06 4.32 170.40 730.88 
785.59 
682.29 
522.30 
354.74 
343.27 
346.31 
320.00 
302.55 
420.27 
459.70 
452.18 
506.34 
365.94 
364.94 
436.88 
756.96 
437.16 
371.32 
469.41 
520.07 
480.50 
522.50 
485.52 
663.54 
456.20 
515.83 
520.03 
483.15 
391.80 

1572. 73 185.76 122.22 96.86 260.10 
1054.34 113.74 136.03 133.82 245.88 
510.17 170.92 191.53 167.77 425.55 
203.05 220.80 196.45 254,68 542.36 
2J4.62 II J.l7 197.11 185,82 504.43 
227.74 135.95 199.94 192.29 523.06 
215.67 161.02 193.Q3 151.25 456.97 
207.65 106.62 213.84 200.[9 525.[4 
317.19 84.47 171.26 75.40 313.24 
365.08 105.11 166.95 81.95 306.20 

3.55 174.66 838.01 
4.25 208.64 936.06 
8.89 198.99 418.51 
13.76 312.87 949.91 
12.70 266.55 864.47 
14.37 278.36 832.28 
11.84 246.22 706.04 
13.58 288.54 821.10 
11.47 145.45 205.43 
11.03 140.80 182.87 

337.44 108.17 179.43 80.92 321.85 13.11 145.25 184.47 
398.64 85.00 171.00 90.42 326.56 10.38 149.04 220.23 
321.21 119.90 167.22 107.32 336.50 11.27 168.59 338.85 
286.35 144.52 164.93 
371.28 125.59 179.79 
701.41 134.38 169.75 
337.93 137.91 177.86 
275.63 119.11 174.29 
556.78 111.53 171.27 
413.29 103.94 154.31 
4[7.96 121.63 141.30 
418.27 151.18 166.94 
391.00 111.24 153.92 

102.08 
127.17 
93.19 
109.54 
105.82 
1 [4.76 
93.30 
98.45 

324.35 
384.34 
377.25 
353.80 
342.77 
371.36 

9.75 
11.02 
15.14 
12.34 
11.99 
12.66 

161.56 349.28 
206.45 430.02 
158.53 262.13 
179.25 306.65 
172.16 310.82 
194.27 349.23 

315.58 13.44 164.90 238.28 
305.38 [2.63 150.05 334.02 

91.70 326.22 13.34 151.87 297.05 
73.33 289.45 12.30 135.83 162.62 

549.56 128.43 172.40 112.12 368.27 16.38 200.58 332.28 
387.66 133.96 170.Q7 123.38 373.56 13.04 182.38 436.53 
431.30 139.24 159.36 127.52 379.53 13.57 199.33 432.37 
411.00 161.27 178.31 153.93 424.06 14.58 220.49 508.49 
384.26 154.65 191.09 149.00 402.02 14.09 220.05 585.91 
358.09 204.57 271.78 339.56 774.95 22.37 490.23 1650.59 

Appendix. S 

P Pb s 
p moVg nmoVg pmoV: 

14.07 108.35 150.25 
13.75 115.23 141.40 

TC Zn 
nmoll: 

1l93.13 
1207.58 

13.91 112.66 148.94 1425.61 1188.96 
12,74 99.71 136.99 1522.47 1102.47 
13.13 101.23 136.03 1753.35 1141.15 
13.01 108.02 128.76 2778.74 1142.94 
10.45 163.91 118.59 2427.76 702.44 
3.30 22.16 61.52 2226.52 207.48 
7.01 34.42 94.23 2596.24 495.93 
6.38 38.45 104.07 2456.28 465.79 
4.06 
3.76 
9.88 
12.13 
12.13 

29.45 164.97 2410.73 
40.32 168.98 1990.40 
91.30 103.69 928.68 
75.30 B 1.20 1 [52.96 
62.38 101.46 1079.10 

12.51 78.42 
11.79 69.50 
12.96 77.45 
9.86 43.96 
9.83 40.23 

95.80 
63.35 
68.64 
35.39 
37.31 

1060.02 
921.71 
1028.75 
522.62 
547,95 

357.28 
478.02 
700m 
833.81 
757.51 
747.40 
677.39 
790.85 
468.80 
471.90 

10.27 46.00 38.13 521.91 494.07 
10.50 40.13 38.59 618.87 490.85 
10.26 46.74 54.99 660.06 525.13 
9.67 47.05 72.03 635.63 506.19 
10.39 53.42 93.75 801.30 589.37 
13.72 40.49 56.08 963.54 506.20 
10.46 48.97 75.94 644.58 557.34 
9.85 41.82 82.24 586.45 526.48 
10.38 46.83 102.82 906.01 566.91 
9.26 49.70 74.81 651.57 496.38 
8.88 46.18 88.61 751.97 557.00 
9.34 40.56 91.03 715.32 486.25 
8.72 40.20 66.77 553.62 452.33 
10.08 44.99 107.18 881.85 544.74 
9.88 47.19 114.51 824.20 550.64 
10.08 47.76 116.67 863.67 556.97 
11.09 57.04 134,68 919.49 615.74 
10.29 55.40 218.71 970.17 621.73 
14.69 1l1.3 9 532.53 2008.68 1188.77 
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Core From 
Number em 

1831 0 
1831 2 
1831 4 
1831 6 
1831 8 
1831 10 
1831 12 
1831 14 
1831 16 
1831 18 
1831 20 
1831 24 
1831 28 
1831 32 
1831 36 
1831 40 
1831 44 
1831 48 
1831 52 
1832 0 
1832 2 
1832 4 
1832 6 
1832 8 
1832 10 
1832 12 
1832 14 
1832 16 
1832 18 
1832 20 
1832 24 
1832 28 
1832 32 
1832 36 
1832 40 
1832 44 
1832 48 
1832 52 
1832 56 

To 
em 

2 
4 
6 
8 
10 
12 
14 
16 
18 
20 
24 
28 
32 
36 
40 
44 
48 
52 
56 
2 
4 
6 

8 
10 
12 
14 
16 
18 
20 
24 
28 
32 
36 
40 
44 
48 
52 
56 
60 

Appendix 5 
Sediment core samples - Location and strong acid digestion analytical results 

Collar Collnr Water 
Decimal Decimal depth 
Latitude LonJ'l:itude m 

-19.2920 146.8520 0.5 
-19.2920 146.8520 0.5 
-19.2920 146.8520 0.5 
-19.2920 146.8520 0.5 
"19.2920 146.8520 0.5 
-19.2920 146.8520 0.5 
-19.2920 146.8520 0.5 
·19.2920 146.8520 0.5 
-19.2920 146.8520 0.5 
-19.2920 146.8520 0.5 
-19.2920 146.8520 0.5 
-19.2920 146.8520 0.5 
-19.2920 146.8520 0.5 
-19.2920 146.8520 0.5 
-19.2920 146.8520 0.5 
-19.2920 146.8520 0.5 
-19.2920 146.8520 0.5 
-19.2920 146.8520 0.5 
-19.2920 146.8520 0.5 
-19.2880 146.8293 0.3 
-19.2880 146.8293 0.3 
-19.2880 146.8293 0.3 
-19.2880 146.8293 0.3 
-J9.2880 146.8293 0.3 
-19.2880 146.8293 0.3 
-19.2880 146.8293 0.3 
-19.2880 146.8293 0.3 
-19.2880 146.8293 0.3 
-19.2880 146.8293 0.3 
-19.2880 146.8293 0.3 
-19.2880 146.8293 0.3 
.19.2880 146.8293 0.3 
-19.2880 146.8293 0.3 
-19.2880 146.8293 0.3 
-19.2880 146.8293 0.3 
-19.2880 146.8293 0.3 
-19.2880 146.8293 0.3 
-19.2880 146.8293 0.3 
-19.2880 146.8293 0.3 

Sample 
dote 

31/0811998 
31108/1998 
3lJ0811998 
31/0811998 
3JJ08l1998 
3JJOSJl998 
31/08/1998 
31/08/1998 
31/08/1998 
3JJ08/1998 
3110811998 
31108/1998 
31/08/1998 
31/08/1998 
3 1!O81l 998 
31 108Jl 998 
31/08/1998 
31108/1998 
31/08/1998 
20/1111998 
2011111998 
20/11/1998 
2011 1/1998 
20/1111998 
2011111998 
20/1111998 
2011111998 
20/11/1998 
20/1111998 
2011111998 
20/1111998 
20/1111998 
20/1111998 
20/1111998 
20/1111998 
201ll!1998 
20/1111998 
20/1111998 
2011111998 

Al 

1631.85 
1688.38 
1681.84 
1541.38 
1746.16 
1790.37 
1697.20 
1737.16 
1629.52 
1613.74 
1583.72 
1462.37 
1525.42 
1338.21 
1213.75 
1451.77 
1468.61 
1000.Q7 
1898.93 
2293.51 
2365.30 
2127.07 
2039.14 
1762.32 
1603.93 
1832.33 
1733.94 
1669.48 
1592.33 
1349.10 
1543.23 
1518.53 
1683.85 
1469.07 
1516.26 
1427.40 
1438.38 
1367.43 

111.87 
102.98 
106.60 
101.52 
114.90 
115.70 
108.61 
113.03 
113.09 
118.85 
133.02 
139.00 
228.87 
190.74 
128.29 
122.60 
114.00 
110.30 
105.22 
98.32 
87.52 
98.74 
97.71 
115.70 
110.28 
99.68 
112.67 
117.01 
110.44 
109.84 
116.29 
119,06 
116.92 
105.59 
109.49 
125.24 
117.99 
178.68 

CC Cd 

< D. L. 303.62 
54.22 361.96 

< D. L. 395.61 
< D. L. 424.53 
<D. L. 453.71 
363.27 429.12 

Co Cu 
nmoVu nmollg 
217.23 374.45 

347.94 
361.63 
368.45 
349.02 
395.08 

Fe 

"molig 

574.82 
538.06 
558.96 
544.99 
496.17 
605.88 

205.59 
222.27 
218.11 
203.05 
231.95 
241.08 382.79 606.18 

Mn 

"mol/g 

5.47 
5.82 
5.02 
4.80 
4.17 
4.52 
4.60 

Ni OC p 

nmoV2 "moVg Jlmoll. 
316.52 1583.56 22.06 
292.15 1489.24 25.00 
299.03 1696.90 20.81 
302.08 1665.55 18.79 
276.05 1849.86 13.74 
305.69 2346.89 14.63 
316.47 1645.32 14.38 

< D. L. 373.33 229.39 394.66 568.01 4.56 298.96 1772.49 14.44 
4.33 416,47 225.58 398.29 553.35 4,48 302.78 1807.23 14.61 

< D. L. 403.88 222.92 372.23 570.89 4.77 300.09 1756.56 14.32 
<D. L. 386.50 203.82 351.79 524.64 4.71 276.84 1467.31 [3.83 
<D. L. 379.33 222.59 349.78 532.08 5.02 282.85 1668.79 13.10 
<D. L. 443.11 193.14 359.66 450.76 4.62 257.40 1200.64 10.90 
<O.L. 401.23 219.75 363.38 472.03 5.73 273.97 1611.09 12.88 
56.73 466.60 240.96 304.79 445.88 6.17 291.47 1116.81 10.75 

<D. L. 445.61 220.71 299.09 461.66 10.2.1 250.20 968.81 10.77 
<D. L. 533.82 265.50 357.16 523.31 6.20 318.26 1028.40 12.55 
<D. L. 504.10 284.44 377.ot 596.56 5.43 306.40 1702.21 13.78 
<D. L. 395.60 199.79 225.37 414.13 4.16 211.36 605.93 16.37 
39.58 287.44 190.71 293.31 581.89 9.08 274.33 1104.92 15.70 
33.13 291.41 216.83 356.53 668.24 8.42 319.80 1249.51 16.95 

<D.L. 298.71209.33341.41678.01 6.24 336.521356.45 17.Q3 
48.72 280.23 205.19 314.39 605.99 6.37 300.34 1175.63 15.78 
42.28 308.45 202.23 329.60 588.62 6.09 290.79 1170.17 15.35 

<D. L. 274.92 206.58 298.45 591.05 7.16 274.77 1220.53 15.82 
<D.L. 257.11 192.91 279.74 524.49 7.52 250.89 1166.42 15.24 
<D. L. 280.67 197.16 299.63 582.27 6,49 266,42 1414.85 14.70 
18.10 271.34 187.97 300.17 552.03 5.77 263.91 1160.89 13.47 
31.95 272.68 186.33 289.31 554.84 5.74 250.94 1058.85 13.34 
37.68 337.41 190.86 270.60 549.29 5.33 286.09 1033.87 13.19 
18.66 279.10 167.76 244.83 472.14 4.76 210.33 978.89 [2.07 
46.59 322.81 [84.05 259.1 [ 532.76 4.92 237.41 1092.46 12.81 
51.36 328.91 179.8! 263.46 514.99 4.68 238.80 1085.76 12.76 
68.15 329.59 191.85 268.97 589.01 4.87 252.69 1051.79 13.41 
75.74 308.42 184.94 249.20 555.88 4.25 236.91 1004.57 12.44 
247.80 336.49 179.25 254.02 537.39 4.22 224.29 858.23 12.67 
101.20 309.80 183.33 238.44 544.59 4.10 216.58 973.26 12.21 
283.94 358.06 185.29 235.31 534.99 3.99 215.19 836.72 12.61 
< D. L. 3[ 1.23 182.72 219.04 470.13 3.92 198.39 1049.57 11.93 

Appendlx 5 

Pb s TC Zn 

150.04 1477.42 935.63 
196.32 175Ll3 987.47 

8350 173.04 1664.79 893.67 
74.66 203.16 1788.07 845.13 
79.32 304.28 193656 960.58 
84.33 301.20 2008.59 954.73 
80.80 261.32 1766.14 909.25 
77.62 240.66 1811.57 925.05 
74.67 281.73 1725.27 889.58 
62.14 236.46 1413.38 847.29 
74.44 308.57 1630.00 862.45 
70.19 222.85 1152.71 817.49 
78.88 301.31 1186.65 915.87 
73.50 316.21 1173.54 775.00 
77.92 402.26 961.82 770.54 
83.46 388.18 1014.19 879.46 
82.61 459.89 1664.60 863.90 
69.05 182.48 589.38 629.96 
96.50 84.99 1144.51 1049.91 
112.23 86.81 1282.64 1177.13 
106.23 81.68 1331.68 1228.25 
99.10 90.52 1224.35 1127.43 
88.88 102.37 1212.45 1152.46 
89.99 103.60 1209.69 1051.96 
87.32 87.38 924.78 973.77 
91.89 106.37 1259.10 1040.99 
83.29 124.70 1179.00 1005.20 
78.91 131.56 1090.80 993.48 
80.86 130.85 1071.55 998.56 
81.13 117.62 997.54 877.32 
78.07 153.34 1139.04 950.26 
87.79 139.20 1137.12 940.08 
84.51 165.02 1119.94 994.63 
82.39 191.89 1080.31 922.44 
93.73 168.62 1106.02 957.22 
80.32 198.97 1074.46 896.23 
85.16 192.11 1120.67 906.57 
7l.86 142.49 906.54 834.02 
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Appendix 5 
Sediment core samples - Location and strong acid digestion analytical results 

Collar Collar Water 
Core From To D.<lmal Decimal depth Sample AI C. CC Cd Co Cu Fe Mn Ni OC P Pb S TC Zn 

Number em em Latitudo Longitude m date Ilmollg Ilmollg IlmoVg pmoVg nmoV I1moVg Ilrnollg Ilrnollg nmoll Ilmollg Ilmollg nmoVg IlmoVg JlmoVg nmol/, 

1832 60 64 -19.2880 146,8293 03 2011 111998 1546.96 120.07 122.98 373.90 186.04 245.41 563,96 4,38 229.98 1011.30 14.38 78.97 212.17 1134.28 936.17 
1832 64 68 -19.2880 146.8293 0.3 20/1111998 1535.61 128,34 44.17 398.01 186.17 244.72 564.73 4.43 242.01 1029.56 15.24 78.89 204.53 1073.73 922.81 
1832 68 72 -19.2880 146,8293 0.3 20/1111998 1746.94 146.05 510.12 372.60 201.Q2 254.21 648.64 4,69 248.87 773.97 14.29 88.26 272.44 1284.09 985.52 
1832 72 76 -19.2880 146,8293 0.3 20/1111998 1784.04 194.43 <D.L. 397.14 203.82 246.49 589.47 5.53 243.11 1402.91 13.81 88.23 226.49 1127.32 951.99 
1832 76 80 -19.2880 146.8293 0.3 2011 1/1998 1591.63 175,82 <D.L. 405.36 199.37 243.26 582.33 5.38 246.39 1412.35 14.21 88.72 228.25 IU4.48 958.03 
1832 80 84 -19.2880 146.8293 0.3 2011111998 2294.77 126.58 153.90 528.64 230.38 336.54 732.02 5.67 319.49 1030.16 16.48 105.76 240.60 1184.06 1242.37 
1832 84 88 -19.2880 146.8293 0.3 20/11/1998 2770.84 94.27 41.74 607.98 243.00 387.74 889.60 5.78 368.96 1163.28 18.67 132.48 224.70 1205.02 1438.16 
1832 88 92 -19.2880 146.8293 0.3 201l1fl998 2165.81 137.40 155.14 521.92 231.48 309.94 742,79 7.17 331.38 1078.61 18.83 99.15 264.68 1233.75 1165.53 
1832 92 96 .19.2880 146.8293 0.3 20/1111998 1878.42 129.91 <D.L 538.97 223.49 274.12 640.43 5.29 272.44 1484.94 13.98 100.68 258.64 1259.29 1047.98 
1832 96 100 -19.2880 146.8293 0,3 20/11fl998 2103.67 130.20 <D.L. 602.42 233.24 302.13 708.50 5.72 290.08 1549.80 15.13 94.18 275.96 1252.92 1158.31 
1832 100 104 ·19.2880 146.8293 0.3 20/11fl998 2240.55 128.01 50.! I 811.30 231.16 355.13 72U5 5.71 284.91 1098.24 13.87 104.79 406.10 1148.35 1345.81 

Carbonate carbon was calculated by subtracting Organic carbon from totla carbon. < D.L. indicates a negative carbonate carbon value. 
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Appendix 6 Sediment core radiochemistry analytical results 

Appendix 6 



Core 

Number 

1827 

1827 
1827 
1827 
1827 
1827 
1827 
1821 
1827 
1827 
1827 
1827 
1821 
i827 
i827 
1827 
1827 
1827 
1827 
1827 
1827 
1827 
1827 
1827 
1827 
1828 
1828 
1828 
1828 
1828 
1828 
1828 
1828 
1828 
1828 
1828 
1828 
1828 
1828 
1828 
1828 
1828 
1828 
1828 
1828 
1828 
1828 
1829 
1829 
1829 
1829 
1829 
1829 
1829 
1829 
1829 
1829 
1829 
1829 
1829 
1829 
1829 
1829 
1829 
1829 
1829 
1829 
1829 
1829 
1829 
1829 
1829 

1831 
)831 
1831 

to 

em 

4 
6 

I() 

12 
14 
16 
18 
20 
24 
28 
32 
36 
40 
44 
48 
52 
56 
60 
68 
76 
84 
92 
98 

4 

8 
10 
12 
14 
16 
18 
20 
24 
28 
J2 
;6 
40 
44 
48 
S2 
S6 
60 
68 
76 
2 
4 

8 
10 
12 
14 
16 
IS 
20 
24 
2~ 

32 
36 
40 
44 
4g 

52 
56 
60 
6S 
76 
84 
92 
98 

2 
4 

Appendix 6 
Sediment core radiochemistry analytical results 

Ra226 Ra226 Pb210 Pb216 C.137 C5137 U238 U238 Ra22S Rol2S Th228 Th228 K40 

Bqlkg 

21,59 

22.19 
24.61 
24.39 
24.38 
23.27 
25.03 
24.71 
27.02 
25.27 
29.97 
;1.69 
28.37 
25.02 
23.72 
23.10 
23.90 
22.17 
21.40 
21.26 
22.05 
22.34 
20.97 
24.23 
22.97 
21.64 
19.46 
20.10 
21.22 
21.93 
20.65 
21.78 
20.99 
18.92 
19.92 
22.16 
21.19 
18.85 
27.02 
22.63 
19.82 
16.79 
14.22 
13.91 
13.57 
13.97 
12.81 
24.28 
24.68 
27.29 
26.65 
24.86 
25.29 
24.52 
22.82 
21.16 
22.51 
19.93 
21.93 
21.14 
20.27 
20.78 
17.50 
17.17 
17.78 
17.04 
18.92 
19.72 
18.25 
19.97 
11.57 
35.10 
22.90 
24.63 
25.30 

error 
Bqlkg 

1.11 

0.48 
0.96 
0.79 
0.78 
0.76 
0.78 
0.78 
1.01 
0.79 
0.93 
1.19 
0.90 
0.82 
0.71 
0.85 
0.70 
0.67 
0.65 
0.65 
0.75 
0.76 
0.71 
0.95 
0.77 
1.14 
0.72 
0.71 
0.76 
0.78 
0.62 
0.81 
0.63 
0.75 
1.01 
0.73 
0.70 
0.66 
1.01 
0.76 
0.61 
0.88 
0.62 
0.61 
0.50 
0.67 
0.50 
0.77 
0.67 
1.{)3 

0.82 
0.95 
0.57 
0.68 
0.77 
0.73 
1.05 
0.98 
0.65 
0.72 
0.75 
0.70 
0.63 
0.54 
0.87 
0.58 
0.72 
0.61 
0.66 
0.82 
0.54 
0.93 
l.ll 
0.81 
0.97 

Bqlkg 

44.17 
56.52 
49.91 
49.84 
52.45 
43.53 
43.98 
43.63 
41.90 
38.44 
41.38 
40.06 
35.83 
30.97 
28.54 

29.70 
28.58 
26.23 
25.1l 
21.93 
24.89 
27.27 
22.09 
28.31 
22.30 
M.55 
41.23 
50.64 
44.97 
45.65 
36.46 
42.41 
38.15 
33.75 
34.32 
29.46 
35.85 
30.32 
41.90 
30.26 
33.34 
2L14 
18.61 
24.25 
18.33 
17.94 
15.08 
43.65 
40.19 
46.15 
41.23 
30.26 
30.63 
27.94 
23.87 
28.59 
21.92 
29.11 
26.42 
21.95 
22.65 
25.47 
23.30 
25.02 
21.81 
23.34 
27.96 
27.18 
29.66 
33.16 
30.12 
45.88 
35.63 
40.22 
38.95 

error 
Bqlkg 

1.03 
2.95 
4.59 
4.54 
4.24 
3.87 
3.80 
4.13 
4.06 
3.58 
3.95 
4.16 
4.28 
3.61 
2.76 

3.03 
3.17 
1.75 
2.71 
2.88 
3.64 
3.75 
3.05 
3.50 
3.26 
7.67 
4.57 
4.20 
3.6B 
4.22 
3.80 
3.70 
3.13 
4.42 
3.40 
3.32 
3.48 
3.35 
4.06 
3.85 
4.22 
3.62 
4.45 
3.56 
2.86 
2.68 
3.45 
3.86 
3.19 
4.33 
3.68 
2.67 
2.57 
3.22 
4.14 
3.18 
3.24 
3.16 
3.21 
3.05 
4.10 
3.83 
2.78 
2.69 
2.78 
2.99 
2.81 
2.67 
3.30 
3.67 
3.14 
4.00 
3.61 
3.86 
3.94 

Bq/kg 

l.34 
1.89 
2.57 
2.22 
2.41 
2.00 
1.78 
Ul 
1,48 
1.59 
1.61 
0.81 
UO 
0.B3 
0.S7 
0.73 

2.43 
:>.92 
3.25 
3.38 
2.31 
;.44 
2.88 
2.22 
2.51 
2.63 
2.15 
1.47 
1.51 
1.48 

0.71 
0.76 

lAO 
1.46 
1.66 
1.35 

0.96 

0.93 

0.81 

1.09 
1.01 

0.90 

1.12 
1.57 
1.40 
1.17 
1.16 
1.21 

error 
Bqlkg 
0.64 
0.:>4 
0.49 
0.48 
0.;8 
0.42 
0.40 
0.42 
0.43 
0.35 
0.38 
0,48 

0048 
0.43 
0.28 
0.36 

0.69 
0.66 
0.42 
0.34 
0.49 
0.54 
0.38 
0.35 
0.67 
0.60 
0.41 
0.36 
0.36 
0.43 

0.44 
0.16 

0.41 
0.30 
0.44 
0.35 

0.36 

0.64 

0.56 

0.63 
0.58 

0.32 

0.46 
039 
0.64 
0.62 
0.43 
0.44 

Bqlkg 

36.83 
34.01 
39.10 
39.51 
36.63 
44.73 
42.61 
44.21 
42.94 
37.66 
39.93 
52.34 
37.83 
37.70 
38.13 
45.14 
37.32 
37.60 
39.61 
28.62 
35.04 
44.73 
33.21 
46.01 
37.20 
37.85 
37.79 
38.97 
38.17 
40.36 
46.41 
40.74 
46.36 
46.S3 
41.36 
37.65 
37.29 
34.96 
42.94 
40.50 
42.93 
38.25 
34.32 
31.16 
43.78 
37.20 
35,35 
35.41 
31.49 
40.00 
41.25 
27.84 
32.62 
38.38 
46.16 
39.96 
34.25 
32.86 
30.26 
31.44 
22.25 
34043 
31.83 
27.75 
23.76 
28.28 
3333 
38.85 
22.59 
35.94 
28.20 
50.9l 
3257 
38.50 
39.53 

error 
Bqlkg 

5.07 
2.06 
3.59 
3.81 
2.96 
8.12 
7.75 
7.91 
7.93 
2.92 
3.22 
9.33 
8.14 
7.95 
2.64 
7.33 
6.73 
6.69 
6.79 
5.95 
7.53 
8.11 
6.24 
8.44 
7.84 
5.24 
3.57 
3.04 
2.88 
3.71 
7.18 
6.79 
7.20 
8.93 
8.57 
7.56 
2.98 
2.95 
7.93 
7.95 
7.38 
7.71 
7.47 
8.15 
7.21 
6.16 
6.09 
3.30 
2.71 
3.60 
3.10 
6.67 
2.40 
3.09 
8.69 
9.12 
8.39 
M8 
2.98 
8.85 
8.13 
7.80 
RI4 
2.46 
7.07 
6.81 
5.99 
6.55 
6.58 
7.36 
5.84 
10.86 
3.51 
3.56 
3.58 

Bqlkg 

32.10 
39.04 
40.33 
43.52 
42.08 
42.28 
40.76 
42.17 
44.23 
45.36 
51.26 
51.18 
51.89 
52.07 
n.S3 
50.93 
:>3.32 
54.15 
53.92 
51.20 
54.36 
51.55 
56.36 
58.02 
57.91 
34.88 
31.99 
40.39 
43.04 
46.80 
43.86 
48.50 
50.27 
46.45 
49.53 
54.94 
56.33 
58.73 
44.23 
56.25 
47.53 
42.85 
34.25 
34.65 
32.26 
35.89 
30.oz 
48.97 
46.51 
50.56 
54.44 
49.42 
52.58 
52.33 
50,43 
47.06 
45.82 
43.68 
48.42 
41.31 
41.65 
45,09 
37.80 
35.20 
36.79 
32.89 
39.48 
44.96 
40.18 
45.06 
28.71 
78.77 
<1M? 
49.07 
48.95 

error 
Bqlkg 
2.15 
1.36 
1.62 
1.84 
1.62 
1.53 
1.45 
1.76 
1.64 
1.67 
1.87 
1.89 
2.10 
1.73 
1.68 
1.64 
1.84 
1.47 
1.47 
1.75 
2.08 
2.02 
1.94 
2.02 
1.79 
2.25 
1.78 
1.61 
1.35 
1.71 
1.70 
1.56 
1.38 
2.07 
l.90 
1.68 
1.93 
2.00 
1.64 
2.13 
1.87 
1.70 
1.70 
1.72 
1.44 
1.31 
1.37 
1.61 
1.53 
1.79 
1.86 
1.62 
1.74 
2.02 
2.13 
2.05 
1.85 
1.78 
1.93 
1.95 
1.99 
1.90 
1.76 
1.53 
1.56 
1.59 
1.35 
1.30 
1.50 
1.71 
1.23 
2.85 
1.95 
1.68 
1.75 

Bqlkg 
37.87 
43.1I 
44.97 
47.36 
44.31 
42.97 
41.47 
41.72 
42.55 
44.15 
49.25 
50.68 
50.49 
50.25 
50.09 
50.65 
52.32 
50.97 
53.17 
49.08 
52.05 
52.84 
53.99 
58.46 
54.68 
37.64 
36.62 
40.14 
41,01 
45.12 
45.35 
46.83 
48.96 
47.93 
47.17 
52.30 
52.75 
54.24 
42.55 
53.51 
49.05 
44.88 
34.99 
35.11 
34.60 
36.76 
31.22 
49.28 
411.03 
53.12 
55.76 
49.61 
48.91 
47.33 
47.29 
45.86 
45.07 
43.05 
46.39 
42.10 
42.65 
43.52 
36.07 
34.69 
36.42 
33.32 
37.04 
42.67 
38.60 
43.44 
28.74 
76.53 
46.81 
49.55 
50.85 

error 
Bqlkg Bq/kg 

1.47 516.14 
1.13 506.69 
1.49 516.64 
1.46 525.95 
1.47 543.98 
1.12 542.79 
l.07 530.4; 
1.29 53S.99 
1.41 535.15 
1.46 545.85 
1.62 539.58 
1.65 511.34 
1.56 541.36 
1.27 514.80 
1.53 521.29 

1.56 519.68 
1.50 545.94 
1.19 526.23 
1.22 514.30 
1.41 505.15 
1.57 533.06 
1.58 537.43 
1.71 529.93 
1.84 546.28 
1.35 559.42 
1.51 534.93 
1.16 518.52 
1.36 554.08 
1.26 527.43 
1.19 543.66 
1.25 553.95 
1.45 534,66 
1.13 529.47 
1.43 535.86 
1.29 547.46 
1.29 535.88 
1.67 52950 
1.72 526.06 
1.41 535.15 
1.61 536.17 
1.41 511.47 
1.20 491.13 
1.09 455.48 
1.03 423.69 
0.93 428.48 
0.94 460.64 
0.93 462.32 
1.22 542.48 
1.34 530.93 
1.70 524.02 
1.75 530.91 
1.22 505.23 
1.31 483.53 
1.40 486.87 
1.39 478.30 
1.26 502.13 
1.25 500.60 
1.19 505.98 
1.38 514.64 
1.19 469.73 
1.30 498.65 
1.27 488.81 
1.03 482.65 
1.07 497.79 
1.02 505.51 
1.08 508.07 
1.I9 511.44 
LOI 516.92 
1.04 524.13 
1,45 534.02 
1.01 299.99 
1.90 873.9l 
1.31 536.84 
1.26 548.02 
1.63 525.87 

K40 
error 
B /kg 

21.55 
11.28 
24.58 
20.03 
18.89 
27.21 
26.41 
20.06 
25.13 
18.68 
19.01 
24.55 
20.95 
26.24 
16.97 
23.72 
19.14 
25.40 
24,87 

17.82 
20.23 
20.39 
18.43 
25.86 
28.00 
22.37 
22.69 
19,41 
23.59 
27.78 
21,74 
24.25 
25.44 
23.62 
19.56 
26.77 
IS.33 
18.40 
25.13 
20.40 
14.86 
17.51 
20.28 
16.75 
14.60 
14.75 
18.49 
27.01 
17.77 
24.M 
18.20 
16.\4 
12.10 
14.73 
21,67 
19.08 
18.50 
18.42 
15.31 
18.26 
22.51 
21.12 
17.57 
13.83 
17.56 
15.16 
23.26 
24.89 
26.41 
25.38 
15.19 
27.43 
20.10 
27.62 
24.77 
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Core 

Number 
1831 
1831 
1831 
1831 
1831 
1831 
1831 
1831 
1831 
1831 
1831 
1831 
1831 
1831 

1831 
1831 
1831 
1831 
1832 
1832 
1832 
1832 
1832 
1832 
1832 
1832 
1832 
1832 
1832 
1832 
1832 
1832 
1832 
1832 
1832 
1832 
1832 
1832 
1832 
1832 
1832 
1832 
1832 
1832 
1832 
1832 
1832 
1832 

to 

em 

8 
JO 
12 
14 
16 
18 
20 
24 
28 
32 
36 
40 
44 
48 

52 
56 
64 
72 
2 
4 
6 

to 
12 
14 
16 
18 
20 
24 
28 
32 
36 
40 
44 
48 
52 
56 
60 
64 
68 
72 
?6 
SO 
84 
83 
92 
96 
100 

Appendix 6 
Sediment core radiochemistry analytical results 

Ran6 Ral26 Pb210 Pb110 C$l37 C.B? U238 U238 Ra228 Ran8 Th228 Th128 

Bqlkg 

24.71 
23.00 
23.69 
21.46 
22.76 
21.10 
20.94 
23.14 
22.14 
23.13 
24.09 
23.54 
24.67 
24.76 

25.77 
22.07 
29.63 
27.38 
20.43 
23.54 
24.31 
23.48 
23.97 
22.50 
23.88 
23.42 
23.41 
23.19 
23.79 
24.29 
23.10 
23.11 
22.55 
23.31 
22.58 
23.63 
23.79 
20.52 
19.71 
21.27 
24.26 
21.83 
24.08 
21.68 
21.68 
21.24 
22.91 
21.17 

error 
Bqikg 

0.72 
0.69 
0.71 
0.67 
0.85 
0.65 
0.68 
U.73 
0.71 
0.89 
0.93 
0.75 
0.73 
0.7& 

0.98 
0.71 
0.88 
0.84 
0.74 
0.78 
0.% 
0.86 
0.70 
0.69 
0.89 
0.93 
0.77 
0.77 
0.94 
0.94 
0.76 
0.69 
0.83 
0.85 
0.68 
0.94 
0.79 
0.73 
0.68 
0.62 
0.88 
1.05 
0.70 
0.80 
0.65 
0.75 
0.68 
0.63 

Bqikg 

39.16 
35.12 
38.72 
36.61 
34.86 
40.05 
34.19 
30.91 
28.18 
34.97 
32.66 
29.69 
27.51 
28.99 
29,81 

36.83 
30.45 
33.44 
36.38 
54.16 
51.43 
49.84 
56.03 
51.02 
43.69 
38.83 
48.06 
50.99 
30.06 
34.19 
48.% 
48.85 
3LZ3 
36.21 
42.38 
29.42 
28,22 

28.71 
33.60 
30.39 
29.17 
31.07 
28.93 
34.96 
32.83 
36.88 
32.27 
37.87 

error 
Bqikg 

HI 
2.98 
3.60 
2.83 
3.36 
3.15 
3.43 
2.95 
3.45 
3.62 
3.55 
3.48 
3.60 
3.04 

3.44 
3.52 
3.74 
3.21 
3.43 
5.38 
5.18 
4.42 
4.59 
4.54 
4.22 
4.01 
5.03 
5.15 
3.59 
3.70 
4.97 
4.26 
3.12 
3.36 
4.08 
3.55 
3.89 
4.19 
3.74 
4.32 
2.97 
4.30 
3.12 
5.72 
2.66 
4.39 
2.95 
4.32 

BqIkg 

1.57 
1.98 
1.71 
1.38 
1.14 
1.33 
1.39 
1.00 
1.12 
1.53 
1.30 
0.96 
1.08 
1.20 

0.94 
1.23 
1.12 
1.37 
1.06 
2.20 
2.38 
2.10 
1.67 
1.79 
1.99 
1.85 
1.94 
1.73 
1.67 
1.56 
1.64 
1.38 
1.73 
2.37 
1.44 
1.13 
2.08 

1.44 
1.23 
1.23 
1.45 
1.47 
2.36 
1.78 
1.93 
1.76 
1.79 

error 
Bqikg 

0.36 
0.29 
0.38 
0.36 
0.37 
0.29 
0.32 
0.38 
0.39 
0.43 
0.43 
0.34 
0.41 
0.39 

0.44 
0.33 
0.42 
0.41 
0.58 
0.44 
0.50 
0.38 
0.36 
0.37 
0.40 
0.47 
0.44 
0.43 
0.46 
0.46 
0.42 
0.35 
0.37 
0.38 
0.35 
0.48 
0.47 

0.37 
0.44 
0.36 
0.60 
0.36 
0.69 
0.35 
0.59 
0.30 
0.47 

Bqikg 

35.95 
36.39 
43.41 
46.62 
46.22 
40.55 
41.91 
51.00 
40.16 
42.32 
45.34 
32.69 
37.18 
33.35 

42.29 
41.18 
35.89 
48.12 
35.62 
36.63 
39.64 
43.83 
39.72 
39.90 
42.69 
42.08 
37.54 
35.97 
37.15 
37.77 
37.25 
35.39 
43.95 
39.22 
46.04 
41.44 
46.31 
41.18 
39.53 
39.05 
40.66 
40.19 
38.97 
48.08 
48.13 
51.36 
43.03 
43.22 
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error 
Bqikg 

3.18 
2.55 
7.22 
7.52 
7.50 
6.01 
6.47 
8.19 
7.25 
7.64 
8.00 
6.12 
7.44 
7.21 
7.83 
6.49 
7.54 
8.40 
3.54 
3.53 
3.77 
3.42 
3.06 
3.15 
3.46 
3.76 
3.49 
3.45 
7.66 
7.57 
7.58 
6.56 
7.16 
6.77 
7.37 
8.03 
8.42 
9.29 
6.70 
7.46 
6.90 
8.69 
6.70 
9.31 
7.% 
9.83 
6.14 
7.52 

Bqikg 

45.65 
45.90 
47.17 
44.85 
43.47 
46.44 
47.59 
4-3.40 
44.35 
46.87 
48.57 
50.26 
51.10 
46.86 

51.77 
49.28 
55.64 
53.48 
43.45 
50.23 
47.01 
48.44 
48.34 
48.60 
48.46 
48.15 
47.56 
48.09 
47.83 
50.09 
48.64 
50.80 
49.24 
50.75 
52.61 
53.74 
52.92 
47.38 
58.15 
48.11 
57.62 
52.72 
59.29 
53.36 
62.63 
55.01 
60.88 
52.17 

error 
Bqlkg 

1.66 
1.51 
1.73 
1.38 
1.50 
1.55 
1.67 
1.47 
1.73 
1.68 
1.73 
1.77 
1.94-
1.55 

1.81 
1.71 
2.04 
1.68 
2.05 
1.68 
1.81 
1.58 
1.38 
1.43 
1.63 
1.79 
1.62 
1.64 
1.78 
1.80 
1.62 
1.41 
1.60 
1.62 
1.45 
1.92 
2.08 
2.09 
1.99 
1.88 
1.78 
1.98 
1.94 
2.28 
1.58 
2.28 
1.86 
1.95 

Bqikg 

50.39 
48.29 
46.85 
44.15 
44.94 
43.95 
43.79 
43.91 
44.60 
46.08 
46.13 
49.03 
47.18 
47.75 

49.36 
48.50 
54.13 
53.67 
48.29 
52.79 
54.79 
52.31 
51.88 
51.15 
51.41 
51.35 
49.25 
49.62 
46.87 
49.11 
4S.38 
49.41 
47.96 
50.21 
52.34 
50.83 
52.97 
48.99 
54.52 
48.21 
55.80 
52.44 
57.56 
57.05 
6U2 
53.16 
58.51 
53.92 

errDr 
B g 

1.44 
1.49 
1.37 
1.08 
IAI 
1.39 
1.41 
1.11 

1.35 
1.48 
1.51 
U7 
1.43 
1.19 

1.59 
1.55 
1.61 
1.31 
1.33 
1.33 
1.77 
1.60 
1.20 
1.20 
1.60 
1.66 
1.24 
1.25 
1.55 
1.59 
1.21 
1.16 
1.48 
1.54 
1.21 
1.65 
1.60 
1.34 
1.73 
1.40 
1.69 
1.39 
1.62 
1.62 
1.36 
1.43 
1.74 
1.51 

1(40 

Bqlkg 

546.09 
541.53 
525.03 
517.06 
522.15 
532.20 
525.35 
507.66 
528.16 
521.59 
478.63 
511.93 
491.52 
511.19 

513.36 
535.06 
520.86 
520.91 
520.37 
561.65 
556.10 
569.1S 
585.95 
560.17 
566.88 
561.53 
581.51 
554.85 
533.45 
571.03 
541.19 
562.98 
546.50 
573.17 
570.30 
607.10 
584.87 
539.37 
578.77 
532.52 
566.15 
577.63 
554.35 
576.45 
563.79 
530.28 
561.73 
539.23 

K40 
error 
Bqikg 

19.09 
17.48 
18.75 
25.24 

23.99 
17.45 
17.90 
25.28 
19.37 
24.42 
22.76 
17.75 
18.76 
25.62 
24.15 
IS.18 
19.43 
26.14 
19.55 
28.19 
26.42 
25.78 
28.00 
27.1I 
25.91 
26.44 
28.94 
27.87 
25.34 
26.74 
27.oJ 
27.00 
24.84 
25.92 
27.34 
28.42 
21.91 
20.02 
19.92 
15.20 
25.58 
20.03 
19.13 

25.12 
26.97 
19.91 
17.97 
15.08 
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Appendix 7 Normal probability plots of chemical parameters determined in 

surface sediment samples and sediment core samples in Cleveland Bay 
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Appendix 8 Sediment core acid volatile sulfide (A VS) and simultaneously 

extracted metal (SEM) analytical results 

Appendix 8 



Appendix 8 
Sediment core acid volatile sulphide (A VS) and simultaneously extracted metal (SEM) analytical results 

Core Deptb to 
Number em 

1827 2 
1827 4 
1827 6 
1827 8 
1827 10 
1827 12 
1827 14 
1827 16 
1827 18 
1827 20 
1827 24 
1827 28 
1827 32 
1827 36 
1827 40 
1827 44 
1827 48 
1827 52 
1827 56 
1827 60 
1827 68 
1827 76 
1827 84 
1827 92 
1827 100 
1827 104 
1829 2 
1829 4 
1829 6 
1829 8 
1829 10 
1829 12 
1829 14 
1829 16 
1829 18 
1829 20 
1829 24 
1829 28 
1829 32 
1829 36 
1829 40 
1829 44 
1829 48 
1829 52 
1829 56 
1829 60 
1829 68 
1829 76 
1829 84 
1829 92 
1829 98 
1829 104 
1831 2 
1831 4 
1831 6 
1831 8 
1831 ]0 
1831 12 
1831 14 
1831 16 
1831 18 
1831 20 
1831 24 
1831 28 
1831 32 
1831 36 
1831 40 
1831 44 
1831 48 
1831 52 
1831 56 
1832 2 
1832 4 
1832 6 
1832 8 

AI 
~oVg 

83.61 
78.29 
81.51 
53.83 
56.44 
71.54 
79.93 
83.83 
90.12 
78.22 
79.14 
58.19 
67.15 
56.63 
66.19 
66.99 
70.93 
73.20 
74.45 
69.70 
74.24 
80.53 
84.67 
78.43 
86.27 
81.64 
128.04 
57.02 
55.41 
88.52 
65.49 
49.49 
51.23 
49.48 
46.80 
72.41 
63.05 
60.32 
61.42 
55.64 
60.88 
57.40 
61.77 
60.06 
33.94 
38.98 
59.56 
55.20 
67.85 
76.65 
84.08 
165.91 
63.59 
68.74 

264.72 
121.61 
97.20 
85.91 
87.87 
82.10 

103.04 
96.74 
89.52 
77.25 
90.02 
70.36 
88.46 
77.79 
78.19 
80.65 
81.74 
67.83 
86.31 
106.54 
361.76 

AVS 
IlllIOV 

33.12 
26.59 
11.74 
40.73 
232.20 
1983.20 
2430.85 
3312.46 
3019.30 
2464.85 
2149.52 
1284.64 
1266.92 
2140.29 
2559.38 
1192.12 
1649.91 
2129.15 
1910.97 
2559.68 
1198.10 
1152.06 
1299.61 
1300.00 
1499.44 
1142.10 
93.10 
157.25 
35.02 
39.34 
10.93 
67.33 
179.52 
313.19 

8.20 
13.89 

1231.42 
752.38 
1709.01 
5474.09 
4401.49 
6728.32 
6916.82 
8929.94 
7537.71 
7407.22 
5409.70 
8077.96 
5539.94 
5679.33 
5433.32 

12980.29 
45458.87 
50996.12 
68356.48 
116412.57 
78819.93 
76048.86 
88493.79 
92643.86 
90294.33 
86324.40 
70173.96 
40668.98 
84196.19 
68265.56 
87440.07 
52237.93 
94075.01 
49468.18 
96589.65 

64.91 
3154.30 
13147.54 
15655.81 

Ca 
lJIIlollg 
377.12 
367.60 
368.14 
299.24 
276.16 
330.92 
360.81 
433.77 
480.01 
365.21 
435.86 
523.46 
419.97 
379.63 
367.90 
493.59 
410.60 
475.36 
424,48 
415.42 
505.52 
499.53 
477.85 
539.52 
475.46 
432.56 
349.97 
333.76 
462.24 
281.65 
330.89 
332.90 
326.61 
406.43 
350.80 
378.42 
370.90 
379.25 
437.05 
434.58 
357.56 
384.39 
506.85 
430.57 
284.19 
231.90 
553.80 
480.99 
484.41 
454.21 
222.93 
692.24 
44.18 
3821 
91.20 
44.45 
47.83 
44.51 
53.31 
52.75 
48.31 
6124 
53.04 
63.37 
77.13 
97.82 
102.60 
144.31 
85.46 
76.46 
56.58 
40.08 
50.63 
49.68 
193.55 

Cd 

237.64 
278.88 
184.26 
226.93 
171.77 
228.72 
136.41 
161.88 
144.11 
190.11 
199.04 
155.30 
244.88 
143.51 
591.53 
104.39 
126.06 
110.70 
144.77 
132.14 
113.55 
199.82 
57.15 
66.13 
78.08 
109.53 
79.52 
129.30 
69.06 
45.29 
161.13 
87.21 
68,41 
57.23 
72.53 
54.46 
45.13 
47.02 
77.89 
33.28 
23.23 
57.45 
100.61 
197.20 
94.63 
73.46 
128.60 
216.22 
312.26 
761.32 
408.76 
457.77 
485.78 
1202.87 
1078.24 
476.90 
355.45 
350.47 
416.67 
454.76 
363.61 
392.43 
318.65 
365.69 
437.76 
317.08 
361.13 
354.21 
640.61 
1422.83 

76.31 
76.92 
84.10 
68.03 
74.77 
48.32 
70.54 
55.05 
74.94 
69.00 
67.30 
64.17 
68.51 
63.72 
62.25 
63.39 
56.07 
71.17 
70.98 
55.32 
84.52 
52.25 
56.50 
76.41 
90.50 
74.86 
74.43 
71.60 
67.47 
82.76 
68.93 
71.89 
78.96 
57.32 
76.88 
58.00 
68.38 
45.92 
43.06 
50.38 
67.77 
46.88 
66.74 
60.23 
36.66 
115.60 
39.\3 
37.81 
!00.44 
44.01 
45.99 
36.72 
38.31 
36.76 
45.49 
41.38 
38.84 
41.36 
40.41 
33.35 
36.10 
30.90 
34.76 
41.14 
42.62 
63.44 
52.84 
51.85 

192.77 

Cu 
nmoVg 

258.38 
255.75 
258.46 
139.63 
134.52 
88.78 
87.40 
63.26 
86.76 
50.73 
46.49 
30.58 
42.83 
38.61 
42.26 
39.57 
40.07 
26.14 
42.08 
33.03 
41.54 
34.12 
25.17 
64.94 
48.50 
42.03 
131.60 
33.69 
57.24 
53.02 
60.53 
20.92 
17.60 
22.40 
28.45 
66,60 
37.83 
30.16 
24.44 
14.56 
17.79 
17.73 
17.26 
17.67 
9.72 
8.11 
14.36 
11.08 
24.29 
14.72 
3.96 
32.47 
72.27 
53.57 

238.45 
78.82 
57.89 
38.58 
34.59 
28.23 
57.61 
61.08 
43.19 
50.30 
35.14 
13.97 
30.99 
8.71 
16.33 
17.83 
42.18 
213.48 

173.48 
155.12 
528.92 

Appmdi){S 

F. 
)lmol/g 

85.96 
80.43 
89.76 
62.40 
67.13 
83.66 
87.92 
93.11 
99.88 
86.44 
93.25 
64.95 
81.95 
70.94 
86.21 
79.96 
81.20 
84.06 
80.86 
79.13 
78.41 
87.20 
81.70 
71.16 
95.20 
83.74 
140.20 
73.28 
75.35 

102.71 
100.47 
79.69 
77.72 
75.21 
83.03 
111.68 
82.11 
80.98 
96.93 
77.69 
90.48 
77.61 
86.73 
70.91 
50.58 
56.61 
84.83 
68.96 
90.70 
101.29 
54.16 
137.62 
121.17 
135.20 
292.7! 
146.83 
148.09 
114.95 
121.88 
109.45 
124.04 
114.Q7 
115.38 
94.87 
107.10 
91.64 
73.08 
70.85 
71.02 
92.63 
126.57 
114.16 
127.50 
137.76 
556.21 

Mn 
)llnoVg 

16.90 
20.23 
19.11 
8.55 
7.29 
6.26 
6.34 
7.34 
8.09 
6.76 
12.21 
6.03 
6.64 
5.87 
6.95 
7.04 
6.80 
6.88 
7,07 
6.05 
6.77 
7.17 
6.77 
7.07 
6.97 
7.77 
15.23 
10.50 
8.94 
8.67 
9.37 
8.05 
7.20 
9.28 

20.87 
20,67 
8.20 
10.88 
10,37 
9.64 
10,81 
9.66 
11.20 
10.25 
6.40 
5.93 
12,81 
12,05 
12.09 
16.86 
10.69 
31.73 
3.12 
1.79 
4.47 
1.99 
2.53 
1.72 
1.97 
1.64 
1.63 
1.74 
2.07 
2.30 
2.17 
1.77 
1.66 
1.87 
1.47 
2.15 
1.99 
9.22 
5.72 
3.64 
1554 

Ni 
nmoV 
57.28 
39.61 
40.88 
27.71 
27.8& 
29.80 
30.11 
32.64 
30.66 
27.56 
30.27 
18.03 
23.07 
18.23 
23.91 
23.14 
22.30 
20.87 
22.14 
26.60 
21.65 
23.04 
19.42 
30.99 
29.82 
23.24 
74.51 
29.52 
31.51 
45.97 
39.28 
25.76 
27.76 
25.43 
26.05 
46.77 
33.95 
28.30 
30.98 
26.89 
30.22 
28.46 
28.58 
23.28 
16.25 
19.13 
25.86 
21.86 
26.52 
27.37 
22.71 
58.14 
44.59 
50.51 
147.37 
58.32 
52.49 
47.89 
45.77 
43.80 
58.35 
47.09 
49.58 
56.38 
48.54 
41.94 
75.68 
38.81 
91.86 
85.61 
79.41 
40.85 
44.70 
46.34 
167.51 

p 
mol/g 

7.44 
7.11 
7.30 
5.71 
5.73 
6.21 
6.80 
6.53 
7.72 
6.20 
5.91 
4.68 
7.13 
5.60 
7.98 
7.77 
7.00 
7.03 
7.42 
6.88 
7.84 
7.81 
7.40 
8.31 
8.13 
7.10 
8.49 
6.13 
5.89 
6.90 
7.50 
7.09 
7.33 
8.02 
7.68 
8.54 
7.18 
8.05 
8.31 
6.65 
7,63 
6.69 
7.39 
6.20 
4.47 
4.80 
7.00 
6.78 
7.89 
8.16 
5.59 
15.22 
19.00 
12.04 
31.80 
11.96 
16.58 
9.86 
11.23 
9.13 
9.43 
8.59 
9.87 
9.32 
10.67 
9.17 
12.59 
12.89 
1l.61 
16.78 
16.08 
7.38 
8.86 
8.78 
33.97 

Pb 
nmoVg 

165.72 
171.80 
181.33 
107.38 
124.13 
113.20 
116.79 
112.81 
116.21 
97.75 
121.05 
68.23 
75.31 
74.10 
80.65 
66.70 
74.04 
75.89 
76.83 
60.00 
77.02 
90.18 
76.43 
95.19 
91.79 
90.47 
88.90 
34.99 
36.87 
34.83 
44.87 
23.55 
24.00 
25.26 
29.11 
52.28 
33.71 
34.56 
28.20 
28.07 
26.70 
25.03 
28.45 
31.47 
16.60 
14.86 
24.70 
30.07 
36.20 
48.18 
31.20 
60.39 
52.06 
51.61 
123.60 
49.83 
60.64 
48.61 
52.22 
47.95 
54.23 
50.61 
49.49 
49.47 
61.67 
46,38 
55.28 
42.39 
52.41 
64.10 
63.31 
131.73 
108.14 
106.94 
403.89 

Zn 
nmoV 
1047.10 
917.74 
915.47 
635.92 
678.03 
752.12 
798.71 
784.83 
849.08 
678.38 
620.92 
370.87 
514.50 
422.53 
574.76 
415.57 
383.45 
346.20 
331.94 
287.49 
227.40 
322.53 
215.95 
216.06 
221.5] 
297.02 
564.89 
196.91 
210.64 
294.64 
173.28 
154.D3 
173.53 
193.06 
125.86 
257.24 
176.71 
161.12 
155.71 
147.22 
153.54 
151.13 
159.77 
137.97 
94.98 
109.52 
143.99 
115.26 
159.65 
151.07 
127.31 
302.36 
268.20 
302.25 
715.71 
328.81 
348.44 
298.68 
311.47 
296.42 
370.54 
312.06 
307.59 
330.72 
368.57 
290.19 
350.36 
308.27 
335.64 
334.92 
417.88 
406.48 
529.44 
577.50 
1938.97 
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Appendix 8 
Sediment core acid volatile sulphide (A VS) and simultaneously extracted metal (SEM) analytical results 

Core Depth to AI AVS Ca Cd Co Cu Fe Mn Ni P Pb Zn 
Nwnber em Ilmol/g DmoV IlmoJ!g pmol/g nmoJ! omoVg IlrnoJ!g J.UlloJ!g nmoJ! Ilmol/g nmol/g nmoJ/ 

1832 10 188.61 12901.36 99.23 717.86 92.03 173.19 285.50 7.71 68.96 17.29 189.68 1194.52 
1832 12 104.29 20834.09 52.60 384.77 46.77 89.88 157.82 4.05 51.33 8.96 103.73 588.23 
1832 14 82.13 19314.08 44.14 507.01 41.55 54.33 135.00 4.00 31.50 7.51 85.00 466.61 
1832 16 197.98 20000.00 86.91 803.61 80.36 178.72 276.48 8.70 82.16 15.57 162.27 1051.29 
1832 18 134.04 18000.00 74.46 691.07 56.82 91.46 197.56 5.69 52.43 11.27 120.89 1178.42 
1832 20 113.30 19000.00 52.74 405.39 44.99 115.20 156.60 3.43 35.87 8.30 100.61 630.10 
1832 24 86.95 15382.00 64.32 340.29 38.00 30Al 104.71 237 39.\3 g.81 63.46 688.75 
1832 28 123.81 24485.70 99.38 909.63 56.24 32.64 159.&4 3.48 215.48 10.45 96.32 2035.69 
1832 32 127.89 14416.33 72.61 3388.83 52.99 36.75 178.98 351 56.08 10.05 107.72 1419.65 
1832 36 105.16 11643.62 82.69 600.17 50.86 24.28 157.03 3.05 45.09 9.84 91.89 1652.21 
1832 40 109.27 22323.00 66.47 425.65 45.79 42.43 153.56 2.79 42.66 8.48 89.93 625.23 
1832 44 124.47 22236.97 72.52 547.71 54.53 37.38 179.90 3.02 51.16 9.63 112.02 841.04 
1832 48 78.37 10098.79 57.14 656.05 38.22 19.25 123.21 1.76 32.39 8.37 56.66 541.48 
1832 52 81.04 10451.71 6451 232.57 36.65 40.88 121.44 1.79 30.52 10.69 55.81 398.95 
1832 56 68.49 9475.63 93.91 351.24 32.28 13.86 100.75 1.60 27.44 9.23 45.33 714.27 
1832 60 73.79 11448.07 67.44 249.31 37.82 14.50 118.58 1.83 29.15 12.98 57.04 385.51 
1832 64 72.25 I3IlS.56 73.16 533.82 36.56 15.96 104.62 1.60 32.90 10.o? 55.32 632.17 
1832 68 77.52 11655.85 65.23 350.18 38.01 14.15 124.05 1.69 33.98 9.84 52.95 452.68 
1832 72 89.56 20974.65 100.63 368.44 45.77 -6.42 175.41 2.40 39.97 12.07 60.02 467.41 
1832 76 125.32 25666.94 96.90 981.62 55.ot 16.80 142.81 3.22 53.53 9.05 69.31 1320.27 
1832 80 94.44 17605.72 72.49 568.27 40.73 34.49 109.99 3.00 37.11 8.97 69.10 485.09 
1832 84 94.90 15856.57 71.03 701.99 41.64 29.68 105.41 2.71 35.91 9.68 69.08 490.38 
1832 88 77.57 16506.60 51.02 350.96 30.57 7.71 87.16 2.20 27.05 9.62 58.91 384.37 
1832 92 108.00 18088.57 11\.46 543.79 49.15 21.76 120.46 4.80 35.97 13.74 75.56 415.34 
1832 96 7&.05 15556.55 74.37 415.55 34.44 22.46 81.50 2.31 31.28 8.86 57.83 367.10 
1832 100 90.94 15599.92 80.92 469.96 40.05 16.19 95.66 2.76 28.47 9.59 64.98 420.20 
1832 104 103.74 11521.94 68.76 656.34 25.17 5.31 65.22 2.08 19.43 7.51 50.88 477.84 
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Appendix 9.1 
Dissolved metal concentrations in surface waters and pore waters 

from a shallow sediment core adjacent to DGT probe deployments in Ross Creek 
Depth * ASV determination **ICP detennination 

from to porosity pH Eh Cd* Co Cu* Fe** Mn** Ni Pb* S** Zn* 
cm cm mv nmol/l nmolll nmolll nmolll nmolll nmolll nmolll umollml nmolll 

surface water 8.2 5.9 n.d. 111 1074 728 n.d. 13 24 646 
0 2 0.73 7.1 -200 4.9 n.d. 59 5372 60612 n.d. n.d. 25 1589 
2 4 0.62 7.16 -420 2 n.d. n.d. 11459 28213 n.d. 23.2 26 1324 
4 6 0.65 7.11 -740 3.9 n.d. 283 4297 22570 n.d. 92.7 26 306 
6 8 0.64 7.15 -760 1 n.d. 87 2328 23662 n.d. 3.9 27 413 
8 10 0.65 7.45 -870 2.9 n.d. 44 4297 13469 n.d. S.7 24 n.d. 
10 12 0.66 7.46 -910 3.9 n.d. 70 1970 11285 n.d. 8.7 28 840 
12 14 0.67 7.36 -935 2 n.d. 55 1432 17474 n.d. 9.2 26 257 
14 16 0.63 7.33 -980 7.8 n.d. 37 537 10193 n.d. 2.9 27 488 
16 18 0.64 7.43 -920 2.9 n.d. 148 1432 11649 n.d. 89.8 26 526 
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Appendix 9.2 
Whole sediment strong acid soluble metals, organic carbon and carbonate carbon 

Depth from a shallow sediment core adjacent to DGT probe deployments in Ross Creek 
from to AI Ca CC Cd Co Cu Fe Mn Ni OC Pb p S Zn 
em em umol/g umollg umollg pmollg nmollg mnollg umol/g umollg nmollg umollg nmollg umollg umollg mnollg 

0 2 1620 179 89 4213 137 1209 476 9.11 252 1170 2042 3.5 178 7832 
2 4 1718 87 4 6915 175 1460 473 4.10 279 1015 1604 4.4 213 10559 
4 6 1982 78 117 8600 184 1650 513 3.95 302 1113 1616 5.7 211 12652 
6 8 1891 97 23 7044 186 1499 529 4.41 313 1063 1681 5.0 251 11403 
8 10 1739 98 28 6668 168 1309 530 4.14 243 1102 1589 4.5 314 10625 
10 12 1682 98 62 6327 165 1101 513 4.59 244 933 1617 3.8 261 9484 
12 14 1798 93 49 5972 158 1308 560 4.23 238 1074 1660 4.6 291 10179 
14 16 1616 100 54 6326 164 1131 504 4.42 232 1059 1610 4.0 298 9618 
16 18 1806 97 47 6155 160 1294 563 4.09 269 935 1610 4.5 316 10075 
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Appendix 9.3 
Simultaneously extracted metals (SEM) and acid volatile sulphide (A VS) 

Depth from a shallow sediment core adjacent to DGT probe deployments in Ross Creek 
from to AVS Al Ca Cd Co Cu Fe Mn Ni Pb Zn l:SEM :SEMIAVS 

em em umollg umol/g umol/g nmollg nmollg nmollg umollg umol/g nmollg nmol/g nmol/g umollg 
0 2 2.31 87 79 1.1 2.31 616 65 3.19 25 499 5771 6.91 3.0 
2 4 6.90 60 31 1.9 1.09 44 44 0.46 14 548 6006 6.62 1.0 
4 6 7.72 92 54 2.3 1.59 256 53 0.59 20 664 7616 8.56 1.1 
6 8 8.75 69 41 2.6 2.50 51 61 0.87 18 606 6673 7.35 0.8 
8 10 10.23 56 42 1.4 0.00 36 69 0.73 16 454 5395 5.90 0.6 
10 12 12.05 61 46 2.4 0.00 16 60 0.77 10 520 6080 6.63 0.6 
12 14 13.55 83 63 2.4 0.00 73 95 1.09 13 698 7999 8.79 0.6 
14 16 10.50 63 52 2.5 8.70 52 63 0.92 11 511 5922 6.51 0.6 
16 18 10.19 67 52 3.3 0.53 35 63 1.05 18 550 6633 7.24 0.7 
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Probe Sample Depth Depth 
# # em em 

I 
I 
2 
2 
2 
2 
2 

2 
2 
2 
2 

2 

2 
2 
2 
2 
2 
2 

2 
2 
2 
2 
2 

2 
2 
2 
2 
2 
3 
3 
3 
3 

501 7.5 6.5 
502 6.5 5.5 
503 5.5 4.5 
504 4.5 3.5 
505 3.5 2.5 
506 2.5 1.5 
507 1.5 0.5 
508 0.5 0 
509 0 -05 
510 -0.5 -I 
511 -I -1.5 
512 -1.5 -2 
513 -2 -2.5 
514 -2.5 -3 
515 -3 -3.5 
516 -3.5 -4 
517 -4 -4.5 
518 -4.5 -5 
519 -5 -5.5 
520 -5.5 -6 
521 -6 -6.:5 
522 ~.5 -7 
523 -7 -7.5 
524 -7.5 -8 
525 ..g -8.5 
526 ·8.5 -9 
527 -9 -10 
528 -10 -II 
529 -II -12 
530 -12 -13 
531 -13 -14 
532 -14 -15 
533 -15 -16 

534 -16 -17 
535 
536 
537 
538 
539 
540 
541 
542 
543 
544 
545 
546 
:547 
548 
549 
550 
551 
552 
553 
554 
555 
556 
557 
558 
559 

560 
561 
562 
563 
564 
565 
566 
567 
568 
569 
570 
571 
572 
573 
574 
575 
576 
577 
578 

-17 
-18 
-19 
7.5 
6.5 
5.5 
4.5 
3.5 
2.5 
1.5 
0.5 
o 

-0.5 
-I 

-1.5 
-2 

-2.5 
-3 

-3.5 
-4 

-4.5 
-5 

-5.5 
-6 

-6.5 

-7 
-7.5 

-8 
..g.5 
-9 

-10 
-II 
-12 

-13 
-14 
-15 
-16 

-17 
-IS 
-19 
7.5 
6.5 
5.5 
4.5 

-18 
-19 
-20 
6.5 
5.5 
4.5 
3.5 
2.5 
1.5 

0.5 
o 

-0.5 
-I 

-1.5 
-2 

-2.5 
-3 

-3.5 
-4 

-4.5 
-5 

-5.5 
-6 

-6.5 
-7 

-7.5 
-8 

-8.5 
-9 
-10 
-II 
-12 
-13 
-14 
-15 
-16 
-17 
-18 
-19 
-20 
6.5 
5.5 
4.5 
3.5 
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Cd 
pmoVcm2ih 

0.52 
0.46 
0.46 
0.44 
0.39 
0.42 
0.80 
0.94 
1.17 
0.61 
0.27 
0.33 

<M.D.L. 
<M.D. L. 

0.24 
0.20 

<M.D.L 
<M. D. L. 
<M.D. L. 
<M. D. L. 
<M. D. L. 
<M. D. L. 

0.196 
0.243 

<M.D.L. 
<M.D. L. 
<M. D. L. 

0.052 
0.060 
0.077 
0.065 
0.058 
0.060 
0.085 

<M.D.L. 
0.117 
0.052 
0.187 
0.402 
0.364 
0.443 
0.379 
0.440 
0.656 

<M.D.L. 
0.719 
1.348 
1.007 
0.872 
0.527 
0.182 

<M.D.L. 
<M.D.L. 
<M.D.L. 
<M.D.L. 

0.259 
<M.D.L. 
<M.D.L. 
<M.D.L. 
<M.D.L. 
<M.D.L. 
<M.D.L. 
<M.D.L. 
<M, D.L. 
<M. D.L. 
<M. D.L. 
<M.D.L. 
<M.D.L. 
<M.D.L. 
<M.D.L. 
<M.D.L. 
<M.D.L. 
<M.D.L. 
<M.D.L. 

0.137 
0.365 
0.350 
0.408 

Co 
pmollcm2ih 

0.58 
0.50 
0.61 
0.65 
0.62 
0.68 

<M.D. L. 
< M.D. L. 

2.94 
6.89 
5.54 
4.40 
2.98 
2.22 
3.69 
4.92 

<M. D. L. 
<M, D. L. 
<M. D. L. 
<M. D. L. 
<M. D. L. 
<M.D.L. 
<M. D. L. 
<M. D. L. 
<M.D.L. 
<M.D.L. 
<M.D. L. 

0.26 
0.24 
0.23 
0.28 
0.25 
0.29 
0.22 

<M.D. L. 
0.21 

<M. D. L. 
OAI 
0.62 
0.48 
0.43 
0.39 
0.46 
0.92 

<M. D. L. 
<M. D. L. 

2.73 
10.77 
16.87 
18.14 
10.35 
7.49 
9.95 
11.81 
9.04 
7,23 
17.94 
11.05 
6.88 

6.40 
5.07 

2.09 
3.15 
1.60 
2.00 
2.S5 
2.79 
1.90 
1.27 
1.01 
0.57 
0.45 
0.40 

< M. D. L. 
0.18 
0.58 
0.58 
0.67 

Cu Fe Mn 
pmoVcrn2lb pmoVcm2Ih pmoVcm21h 

9.62 < M. D. L. 263 
ll.46 
12.60 
8.89 
7.63 
6.99 
3.35 
3.64 
7.17 
6.55 

<M.D.L. 
<M.D.L. 
<M.D.L. 
<M. D. L. 
<M.D.L. 
<M.D.L. 
<M.D.L. 
<M.D.L. 
<M.D.L. 
<M.D.L. 

13.94 
0.00 
12.03 
6.48 

<M.D.L. 
<M.D.L. 

1.17 
3.04 
3.18 
6.33 
5.91 
5.10 
4.32 
5.04 

<M.D.L. 
10.41 
3.35 
12.97 
18.17 
14.95 
12.21 
13.95 
13.40 
0.00 
9.17 
27.73 
37.86 
21.41 
15.31 
9.44 
6.03 
2.78 
4.61 
4.37 
5.\3 
1.93 
5.74 
2.27 
2.SS 

2.63 
0.00 
2.08 
1.46 
5,48 
1.98 
2.78 
2.47 
2.59 
3.85 
3.83 
7.32 
4.65 
0.00 

13.40 
8.08 
24.43 
19.86 
21.95 

<M.D.L. 
<M.D.L. 
<M.D.L. 
<M.D.L. 
<M.D.L. 
<M.D.L. 
<M.D.L. 
<M.D.L. 
<M.D.L. 

1712 
2317 
2856 
2616 
856 
1403 
4578 
4159 
4193 
5453 
6626 
5594 
5831 
5751 
5800 
5660 
3U51 
3331 
2963 
2821 
3043 
2851 
220 
2118 

<M.D.L. 
2399 
1678 
3168 
790 
550 

<M.D.L. 
<M.D.L. 
<M.D.L. 
<M.D.L. 
<M.D.L. 
<M.D.L. 
<M.D.L. 
<M.D.L. 
< M. D. L. 

1210 
6908 
6401 
10257 
17171 
14096 
12285 
26631 
23659 
17348 
10268 
9221 

6252 
10465 
6742 
6209 
7573 
7627 
5913 
4379 
4756 
4427 
3678 
3436 

<M.D.L. 
<M.D.L. 
<M.D.L. 
<M.D.L. 
<M.D.L. 
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275 
256 
271 

284 
296 
558 
626 
1244 
1592 
1209 
1195 
1176 
1140 
1555 
1570 
1060 
871 
933 
1264 
1739 
1204 
!l02 
1508 
1692 
1609 
887 
847 
808 
931 
869 
873 
938 
929 

<M.D.L. 
761 
680 
1579 
234 
225 
219 
232 

266 
485 
26 
639 
1168 
1993 
2044 
3069 
2680 
1970 
2484 
2731 
2141 
1633 
4116 
3008 
2106 

1928 
2681 
1764 
2715 
1494 

<M.D.L. 
<M.D.L 
<M.D.L 
<M.D.L 
<M.D.L. 
< M. D. L. 

1546 
1183 
1276 
40 
77 
259 
245 
290 

Ni 
pmoVcrn2lb 

11.08 
12.14 
1232 

9.93 
7.82 
7.S1 
10.66 
9.80 
1 \.27 
6.34 
7.54 
5.71 
5.50 
3.62 
4.50 
3.93 
7.78 
1.63 
4.01 
5.15 
13.03 
6.83 
7.71 
5.34 
3.16 
4.60 
2.25 
2.78 
2.87 
3.53 
3.56 
3.82 
4.31 
4.19 

<M.D.L. 
3.62 
2.11 
8.83 
6.00 
7,57 
4,88 
5.14 
4.67 
7.34 

<M.D.L. 
5.10 
9.86 
6.23 
6.81 
7.59 
3.70 
6.62 
7.96 
9.97 
8.00 
7.25 
15.67 
In.99 
7.89 
6,38 
8.36 
2.96 
5.20 
2,73 
4.12 
2.85 
3.31 
2.97 
2.81 
3.40 
3.84 
3.44 
3.90 

<M.D.L. 
2.87 
6.84 
6.41 
6.28 

Pb 
pmoVcm2l1, 

1.02 
0.75 
0.70 
1.11 

0.66 
0.62 
1.39 
2.77 
4.70 
3.51 
3.87 
3.67 
3.32 
2.90 
3.09 
4.44 
2.74 
2.Q9 
1.92 
1.93 
3.39 
2.33 

2.19 
3.][ 
2.05 
1.70 
0.49 
0.56 
0.72 
0.82 
0.72 
0.62 
0.72 
0.68 

<M. D.L. 
0.66 
0.54 
1.67 
2.89 
1.59 
0.83 
0.81 
0.82 
1.20 
0.90 
16.82 
4.10 
4.41 
5.11 
4.84 
2.36 
1.0l 
1.49 
1.73 
1.54 
1.40 
3.34 
2.49 
1.69 
3.01 
2.65 
1.84 
1.84 
0.85 
0.80 
0.65 
0.73 
0.82 
0.74 
0.86 
0.84 
0.71 
0.79 
0.20 
0.43 
1.32 
0.88 
0.77 

Zn 
pmoVcm21h 

1173 
885 
708 
642 

497 
477 
826 
916 
1112 
679 
773 
646 
631 
456 
552 

573 
692 
585 
778 
539 
790 
483 
SOl 
595 
442 
474 
213 
254 
289 
337 
298 
270 

394 
349 

<M. D. L. 
311 
183 
667 
827 
636 
654 
598 
613 
957 

<M.D. L. 
1067 
1755 
1102 
1002 
1125 
902 
528 
709 
996 
865 
748 
1885 
1122 
789 
867 
1306 
790 
1016 
489 
457 
320 
356 
381 
353 
432 
449 
404 
434 

<M.D.L. 
IE2 
416 
382 
386 
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Appendix 10 
DGT probe deployment time (72h) averaged flux 

Probe Sample Depth Depth Cd CD en Fe Mn Ni Pb Zn 
# # em em pmoUcm2Ib pmollcm21h pmollcm21h pmollcm2lh pmollcm21h pmollcm2ib pmollcm21h pmol/cm21h 
3 579 3.5 2.5 <M.D.L. <M.D. L. <M.D.L. <M.D.L. 40 <M.D.L. 0.30 <M.D.L. 
3 580 2.5 1.5 0.379 0.65 19.39 <M.D.L. 299 5.71 0.83 287 
3 581 1.5 0.5 0.334 0.65 18.48 <M.D.L. 330 5.33 0.55 336 

582 0.5 0 0.357 0.71 16.47 <M.D.L. 348 5.15 0.56 315 
583 0 -0.5 0.814 0.00 19.48 <M.D.L. 1011 12.84 1.79 923 
584 -0.5 -I 0.739 2.11 17.70 <M. D. L. 1239 12.08 1.65 783 
585 -1 -1.5 0.272 1.44 7.96 <M.D.L. 829 5.25 0.83 354 
586 -1.5 -2 3.189 20.28 71.53 <M.D.L. 10216 74.15 8.07 4181 
587 -2 -2.5 0.283 3.74 8.46 <M. D.L. 1793 5.53 1.16 422 
588 -2.5 -3 <M.D.L. 7.28 4.08 4580 1992 7.71 1.87 589 
589 -3 -3.5 <M.D.L. 4.93 2.53 5336 1565 5.55 1.80 414 
590 -3.5 -4 <M.D.L. 5.66 8.31 11293 1688 4.34 1.63 396 
591 -4 -4.5 <M.D.L. 5.72 2.43 20192 1327 6.59 1.52 382 
592 -4.5 -5 <M.D.L. 3.84 3.03 17407 1171 6.09 1.38 377 
593 -5 -5.5 <M.D.L. 2.59 1.43 13921 1234 4.61 1.76 391 
594 -5.5 -6 <M.D.L. 1.18 1.36 12187 1340 4.19 128 272 
595 -6 -6.5 <M.D.L. <M.D. L. 4.76 13156 1746 4.37 4.28 323 
596 -6.5 -7 <M.D. L. <M. D. L. <M.D.L. 3864 449 <M. D. L. 0.75 62 
597 -7 -7.5 <M.D. L. 0.88 1.97 8813 1462 4.60 0.95 258 
598 -7.5 -8 <M. D. L. 1.04 2.49 IOl2S 1788 8.14 10.64 409 
599 -8 -8.5 <M. D. L. 4.57 7.86 31206 5579 14.54 3.73 875 
600 -8.5 -9 <M. D. L. 0.48 1.23 7893 1648 3.98 1.18 289 
601 -9 -10 < M. D. L. <M.D.L. 1.94 6157 1530 5.12 1.13 335 
602 -10 -11 <M. D. L. <M.D.L. 1.61 5971 1601 3.80 1.75 339 
603 -II ·12 <M.D.L. 0041 1.78 3535 876 1.81 0.38 149 
604 -12 ·13 <M.D.L. 0.31 3.17 3371 835 2.21 0.49 186 
605 -13 -14 <M. D. L. 0.21 2.23 3367 781 1.87 0.43 134 
606 -14 -15 <M.D. L. 0.51 2.77 3216 1107 1.69 0.39 158 
607 -15 -16 <M.D. L. <M.D. L. 3.66 3393 813 5.16 0.53 195 
608 -16 -17 <M.D. L. <M.D.L. 4.37 5368 1409 3.63 0.77 252 
609 ·17 -18 <M.D. L. <M. D. L. 3.98 3415 935 3.11 0.52 180 
610 -IS -19 <M.D. L. <M. D. L. 4.71 3106 961 3.30 0.52 198 
611 -19 -20 <M. D. L. <M. D. L. 6.61 3922 1309 4.77 1.10 363 
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