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Abstract

This work provides a landscape context and framework for the use of  regolith and 
vegetation in mineral exploration on Kangaroo Island, South Australia. Regolith 
field observations and the production of  a regolith–landform map have improved 
constraints on the ferricrete plateau formation and also on the landscape history of  
the Island. The ferricrete and ferruginous materials on Kangaroo Island have been 
found to be the result of  continous formation but have been largely in place since 
the Eocene. 

Through field observations, microanalysis and a large scale geochemical survey, the 
nature of  the ferruginous materials and the processes that form them have been 
examined. Ferrolysis and the movement of  groundwater have been interpreted to 
play major roles in the formation of  the ferruginous materials. These processes have 
a significant impact on the use of  the weathered materials for mineral exploration 
as economic and indicator elements are leached early in the weathering process. 
Ferruginous materials do contain the signature of  mineralisation over areas that 
contain known deposits, however, the apparent lack of  dispersion halos makes these 
materials difficult to use for a large scale geochemical survey for mineral exploration 
as target zones may be missed by low sampling densities. Despite this, the ferricrete 
materials can be useful for mineral exploration, as although potentially only 
providing small target areas, they do highlight areas of  mineralisation. Conversely, 
the underlying weathered bedrock potentially has less use for mineral exploration 
as the economic metals have been readily mobilised out of  the bedrock during the 
weathering processes on Kangaroo Island. 

The biogeochemical surveys were successful in highlighting areas of  mineralisation, 
and displayed a greater dispersion halo than observed in the ferruginous materials. 
The biogeochemical surveys also helped to provide further information into the 
processes occurring in the landscape. The eucalypts are interpreted to source 
groundwater from the weathering zone in the bedrock and effectively pick up 
elements as they are leached. While displaying a high degree of  variability, even over 
areas of  known mineralisation, this dataset was better suited to identifying signals 
of  mineralisation at a larger scale than the ferricrete. A limiting factor on the use 
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of  eucalypt for biogeochemical surveys is the occurrence of  systematic inter-
species variations. This makes large, regional scale surveys difficult, as there is a 
high possibility that there will not be a consistent vegetation species, resulting in a 
dataset in which different species need to be compared and potentially excluded in 
order to correctly identify meaningful anomalies. The xanthorrhoea, overall, was 
less successful in taking up elements of  interest, most likely due to its shallower root 
system, which is likely to tap into the already leached saprolite or groundwater that 
has only been recently recharged by meteoric water (diluting any chemical signature 
of  the underlying bedrock). 

This thesis has been able to demonstrate the potential usefulness as well as 
challenges associated with utilising ferricrete and vegetation for geochemical and 
biogeochemical sampling for mineral exploration. In doing so it has also furthered 
understanding of  the landscape evolution of  Kangaroo Island, building on previous 
work, and providing a basis for future landscape evolution studies and mineral 
exploration on the island. 
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Chapter 1 Introduction and thesis outline

1.1. Introduction 

The majority of  mineral resources exploited in Australia are sourced from basement 
terrains of  Palaeozoic age or older (Solomon and Groves, 2000). This basement geology 
is widely covered by younger sedimentary sequences and regolith. Regolith includes the 
in situ products of  weathering, transported sediments, concentrations of  various minerals 
due to the movement of  ground and surface waters and vegetation (Scott and Paine 2009). 
Regolith thickness can vary from meters to hundreds of  meters and presents challenges 
for observing and evaluating the nature of  buried bedrock geology. This is especially 
problematic for geochemical mineral exploration, as the chemical signatures of  ore deposits 
are typically modified or obscured by regolith processes and materials. Determining the 
likely expression of  the basement geochemistry through various aspects of  the landscape 
is important for mineral exploration, but is hampered by the dilution and concentration 
of  elements and minerals through weathering and the transport of  materials. In Australia, 
mineral exploration is complicated by these regolith processes and complications amplified 
by the significant thickness of  regolith and the age and extent of  reworking of  ancient land 
surfaces. 

Laterite and various iron-oxide indurated materials are common regolith components, with 
widespread global distribution (Figure 1.1). Induration and associated resistance to erosion 
of  these iron-rich materials means that they commonly form plateaux or mesas. This 
general resistance to erosion also means that once iron indurated materials have formed 
in the landscape they can be physically reworked and transported, particularly in the form 
of  detrital pisoliths. The processes and mechanisms by which the iron-indurated materials 
form has been subject to ongoing debate including, but not limited to, the following; (Aleva, 
1994; Anand and Paine 2002; Bourman, 1989a; 1989b; 1995; 1993b; Eggleton and Taylor, 
1998; Milnes et al., 1987; Ollier and Galloway, 1990; Paton and Williams, 1972; Schellmann, 
1994; Stephens, 1971b; Taylor et al., 1992; Twidale, 1983; Twidale and Bourne, 1998).  

Iron-indurated materials have been used as a sampling medium for mineral exploration 
for decades. They are thought to be favourable because of  adsorption of  trace metals and 
their widespread distribution. Their utilisation for mineral exploration has added to the 
need to understand the formation of  laterite profiles and ferricretes and the geochemical 
signatures that they contain. One of  the primary aims of  this project is to use the widespread 
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ferricrete plateau on Kangaroo Island as a case study area to assess the use of  iron-indurated 
materials for mineral exploration. Kangaroo Island contains known mineral systems and 
a well-defined bedrock geology, allowing for the formation of  ferruginous materials to be 
considered in the wider landscape evolution. This chapter provides an introduction to the 
nomenclature and current theories on the formation of  iron-indurated materials, as well as 
a summary of  the landscape of  Kangaroo Island. 

1.2.	 Iron-indurated	materials;	Ferricrete	and	Laterite	Definitions

The exact definitions of  the terms laterite, laterite profile and ferricrete vary depending on 
the author and their background. Laterite as a term was originally used by Buchanan (1807) 
in India to describe a particular iron-rich building material that hardened when exposed to 
air. Since that point laterite has been used to describe many different materials, as well as 
the profiles from which they originate (Aleva, 1994; Anand, 2002; Bourman, 1989, 1995, 
1993b; Bourman and Conacher, 1998; Bourman and Ollier, 2002; Cornelius et al., 2006, 
2008; Eggleton and Taylor, 1998; Farmer and Milnes, 1990; Milnes et al., 1987; Ollier and 
Galloway, 1990; Paton and Williams, 1972; Schellmann, 1994; Stephens, 1971b; Taylor et 
al., 1992; Twidale, 1983; Twidale and Bourne, 1998). As a result of  geochemical research in 
the 1980s and 1990s there is some agreement on the structure of  a ‘laterite profile’, which 

Figure 1.1: Map of  the global distribution of  laterite, which is marked in red, and Ni - Co laterite deposits 
are highlighted by the blue squares; modified after Stephens (1971a); Berger (2011) & Lima da Costa 
(1993). 



23

Chapter 1 Introduction and thesis outline

comprises of  a weathered bedrock or saprolite zone, pallid zone, mottled zone and iron 
enriched zone (Figure 1.2; Anand and Butt, 2010; Bourman, 1989, 1993b; Milnes et al., 
1985; Ollier and Galloway, 1990). Ferricrete is now preferred as a general term to describe 
regolith material indurated by iron oxide, as it does not contain the many connotations 
of  laterite. As a consequence, while the term laterite has been used in previous research 
conducted on Kangaroo Island, ferricrete or ferruginous materials are the terms used in 
this thesis to describe any iron stained or iron-indurated product on Kangaroo Island.

1.2.1.	 	 The	‘laterite’	profile

The traditional ‘laterite’ profile includes a zone of  weathered bedrock, saprolite, a pallid 
zone, a mottled zone and an iron enriched zone, which if  occurring at the land surface, 
has generally been hardened due to exposure to air (Figure 1.2). Formation of  ferruginous 
materials in a profile was mostly considered to be the result of  chemical weathering in 
tropical conditions or climates (Bourman, 1993b; Meshram and Randive, 2011; Nash and 
McLaren, 2011). These conditions are generally thought to be favourable for ferricrete 
formation due to subdued topography, which limits erosion, the leaching of  bases and silica 
in the upper part of  the profile and a fluctuating water table resulting in alternating oxidising 
and reducing conditions. Upward capillary movement of  iron compounds allows for the 
concentration and hardening at the top of  the profile, which forms the typical cap or crust 
of  ferricrete (Bourman, 2007). However, it has been shown that ferricrete formation is not 
always restricted to tropical conditions (Alley, 1977; Eggleton and Taylor, 1998; Milnes et 
al., 1985; Paton and Williams, 1972; Sevin et al., 2012; Taylor et al., 1992), and in the case 
of  weathering profiles subjected to continual exposure, regardless of  a steady or changing 
climate (Hunt et al., 1977), there are obvious difficulties in assigning one specific climate 
regime to the formation of  ferricrete.  

Many surficial ferricrete deposits do not appear to be monogenetically related to the 
underlying bedrock (Bourman, 2007) and may contain significant amounts of  transported 
materials. Aleva (1994) suggested that very few ferricrete accumulations are entirely in situ or 
transported, but represent varying mixtures of  the two. Bourman (1993b) has suggested that 
ferricrete deposits are the result of  a variable lateral transport of  materials, either physically 
or in solution, with weathering superimposed upon this. The best case for in situ processes 
can be made for mottled or bleached saprolite zones if  they contain preserved textures 
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of  the original rock but even in these materials there is likely to be local redistribution, 
weathering and evacuation of  minerals associated with these processes (Bourman, 2007).

 1.2.2.  Models for evolution and formation of  ferricrete

There is a great deal of  debate regarding the appropriate nomenclature for describing  
ferruginous materials and the processes of  their formation. What follows is by no means an 
exhaustive, or overly comprehensive, summary of  the various models for the evolution and 
formation of  ferruginous materials. Rather, it is a summary of  the models and hypotheses 
that are applicable to the Australian landscape, and the study of  Kangaroo Island in 
particular, relying heavily on the works of  Eggleton and Taylor (1998), Anand (2002) and 
Bourman (1993a, 1995). 

Figure 1.2: Schematic laterite/ferricrete profile and comparison of  common nomenclature for the 
different components. Modified after Anand (2002). 
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Eggleton & Taylor (1998) reviewed a number of  theories for the formation of  ferruginous 
material predominately through in situ weathering, most which fall within three broad 
categories, which are detailed below. The schemes of  Anand (2002) and  Bourman (1993a) 
relate to specific types of  ferricretes forming in different environments and provide greater 
detail than Eggleton & Taylor (1998). 

The first model reviewed by Eggleton and Taylor (1998) is that of  ferricrete development 
beneath a large, flat lying surface with a seasonally wet climate. Examples of  locations 
where ferricrete has formed under these conditions include Northern Cape York, where 
there is an area of  iron enrichment, and an associated aluminium enrichment, forming a 
bauxite layer. There is an increase in iron and decrease in silica moving up the profile. This 
model allows for the formation of  mesas and caps, if  the area were to be incised and the 
bauxite eroded. 

The second model allows for the deep weathering of  flat lying rocks, with the development 
of  a localised ferricrete shell through the lateral migration of  iron in groundwater and the 
precipitation of  iron, as well as other elements such as aluminium, when it reaches the 
surface. There are numerous examples of  this from the Charters Towers region of  north 
Queensland (Eggleton and Taylor, 1998). Rather than forming an extensive duricrust, the 
ferricrete forms in localised areas, particularly at zones of  groundwater discharge. 

The third model is the development of  ferricrete as part of  a hill slope soil profile. The 
erosion of  bedrock leaves behind the ferricrete as the hardest part of  the profile, thereby 
leading to relief  inversion. This is typical of  some stream systems, where ferruginised 
stream sediments overlie slightly weathered bedrock and this alluvium is cemented through 
the precipitation of  Fe2+ in the groundwater seepage. 

Anand’s (2002) scheme includes the formation of  specific types of  pisolith ferricretes 
within three different environments. Pisoliths that are formed in soil are homogenous, 
compound and concentric, formed by replacement or cementation of  soil or sediments by 
iron oxides. Pisoliths formed from saprolite are lithic, may contain preserved rock fabrics 
and are dominated by goethite, hematite and kaolinite. The third scenario is the formation 
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of  concentric pisoliths in sub-aqueous environments, such as valleys, which have various 
cores typically surrounded by goethite cutans. 

Bourman’s (1989, 1993a, 1993b, 1995) work on ferruginous materials centres in southern 
Australia is perhaps the most relevant to this study, therefore the classification system 
employed by Bourman is used herein. Ferruginous materials are broadly classified into 
two categories, ‘simple’ or in situ and ‘complex’ or reworked. Simple materials include 
ferruginised bedrock or sediments, where the parent material is identifiable through the 
preservation of  bedrock structures or non-weathered minerals. The formation of  these 
simple ferricretes is suggested to be through local lateral iron enrichment via solution. The 
other broad classification is the ‘complex’  or reworked ferricretes, where a single parent 
material cannot be assigned, and includes pisoliths, nodular and vermiform ferricretes. The 
formation of  these are varied and complex, and will be discussed further in later chapters. 

1.3. Kangaroo Island: A case study of  ferricrete formation

Kangaroo Island was chosen as a case study in order to examine the processes related to 
ferricrete and iron-indurated formation, and its use as a geochemical exploration tool. The 
landscape of  Kangaroo Island is dominated by a dissected ferrigenous plateau, overlying 
a relatively homogenous bedrock geology, of  the metasedimentary rocks of  the Cambrian 
Kanmantoo Group. This combination of  widespread ferruginous regolith, relatively 
homogenous underlying metasedimentary bedrock and the known mineralised zones 
makes Kangaroo Island is an excellent natural laboratory to address the formation and 
remobilisation of  ferricrete and ferruginous materials and the constraints upon their use 
for mineral exploration. The use of  biogeochemical datasets allows for the geochemical 
signatures in differing levels of  the weathering profile to be assesed, and what effect the 
landscape has on these sampling media. 

1.3.1.  Location and background 

Kangaroo Island lies 17 km offshore of  the Australian mainland in the southern end of  the 
Gulf  St Vincent, South Australia (Figure 1.3). It has an area of  approximately 4 400 km2, 
is 100 km east-west and about 50 km north-south. Kangaroo Island was first charted by 
Europeans in 1803 on Matthew Flinders’ Investigator voyage (Cooper, 1953) and it was the 
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original site of  European settlement in South Australia in 1836 (Davies, 2002). Evidence of  
Aboriginal inhabitants dates back at least 12 000 years (Davies, 2002), with spearheads and 
other tools found at Murray Lagoon. At the time of  European discovery, no Indigenous 
people were recorded as inhabiting the island (Cooper, 1953).

1.3.1.1. Climate 

The climate of  Kangaroo Island is dominated by the westerly weather systems that affect 
the majority of  southern Australia. The northern coast of  the island is protected by the 
Gulf  St Vincent, which results in milder conditions and warmer ocean temperatures than 
the southern coast, where the next landfall is Antarctica. The northwest area of  the island 
receives significantly more rainfall (up to 900 mm/year) than the area to the southeast 
(~ 400 mm/year; Davies, 2002). The rainfall difference is due in part to the 200 metre 
change in elevation between the north and the south of  the island, as well as the weather 
systems being predominately from the west. Mean temperatures in Kingscote (the main 
town on the island) range from 15 °C (minimum) to 23 °C (maximum) in January, while July 
temperatures range from 8 °C to 15 °C.

1.3.1.2. Vegetation

The island has two major and distinct vegetation community types which are predominantly 
controlled by soil type. The limestone and carbonate based soils of  the Dudley Peninsula 
are dominated by the Kangaroo Island narrow leaf  mallee (Eucalyptus cneorifolia) and 
other mallee scrub vegetation, as are the low lying coastal regions along the south coast. 
The ferruginous soils tend to host eucalypt woodland, which can be dense along alluvial 
channels, dominated by cup gums (Eucalyptus cosmophylla), stringybarks (Eucalyptus baxteri) 
and messmate stringybarks (Eucalyptus obliqua). 

1.3.1.3. Land use

Kangaroo Island is divided into three main land use areas: agricultural for both pastoral 
and cropping; plantations of  both pines and hardwoods (eucalypts); and native vegetation. 
Approximately one third of  the Island is within National Parks, much of  which has not 
been cleared and is dominated by mallee shrubland. Although Kangaroo Island was settled 
by European inhabitants in the late 1800s, land clearance only began to have a significant 
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impact on the native vegetation in the 1940s through an increased number of  inhabitants 
and farming as a result of  post-World War II ‘soldier-settlement’ schemes. As such, the 
predominant land use on the island is for pasture and cropping. Within the last decade there 
has been an increase in the number of  tree plantations on the island, with the Pinus radiata 
and eucalypts (e.g. Tasmanian Blue Gums) being the primary plantation crops.

1.3.2.  Geological Setting 

1.3.2.1. Mesoproterozoic – Neoproterozoic 

The oldest exposed rock units on Kangaroo Island are the Neoproterozoic Taracowie 
Siltstone, Tapley Hill Formation, Sturt Tillite and Sandison Subgroup (Fairclough, 2008). 
These units are part of  a small regional anticline from the Neoproterozoic Adelaide 
Geosyncline on the Dudley Peninsula (Belperio, 1992; Daily and Milnes, 1972).  

1.3.2.2. Cambrian

The main bedrock types of  Kangaroo Island are Cambrian metasedimentary rocks of  the 
Kangaroo Island Group to the north and the Kanmantoo Group to the south (Figure 1.3; 
Belperio, 1995; Flottmann, 1995). The boundary for these units broadly follows the Cygnet–
Snelling Fault Zone, suggesting that this structure was also active in the Cambrian (Belperio, 
1992; Flottmann, 1995). The Kangaroo Island Group is characterised by platform marine 
sediments and is up to 2 km thick (Daily et al., 1980; Flottmann, 1995). The Kanmantoo 
Group includes 7–8 km of  alternating sandy and silty sediments interpreted to have been 
deposited as turbidites in a shelf  setting and continues onto the mainland in an arcuate belt 
(Flottmann, 1995; Haines et al., 2001). The Kanmantoo Group underwent amphibolite 
to lower granulite facies metamorphism during the Delamerian Orogeny. Localised 
migmatisation occurred around granitoid intrusions during the late Delamerian Orogeny 
(ca. 500 Ma; Foden et al., 2002; Haines and Flöttmann, 1998). There are various models for 
the tectonic environment in which the Kanmantoo Group was deposited (Boger and Miller, 
2004; Haines et al., 2001). Recent detrital zircon studies suggest that the likely provenance 
of  the sediments is the Ross Orogen in Antarctica (Boger and Miller, 2004; Haines et al., 
2001; Ireland et al., 1998), rather than the Gawler Craton as previously suggested (Belperio, 
1992). In contrast, clasts of  Gawler Range Volcanics in the Kangaroo Island Group indicate 
that it is likely to have been sourced, at least in part, from the Gawler Craton (Daily et al., 
1980; Flottmann, 1995).
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Figure 1.3: Simplified geology map of  Kangaroo Island, South Australia, showing the major units and structural 
controls of  the island. Major places names mentioned in the geological background are also included (Belperio 
1993; Fairclough 2008).   
Inset: Location map of  the locality of  Kangaroo Island within Australia.
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1.3.2.3. Permian

The next youngest preserved and exposed rock units are Permian in age, at which time 
much of  the eastern half  of  the Island was glaciated as part of  the Troubridge Basin. 
Backstairs Passage, which now separates Kangaroo Island from the Fleurieu Peninsula, 
is thought to be a remnant glacial valley, along with glacial landforms also interpreted at 
Pelican Lagoon and Christmas Cove (Belperio, 1995; Bourman and Alley, 1999). The Cape 
Jervis Formation occurs on the Dudley Peninsula at Christmas Cove in Penneshaw, with 
glacial striae also at Boxing Bay and Smith Bay near Kingscote (Bourman and Alley, 1999). 
The Cape Jervis Formation also occurs on the main part of  the island around Kingscote, 
preserved as oxidised sediments under the Jurassic-aged Wisanger Basalts. The direction 
of  movement of  the glaciation has been determined to be north-northwest from striae 
measurements (Bourman and Alley, 1999). 

1.3.2.4. Mesozoic 

The Jurassic-aged Wisanger Basalts crop out in the northeastern part of  the Island. These 
tholeiitic basalts are associated with the rifting of  Gondwana and the separation of  Australia 
from Antarctica (Milnes et al., 1982). The Wisanger Basalts crop out near Kingscote and 
overlie Permian sediments, forming the small plateaux of  the Wisanger Hills. The basalts 
are characterised by hexagonal columnar jointing (Drexel, 1995; Milnes et al., 1982) and are 
remarkably unweathered. 

1.3.2.5. Cenozoic 

During the Tertiary, Kangaroo Island was on the edge of  three basins: the St Vincent, 
Murray and Eucla basins (Drexel, 1995). The Kingscote Limestone was deposited during 
the Eocene to Oligocene in a shallow marine environment, suggested to be distant from 
fluvial influence (Milnes et al., 1983). Miocene marine sediments are represented on the 
southern portion of  the Island, most notably the Mount Taylor and Mount Stockdale 
areas to the southwest (Milnes et al., 1983). These sediments were likely to have been 
more aerially exposed, suggested by their presence as reworked clasts in younger aeolian 
calcarenites (Milnes et al., 1983). Marine sediments from the Pliocene are dominated by 
fossiliferous limestones at lower landscape levels than the Miocene sediments. Pleistocene 
marine sediments are confined to the lowland area following the current coastline (Milnes 
et al., 1983) with the Pleistocene Ochre Cove Formation forming the dominant landscape 
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feature of  Redbanks, on the southern side of  Nepean Bay (Pillans and Bourman, 2001). The 
majority of  sediments are most likely to have been eroded from areas south of  the Cygnet 
Fault, which was active at the time and would have had similar uplift to that experienced 
along the Mt Lofty Ranges (Tokarev et al., 1999). Holocene sediments are found in the low 
lying bay areas, such as Nepean Bay, Antechamber Bay and the Bay of  Shoals (Milnes et al., 
1983).  

1.3.3.  Landscape and regolith of  Kangaroo Island 

The landscape of  Kangaroo Island is dominated by the ferricrete plateau (Figure 1.3). 
The relationship between the regolith materials and the landscape of  the Island was first 
explored by Bauer (1959), who built on the earlier soil division work by Northcote (1946, 
1948). This work is included in the later study on the Cenozoic marine sediments by Milnes 
et al. (1983). Research on the ferricrete has been conducted in three main stages, by Daily 
and Twidale (1974), Bourman (1989) and followed by Bourman and Pillans (1999) with 
their palaeomagnetic work on the stratigraphic section at Redbanks. 

None of  the previous studies on Kangaroo Island have been able to provide a conclusive 
age of  the ferricrete plateau that covers much of  the island. Daily et al. (1974) suggested 
that the age of  the ferricrete plateau was older than the Middle Jurassic but younger than 
the Early Permian, based on stratigraphic, geomorphological and radiometric evidence, 
with a distinction made between the ferruginised Permian sediments and the ferricrete 
surface. Climate evidence on a regional scale indicates that Australia experienced tropical to 
subtropical conditions during the Mesozoic, specifically the Triassic, which would support 
the formation of  the ferricrete during this period (Daily et al., 1974; Twidale, 1983). 
However, as previously mentioned, a tropical climate is not necessary for the formation of  
ferricrete (Taylor et al., 1992). 

Bourman and Pillans (1997) conducted magnetostratigraphic research on a profile at 
Redbanks, where they concluded that the age of  ferruginisation was 72 ka. However the 
Redbanks profile is not part of  the main ferricrete plateau and is thought to be comprised of  
much younger sediments that post-date the movement of  the Cygnet–Snelling Fault (Pillans 
and Bourman, 2001). As a consequence these sediments do not provide the opportunity to 
constrain ferruginisation processes older than this. 
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Further work has been conducted by Bourman around Kangaroo Island and several 
other localities within the Fleurieu Peninsula, where deep weathering profiles have been 
identified (Bourman, 2007). Specifically, an area in the vicinity of  Willunga Hill has been 
used to demonstrate that many of  the exposed features are the result of  modifications 
and developments under environmental conditions similar to those of  the present. This 
is an alternative to the view that  tropical conditions are needed  for the formation of  
ferricrete (Bourman, 2007). Therefore the age and processes of  formation of  the ferricrete 
on Kangaroo Island remain uncertain. 

1.4. Thesis outline 

This thesis aims to determine whether the use of  geochemistry and biogeochemistry 
can better characterise the landscape system and processes that operate within it. These 
processes are then examined in relation to the possible use of  ferruginous material and 
vegetation for mineral exploration. The ferruginous materials will be examined at a micro 
scale, to identify the petrological setting of  the geochemical anomalies that might occur.

The indurated iron oxide materials observed in this study will be all referred to as ferruginous 
materials or ferricrete. This includes all of  the iron stained and indurated materials in the 
regolith, in which iron oxides are visible as an orange to red colouration. These materials 
can range from slightly oxidised clays of  a few percent iron to hardened hematite rich 
materials containing over 50% iron. In some locations, a near complete ‘laterite’ profile has 
been observed from bedrock through saprolite, mottled and pallid zones and a pisolithic 
cap.  The sampling conducted herein focuses on the ferruginous materials that are present at 
the surface on Kangaroo Island, as the surficial materials present the most effective means 
of  producing a first pass dataset for a geochemical survey. Sampling surficial material also 
allowed for a greater range of  ferruginous materials to be collected and the processes that 
are involved in ferricrete formation to be more fully examined.  These aspects all allow 
the ferruginous materials to be examined for their usefulness as a medium for mineral 
exploration. 
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This thesis comprises of  six chapters. 

Chapter 1 (this chapter) provides a background on the study area of  Kangaroo Island, a 
brief  background to the study of  ferricretes and iron-indurated materials and introduces 
the aims of  this thesis. 

Chapter 2 is a synthesis of  the current knowledge of  the geology and the landscape evolution 
of  Kangaroo Island. This is supplemented by new observations and a regolith map for the 
island. The classifications, morphology and landscape setting for the various ferricretes are 
also discussed in this context, as well as a model for the formation of  ferricretes within the 
context of  Cenozoic tectonics and landscape evolution. 

Chapter 3 presents petrography and microanalysis, including electron microprobe imagery 
of  the ferruginous materials sampled. Examining the physical evidence presented at 
the microscale allows a better understanding of  the chemical processes that formed the 
ferruginous materials. This information can be used to determine the suitability of  the 
ferruginous materials as a sample media for mineral exploration through cover.  

Chapter 4 details the regional scale geochemical survey of  the ferruginous materials. This 
chapter uses geochemistry to examine the formation of  the ferricretes and ferruginous 
materials, as well as assessing their suitability as a sampling medium for mineral exploration 
through cover. 

Chapter 5 contains biogeochemical surveys that were conducted on Kangaroo Island, using 
several eucalypt species and xanthorrhoea, or grass trees. These biogeochemical surveys 
were conducted to gain a better understanding of  expression of  the system through the 
vegetation, as well as to further test the biogeochemical method in relation to its use for 
mineral exploration.  

Chapter 6 is a concluding chapter brings together these large scale datasets and discusses 
them in context and relation to each other and the wider landscape evolution of  Kangaroo 
Island.  The utilisation of  different sampling media for mineral exploration is also discussed. 





Chapter 2 

Landscape and Regolith Evolution of  
Kangaroo Island 



                



 

 Foreword  

As outlined in Chapter 1, there has been a significant amount of  work conducted 

on various aspects of  the geology and the landscape of  Kangaroo Island (Figure 

2.1). However, much of  this work has addressed specific aspects of  the regolith and 

geology rather than considering them in part of  a wider regolith–landscape evolution 

context for the region. This chapter aims to address this, first, by compiling and 

integrating much of  the previous work, as well as new observations, into a regolith–

landform map (Figure 2.2). The regolith–landform map is then used as the basis 

for an investigation into the influence of  major controls on the evolution of  the 

landscape, such as bedrock lithology, tectonics, eustacy and climate. Understanding 

the effect and influence of  these controls will allow for a better understanding of  the 

processes that form the associated regolith materials in the landscape, as well as the 

ongoing nature of  these processes. 
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2.1. Introduction 

The formation and evolution of  a landscape is the result of  a number of  different factors, 

including tectonics, climate, eustatic changes and the starting materials that the landscape 

surface is formed from (Bishop, 2007; Butt and Bristow, 2013; Ollier, 1995; Paton and 

Williams, 1972; Phillips, 2005; Tucker and Hancock, 2010; Wilford and Thomas, 2013). In 

cases where landscape systems have experienced long term aridity and tectonic quiescence, 

the evolution of  the landscape has often been thought to be relatively simple. The formation 

of  regolith materials has been considered to be largely controlled by only a select number of  

factors (Twidale, 1976, 1983, 1998). In recent years, further investigation into the regolith 

of  these tectonically quiescent areas has revealed that the evolution of  the landscape is 

often more complex, reflecting the control of  many factors (Butt and Bristow, 2013; Gale, 

1992; Ollier, 1995; Wilford and Thomas, 2013). Australian landscapes, in particular, tend to 

be subject to the view that the formation of  the landscape, and the formation of  ferricretes 

in particular, are the result of  relatively slow moving processes (Daily et al., 1974; Twidale, 

1976, 1983). Kangaroo Island forms an excellent case study for the formation of  complex 

ferricretes and the influence of  different factors on landscape evolution. 

The ferricretes on Kangaroo Island have long been the topic of  debate with uncertainties 

about their protolith and timing and characteristics of  formation  (Bourman, 1989, 

1993b, 2007; Daily et al., 1974; Milnes et al., 1985; Twidale, 1983). Investigations into the 

ferricretes can be advanced through the integration of  neo-tectonics, landscape processes, 

field relationships, surfice geochemistry and microanalysis of  the materials. Understanding 

the formation of  the ferricretes and its interaction with the landscape is important due to 

its potential as a sampling medium for mineral exploration. This chapter integrates new 

information with previous studies to expand upon the impact of  landscape processes 

and evolution on the formation of  the ferricrete on Kangaroo Island. This provides a 

framework for subsequent microanalysis, geochemical and biogeochemical surveys. 
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2.2. Geological Background 

The geology on Kangaroo Island ranges from Neoproterozoic through to modern day 

sediments, including ferricretes and carbonates. These are as follows, and the relationships 

of  the various units to the wider region are highlighted in the time–space plot in Figure 1. 

2.2.1.  Neoproterozoic & Cambrian 

The two main basement rock packages on Kangaroo Island are the Kanmantoo Group and 

Kangaroo Island Group. These are Cambrian metasedimentary rock packages interpreted 

as having being deposited in a deep marine setting (Kanmantoo Group) which transitioned 

into the shallow water sequence, Kangaroo Island Group  (Daily et al., 1980; Flottmann 

et al., 1998; Haines et al., 2001; Jago et al., 2003). A small section of  the Neoproterozoic 

Adelaidean is exposed on the Dudley Peninsula, on the northeast coast of  the island. This 

includes the Taracowie Siltstone, the Tapleys Hill Formation, Sturt Tillite and Sandison 

Subgroup (Fairclough, 2008). 

The Kangaroo Island Group consists of  fine grained sandstones deposited intertidally with 

alluvial layers of  coarse grained sandstone and conglomerate (Daily et al., 1980; Flottmann, 

1995). The pre-weathering mineralogy of  the Kangaroo Island Group changes slightly with 

differing facies within the unit. The conglomerate of  the Boxing Bay Formation is rich 

in gneissic and granitic clasts whereas the White Point Formation conglomerate contains 

carbonate-rich clasts (Daily et al., 1980). Sandstones throughout the group generally have 

abundant feldspar, mica and quartz. The Kangaroo Island Group is interpreted to be 

sourced from the neighbouring Gawler Craton, due to the degree of  clast rounding, the 

lithologies present in the conglomerates and the palaeocurrent reconstructions within the 

finer grained facies (Daily et al., 1980). 

The Kanmantoo Group comprises 8 units and is characterised by interbedded meta- 

sandstones, siltstones and mudstones (Daily and Milnes, 1973; Jago et al., 2003). They are 



41

Chapter 2 Landscape and Regolith Evolution of Kangaroo Island

Figure 2.1: Time–space plot for Kangaroo Island and the adjacent regional area, with a global sea level 
curve adapted from Haq (1988); Haq and Schutter (2008). Geological information from: Belperio (1995a) 
Bourman and Alley (1999); Bourman et al. (2007, 2010a, 2010b); Flottmann (1995, 1998); Flöttmann and 
Cockshell (1996); Haines and Flöttmann (1998) and Milnes et al. (1983).
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typically highly micaceous and contain fine grained quartz and feldspar, with proportions 

varying between the 8 units. Some units are dominated by metasiltstones, such as the Tallisker 

Formation, while the Balquhidder Formation includes metasiltstones, metasandstones 

and conglomerate facies (Daily and Milnes, 1973; Jago et al., 2003). The pre-weathering 

mineralogy of  the Kanmantoo Group meta-siltstones and meta-sandstones is quartz + 

plagioclase + bitotite + muscovite ± calcite ± chlorite ± garnet ± epidote (Daily and Milnes, 

1973; Jago et al., 2003). Actinolite, diopsite and epidote also occur as secondary minerals in 

the phyllite and calc-silicate layers in some formations (Daily and Milnes, 1973; Jago et al., 

2003).  

Exposure of  the Kangaroo Island Group away from the coast is limited, but areas that 

are exposed are weathered in a similar manner to the Kanmantoo Group. This includes 

formation of  kaolinite from feldspars and the formation of  ferricretes at the top of  profiles. 

The dominant landscape process acting upon the Kanmantoo Group along the coastline is 

erosion, with little opportunity for the development or preservation of  a weathering profile. 

Inland, the basement rocks mostly occur in a moderately to highly weathered state (Table 

2.1). In alluvial channels where erosion rates are high the basement rocks are only slightly 

weathered (Table 2.1). The weathered products of  both the Kanmantoo and Kangaroo 

Island Groups can be distinguished from other weathered rock packages on the island by 

the abundance of  micas within the weathering products. 

Exposures of  granitic intrusions from the Cambrian (Foden et al., 2002) are concentrated 

around the southern coastal areas, and have been eroded to form castle koppie with tafoni 

on large radius domes (Twidale, 1981). This is exemplified at the Remarkable Rocks, within 

the Flinders Chase National Park. The granites are both I– and S–type with slightly different 

mineralogy.  I–type granites are typically biotite- and/or hornblende-bearing and in many 

cases are titanite-bearing, plagioclase-rich diorite, tonalite, granodiorite and granite (Foden 

et al., 2002). The S–types are biotite-rich, muscovite-bearing without hornblende, and range 
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Field Criteria Alteration assemblage/composition

Unweathered Having no visible signs of  weathering None

Slightly 
Weathered

Core-stones, if  present, are interlocked; 
few micro fractures; is easily broken 
with a hammer. Sediments have traces 
of  weathering on the surfaces on 
sedimentary particles. Some clay or 
iron oxides may be present, filling voids 
between coarse particles

Weak iron staining; slight weathering 
of  feldspars. Primary minerals very 
prominent; some smectite and minor 
goethite may be present. Ca, Mg, Na 
appreciably depleted; K, Si show slight 
depletion.

Moderately 
Weathered

Marked iron stained common; up to 
50% secondary minerals; core stones 
rectangular and interlocked. Larger 
particles have a thick weathering skin. 
Can be broken by a kick (with boots on), 
but not by hand.   

Most feldspars in larger particles are 
weathers. Most alkalis and alkaline earths 
have been lost. Primary minerals still 
dominant, with smectite, kaolin ± iron 
oxides and oxyhydroxides present.

Highly 
Weathered

Strong iron staining, and more than 50% 
secondary minerals; core-stones are free 
and rounded, and there are numerous 
micro fractures. This material can be 
broken apart by hand with difficulty.

Nearly all feldspars in larger particles 
are weathered. Appreciable silica has 
been lost; mineralogy includes kaolin 
± goethite ± hematite with significant 
amounts of  primary minerals

Very Highly 
Weathered

Retains structure from the original rock; 
may be pale coloured and is composed 
completely of  secondary minerals and 
resistates from the parent material. Core 
stones, if  present, are rare and rounded. 
It can easily be broken by hand.

All feldspars are weathered; mineralogy 
is dominated by kaolin ± goethite ± 
hematite with or without residual quartz. 
Other primary minerals in low abundance 
or lost. 

Intensely 
Weathered

Only major parent rock features 
discernible, such as lithological changes 
or resistate veins; resistate minerals 
may remain in a matrix of  secondary 
minerals.

Mineralogy is essentially ± goethite/
hematite/maghemite ± quartz ± 
kaolinite ± gibbsite. High levels >50% of  
sesquioxides, negligible alkalis and alkaline 
earths; significant titania.

Table 2.1: Weathering index after Eggleton (2001). These terms have been used throughout to describe 
the type and degree of  weathering found in bedroock in the field. These terms are not entirely 
universal, with terms such as saprock and saprolite also part of  the nomenclature for regolith materials. 
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from granite to granodiorite (Foden et al., 2002). Away from the immediate coastline the 

granite intrusions tend to form domed hills with a high degree of  weathering (Table 2.1).

2.2.2.  Permian 

A sequence of  glacial sediments were deposited on Kangaroo Island during the Permian, 

which have since been subjected to weathering and iron oxide induration in some areas. 

Glacial regolith is represented by the Cape Jervis Formation (Belperio, 1995a; Bourman 

and Alley, 1999), and is one of  the main lithologies in the southeastern part of  the island. 

The package is of  variable thickness, ranging from only 7 m in outcrop at Christmas Cove 

to 290 m thick in some bore holes (e.g. the Kingscote Bore) and an estimated 400 m from 

geophysical surveys in the trough northwest of  the Dudley Peninsula (Bourman and Alley, 

1999). These sediments include diamictons inter-bedded with fine grained clay and mud, 

which are poorly consolidated, have poor permeability and can be similar in appearance 

to the highly weathered Kanmantoo Group (Bourman and Alley, 1999). Drop stones and 

gravels in the diamicton layers identifies the package as a glacial sediment.  

2.2.3.  Jurassic 

The Wisanger Basalt is the only volcanic rock package on the island and radiometric 

dating shows it to be from the Jurassic (Drexel, 1995; Milnes et al., 1982). It occurs only 

in the northeast of  the island (Figure 2.2) and forms elevated topographic features. The 

basalts are fresh to slightly weathered when in situ, with only weak iron oxide staining, 

little to no change in the structure and little to no evidence of  weathering or alteration of  

primary minerals. The occurrence of  rounded basaltic clasts within Eocene and Oligocene 

Kingscote Limestone (Milnes et al., 1982, 1983) suggests that the extent of  the Wisanger 

Basalt was originally more extensive than it is at the present. The relatively fresh state of  

the basalt is suggested to be the result of  either the burial of  the material by post-middle 

Jurassic sediments or from the complete erosion of  the weathered material (Milnes et al., 

1982).



45

Chapter 2 Landscape and Regolith Evolution of Kangaroo Island

2.2.4.  Cenozoic 

Cenozoic regolith materials are dominated by marine sediments and regolith carbonates, 

aeolian sediments and indurated iron oxides (ferricretes), which make up the majority of  

the surficial geology on the island. The coastal marine sediments lie parallel to the modern 

coastlines and extend up to 15 km inland. These are predominantly limestone and in some 

cases calcareous sandstones, with varying amounts of  foraminifera (McGowran, 1989; 

Milnes et al., 1983). The deposition of  Eocene marine sediments, in the low lying areas 

around Kingscote, are related to a series of  global sea level changes (McGowran, 1989; 

Milnes et al., 1983). Miocene marine sediments were deposited along the south coast, in 

the Mt Taylor and Mt Stockdale area. The Pliocene sediments, found in low lying areas 

along the east and west coasts and between the main island and Dudley Peninsula, are 

also believed to be related to eustatic changes. The Late Pliocene sediments are regarded 

as evidence of  a widespread transgression (Milnes et al., 1983). Regolith carbonates are 

present along the south coast where the older Tertiary limestones have been reworked, 

largely by aeolian processes, to form the Quaternary Bridgewater Formation (Drexel, 1995; 

Milnes et al., 1983). 

Aeolian sediments on Kangaroo Island are dominated by aeolian calcarenites and are largely 

composed of  reworked materials from older marine deposits, carbonates and sand. The 

main geological unit is the Bridgewater Formation. Outcrop of  the Bridgewater Formation 

dominates the south coast, extending up to 15 km inland and also occurs around the 

coastal cliffs, commonly unconformably overlying Cambrian basement rock. Longitudinal, 

northwest–southeast to east–west trending dune systems and hardened carbonate deposits 

capping the cliffs of  eroded Cambrian basement are the dominant manifestations of  the 

Bridgewater Formation. The carbonate deposits were originally large scale dunes and back-

beach deposits (Drexel, 1995; Milnes et al., 1983) the movement of  meteoric water through 

these deposits has cemented the sediments, through the mobilisation and re-precipitation 

of  calcium carbonate (Twidale, 2002). The Bridgewater Formation is assigned to the 
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Pleistocene (Belperio, 1992, 1995a, 1995b), although it contains reworked clasts of  Miocene 

and Eocene aged materials (Milnes et al., 1983). 

Ferruginous regolith dominates much of  the regolith and landscape of  the island, 

particularly inland, with varying morphology and evolution histories. As a consequence, 

several different classifications have been used in this work depending upon whether the 

iron oxide induration is in situ (simple) or reworked (complex). These classifications are 

based upon the work of  Bourman (Figure 8; 1993a, 1989).

2.3. Methods

Regolith landform mapping, field observations and a detailed analysis of  regolith profiles 

has been undertaken in order to better assess the formation and characteristics of  the 

ferricrete on Kangaroo Island.

2.3.1.  Regolith-Landform Mapping 

A regolith-landform map of  Kangaroo Island (Figure 2.2) was produced from field 

observations, information from previously published works, the SRTM-derived 1 Second 

Digital Elevation Models Version 1.0 (DEM) and topographic maps. 

The major landscape feature of  the Island is the ferricrete plateau, which is generally 

assumed to be relatively flat lying and homogenous. However, there are variations within 

the ferricrete and landscape, caused by changes in the basement structure and drainage 

channels. Within the ferricrete plateau there are several different regolith-landform units 

mapped. These landform units are not just based upon the physical appearance of  the 

ferricrete, but rather a composite of  the elevation, vegetation and ferricrete type. Thus, 

the regolith-landform units do not correlate exactly with the classifications given to the 

ferricrete at an outcrop or hand sample scale. The ferricrete plateau is largely composed 

of  the ferruginised basement or saprolite (Table 2.2a), pisolithic (Table 2.2c) and nodular 
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(Table 2.2d) ferricrete. The ferruginised sediments (Table 2.2b) tend to occur closer to 

coastal areas, although they can be found on the main plateau. Vermiform ferricretes (Table 

2.2e) are generally found in lower lying areas off  the main plateau (Figure 2.2). 

The occurrences of  the marine sediments have been mapped from a composite of  the 

previous geological map of  the island (Fairclough, 2008), SRTM-derived 1 Second Digital 

Elevation Models Version 1.0 from Geoscience Australia, topographic maps and field 

observations. Some areas are remote with little to no access, such as the west coast, and 

these have been mapped from the aforementioned remote sensing data. 

A range of  alluvial channels, largely associated with modern drainage systems, are present 

across the island. The majority of  these are ephemeral and flow after winter rainfall. The 

weathering profile of  the Island is best observed in modern alluvial channels, where the 

channel bed comprises of  fresh to moderately weathered basement rock that becomes 

progressively more weathered up the profile, culminating in highly weathered bedrock (Table 

2.1) that is generally capped by pisolithic ferricrete. In a number of  alluvial systems there 

is some reworking of  the ferricrete where it has been eroded, transported and redeposited 

along contemporary valley systems. For example, hematite cemented pisoliths form river 

terraces along the Cygnet River at the Bonaventura Prospect. These alluvial features tend 

to follow topographic features within the underlying top of  bedrock surface or weathering 

front, which themselves are expressions of  fault movements and scarps. An example is 

the Cygnet River, which broadly runs parallel to the Cygnet Snelling Fault Scarp and into 

Nepean Bay.

2.3.2.	 	 Weathering	Profiles	

To better assess the deep weathering of  the Island, and the formation of  the regolith 

and landscape, several weathering profiles were examined. These included two road 

cuttings along Stokes Bay Road. These weathering profiles cut down through the ferricrete 
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Table 2.2:  Classification system of  ferricretes on the different morphologies of  ferruginous materials on Kangaroo 
Island. 

Ferricrete 
Morphology

Simple or 
Complex ?

Description Photo

a. Ferruginised 
Bedrock and 
Saprolite

Simple Weathered bedrock and 
saprolite which contains some 
degree of  iron staining or 
induration. Preservation of  
bedrock features, fabrics and 
textures. 

b. Ferruginous 
Sediments

Simple Iron oxide impregnated 
sediments. The lack of  a 
distinct relict fabric makes 
them unable to be identified as 
ferruginsed  bedrock, and they 
are called sediments instead. 

c. Pisoliths Complex Individual pisoliths, which 
can display multiple rinds (or 
cutans), which sometimes are 
found cemented togather. 

d. Nodular Complex Simlar to pisoliths, but with a 
lesser degree of  rounding, and 
slitghtly bigger main form. 

 e. Vermiform Complex Sinuous, worm like channels 
between pisoliths. The matrix 
is often  comprised of  sands or 
clays that contrast to the iron 
rich material. 
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Figure 2.3: Stokes Bay Road weathering profile #1 (a) shows the full extent of  the weathering profile. Person 
for scale is 1.6 m tall. (b) shows the distinct boundary between the pallid and mottled zones; (c) highlights the 
remnant and overprinted saprolite sturctures. There was some evidence of  de-watering and other structures. 

a.

b.

c.
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plateau and into the underlying weathered bedrock. The weathering profiles were logged, 

photographed and assessed for geomorphological and structural features. 

2.4. Results 

The results provided are a combination of  detailed field observations and weathering 

profile descriptions and include descriptions of  key field sites that provide constraints on 

landscape evolution. 

2.4.1.	 	 Stokes	Bay	Road	Weathering	Profiles	

The first of  the Stokes Bay Road weathering profiles is a 6 m section where Stokes Bay 

Road has been cut through a hill (Figure 2.3). The base of  the weathering profile is largely 

made of  weathered Kanmantoo Group. Moderately weathered basement rock becomes 

progressively more weathered to a highly weathered grade (Table 2.1) and there is an 

increase in iron oxide staining towar ds the current landsurface. Some original sedimentary 

structures are retained within the saprolite, which is up to one metre thick; including 

dewatering and cross-bedding structures (Figure 2.3). The mineralogy of  the saprolite 

changes from angular to sub-angular, interlocked quartz with plagioclase, muscovite and 

potassium feldspar some which has been replaced by weathering products at the base of  

the profile, to quartz dominated by smectites and other products of  the weathering of  the 

feldspars, stained by iron oxide as highly weathered bedrock at the top of  the saprolite layer. 

The saprolite and bedding structures are truncated by a pallid zone in the upper part of  

the profile, which in places is over one metre thick. The pallid zone is highly leached with 

mineralogy dominated by kaolinite. Remnant quartz veins are present in the saprolite and 

pallid zone although they are disaggregated in parts. The distribution of  pallid and mottled 

layers is partly controlled by the lithology of  the original rock and this is particularly evident 

in sandstone units where the pallid layer has developed to a greater depth. A 50 cm thick 

mottled zone sits above the pallid zone, where iron oxide staining of  5–10 cm in thickness 

is present along fractures that continue from the pallid zone. The mottled zone is overlain 
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Figure 2.4: Stokes Bay Road 
Weathering  Profile #2. This is the 
smaller of  the two road profiles, 
in which a palaeochannel can be 
seen. This profile is topped by 
pisolithic material, and the different 
layers within the profile have been 
annotated on the image. 

by a pedogenic/soil profile over one metre in thickness. The mottled zone mineralogy is 

iron oxide stained kaolinite. The profile is capped by a thin layer (<10 cm) of  individual iron 

oxide pisoliths (2–5 cm in diameter). 

The second Stokes Bay Road profile is approximately six metres thick and contains a 

palaeochannel (Figure 2.4). At the base of  the profile is a 60 cm thick pallid zone of  highly 

weathered Kanmantoo Group metasedimentary rocks. The palaeochannel lies on top of  the 

pallid zone, is about 30 cm thick and is comprised of  rounded clasts of  Kanmantoo Group 

metasedimentary rocks that are moderately weathered. The palaeochannel has larger clasts 

(~5 cm in diameter) at the base of  the channel, fining upward to small pebble sized clasts 

(~1 in cm diameter). Above the palaeochannel is a mottled zone, over one metre thick, with 
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areas of  iron oxide enrichment, that are especially concentrated in sub-vertical fractures. 

The mottled zone is topped by a 40 cm pedogenic zone and capped by a thin (<10 cm) 

layer of  pisoliths (2–5 cm in diameter). Iron oxide staining along fractures passes from the 

weathered Kanmantoo metasedimentary rocks through to the base of  the pedogenic zone.

 

2.4.2.	 	 Ferricrete	classification	and	forms		

Ferruginous regolith dominates much of  the regolith and landscape of  the island, 

particularly inland with varying morphology and evolution histories. As a consequence, 

several different classifications have been used in this work depending upon whether the 

iron oxide induration is in situ (simple) or reworked (complex). These classifications are 

based upon the work conducted by Bourman (1993a, 1989), in the Mt Lofty Ranges (Table 

2.2). As this field area is geographically and geologically related to Kangaroo Island, this 

classification was thought to be the most appropriate. 

Figure 2.5: Ferricrete classifications overlain on the regolith map of  Kangaroo Island. The areas where samples were 
not collected due to National Park restrictions are highlighted by the two labels for Flinder’s Chase National Park and 
Cape Gantheaume National Park. 
2.

Flinder’s Chase 
National Park 

Cape Gantheaume 
National Park 
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2.4.2.1. Ferruginised Basement/Saprolite 

These are ‘simple’ ferricretes, formed in situ from the iron oxide induration of  weathered 

basement or saprolite (Table 2.2a). Most samples preserve basement rock textures and 

fabrics such as bedding, sedimentary structures, visible muscovite and quartz veining. Mineral 

fabrics within the ferricrete, where evident, are that of  the parent material. Ferruginised 

bedrock is mainly in exposed road cuttings or alluvial channels, in the higher upland areas 

of  the island, towards the north coast.  

2.4.2.2. Ferruginised Sediments 

Ferruginous sediments are also classified as in situ ferricretes (Table 2.2b). Some of  these 

ferruginised sediments overlap the ferruginised bedrock classification. Where bedrock 

features could not be identified but the ferruginous material did not fall into one the 

‘complex’ categories, it was categorised as a ferruginised sediment. This classification also 

includes Cenozoic sediments with iron oxide deposition occurring due to movement of  

Fe-rich groundwater, which generally remain unconsolidated and weakly cemented. These 

ferruginised Cenozoic sediments are found along the south coast within 20 km of  the 

coastline. Permian sediments found at the Wisanger telephone exchange on Gap Road 

and at the Kingscote foreshore, underlying the Wisanger Basalt, are also ferruginised. The 

remaining ferruginised sediments occur accross the Island and on the main parts of  the 

plateau. 

2.4.2.3. Pisoliths 

Pisoliths occur as individual spherical concretions, typically have multiple rinds and are up 

to 5 cm in diameter (Table 2.2c). They commonly have a goethite outer layer, although the 

ratio of  hematite to goethite can vary. The pisoliths are generally loose on the surface. In 

some cases pisoliths are cemented in a later matrix of  a similar material to the pisoliths, 

dominated by clays, quartz sand and indurating iron oxides. Pisoliths and pisolithic 

sediments are spread across the ferricrete plateau, in alluvial channels within the plateau and 
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in the areas immediately surrounding the plateau. The pisoliths are described and discussed 

further in Chapter 3.

  

2.4.2.4. Nodular 

Nodular ferricretes are larger (>5 cm diameter) and more angular than the pisoliths (Table 

2.2d). They tend to lack the multiple rinds that characterise the pisoliths, and have a slightly 

higher hematite to goethite ratio than the pisoliths. The nodular ferricretes generally sit 

lower in the landscape than the pisoliths but still on higher points on the island. They have 

less rounding than the pisoliths, suggesting a lower level of  transportation and reworking. 

In most cases the angular nature of  the nodular ferricrete is interpreted to mean that they 

were formed in situ (Bourman, 1989).  

2.4.2.5. Vermiform 

The samples classified as vermiform ferricretes, are generally comprised of  pisoliths 

consolidated within a sandy matrix (Table 2.2e). The sand dominated matrix forms sinuous 

worm-like channels around the iron oxides and pisoliths which can contrast strongly in 

colour. The pisoliths are weakly consolidated within the sandy matrix and retain concentric 

banding and iron oxide staining. These are interpreted to be complex, transported ferricretes. 

Vermiform ferricretes are only found around the south coast of  the island in the areas 

dominated by Cenozoic marine deposits. Vermiform ferricretes are predominately found 

around the south coast of  the island in the areas dominated by Cenozoic marine deposits, 

however there are other occurrences in the northern areas of  the island.

2.4.3.  Permian Sediments 

Several exposures of  Permian sediments were documented in this study that have not 

previously been identified or mapped (Figure 2.6). These exposures extend the footprint of  

Permian sediments further west. The Permian sediments are fine grained clay to mud, are 

poorly consolidated and are distinguished from highly weathered Kanmantoo Group rocks 



56

Chapter 2 Landscape and Regolith Evolution of Kangaroo Island 

by the lack of  muscovite. The presence of  drop stones and gravels in some areas of  the new 

occurrences also makes identifies them as glacial sediments. In one exposure in a small road 

cutting on the South Coast Rd (53H 715737E 6026658N), the sediments are approximately 

one metre thick. Other occurrences were identified in road scrapings, with striated boulders 

found. However, the thickness and extent of  the package remains unknown. 

2.4.4.  Mt Taylor and Mt Stockdale 

The Mt Taylor and Mt Stockdale region (~15 km by 5 km) is dominated by the ferricrete 

plateau (Figure 2.2), which dips gently to the southeast. Marine sediments are thought to 

have been deposited onto an erosional surface that may have then been overlain by the 

ferricrete plateau (Milnes et al., 1983). These sediments are calcareous, indurated back-

beach sediments, which now form prominent high points within the landscape. 

Figure 2.6: A map of  the wider extent and landscape context of  the Cape Jervis Sediments and the Troubridge Basin 
on Kangaroo Island and the Fleurieu Penisula. The light purple areas are the areas suggested that Permian sediments 
extend to on Kangaroo Island from field observations in this study. 
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2.5. Discussion 

This discussion focuses on the long term landscape evolution including ferricrete formation 

and characteristics of  Kangaroo Island. This also includes the wider extent of  Permian 

sediments and the structural and eustatic controls on the landscape. The formation of  

individual ferricrete types and classifications will be discussed further in Chapter 3.

 

2.5.1.  Permian to Jurassic palaeo-topography 

The presence of  the Permian Cape Jervis Group and the Jurassic Wisanger Basalt provides a 

starting point for establishing a framework for the landscape evolution of  Kangaroo Island. 

These units provide the earliest constraints on post-Delamerian erosional and depositional 

surfaces.

The Cape Jervis Group sediments are found throughout the central part of  Kangaroo 

Island, from Penneshaw on the Dudley Peninsula though to Kingscote and Murray Lagoon 

on the main part of  the Island (Figure 2.6). These sediments were deposited as part of  

the larger Troubridge Basin (Bourman and Alley, 1999). The Troubridge Basin is defined 

to extend across the southern part of  South Australia (inset Figure 2.6) with outcrops 

identified on the Yorke and Fleurieu peninsulas (Bourman and Alley, 1995; 1999). Glacial 

sediments have also been intersected in marine exploration drill holes throughout the 

subsurface of  Gulf  St Vincent, Investigator Strait, Backstairs Passage, the Coorong and the 

continental shelf  between Kangaroo Island and the Otway Basin (Bourman and Alley, 1995; 

1999). The Troubridge Basin is interpreted to be largely formed by the erosional action of  

Permian glaciers, and glacial erosional surfaces have been recognised at Christmas Cove on 

the Dudley Peninsula, Hallett Cove and Port Elliot on the Fleurieu Peninsula (Alley et al., 

2013; Bourman and Alley, 1990, 1995, 1999; Milnes and Bourman, 1972). Overlying the 

Permian sediments in the north of  Kangaroo Island is the Jurassic-aged Wisanger Basalt. 

Milnes (1982) has interpreted the Wisanger Basalts to be largely confined to the Troubridge 

Basin and their genesis is linked to the initiation of  rifting between Australia and Antarctica. 
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The presence of  Permian sediments within the low lying areas around the central portion 

of  the Island (Figure 2.6), particularly the areas around Kingscote, American River and 

Murray Lagoon, supports the hypothesis that the movement of  Permian glaciers within the 

Troubridge Basin created an erosional trough where the retreating glaciers then deposited 

the Cape Jervis Group sediments. This is also supported by the lack of  Permian sediments 

elsewhere on the Island and the absence of  glacial striae on the bedrock in any of  the upland 

areas. The occurrences of  Jurassic basalts within the Permian erosional trough potentially 

suggests that the Troubridge Basin remained a topographic low into the Jurassic due to the 

lack of  basalts found in upland areas and lack of  evidence for mass erosion and wastage 

of  the basalts. This also suggests that the area which is now the ferricrete plateau was an 

upland area during the Permian–Jurassic and has remained so. The current elevation of  the 

basalts is approximately 180 m above current sea levels, slightly lower than the height of  

the ferricrete plateau, corresponding with the hypothesis that the basalts filled an erosional 

trough. This basaltic basinal fill may have effectively brought the land surface back to sea 

level, or at least to a level at which this part of  the Troubridge Basin was no longer the sole 

site of  deposition within the Kangaroo Island region. 

The Cape Jervis Formation sediments on Kangaroo Island were previously thought to 

be restricted to the central portion of  the Island (Figure 2.6). However, the process of  

regolith–landform mapping has identified new occurrences further to the southwest. These 

are mottled and iron oxide stained, however, drop stones and a lack of  muscovite (a key 

indicator of  the weathered Kanmantoo Group bedrock) allowed for the identification of  

these as Cape Jervis Formation sediments. While these are ferruginised, the occurrences of  

pisoliths are variable, and there are no pisoliths within the ferruginised sediments that occur 

underlying the Wisanger basalts. This could suggest that the ferruginisation has occurred 

post-Jurassic, with the ferruginised sediments underlying the basalts being the result of  

sub-basaltic weathering (Milnes et al., 1982; Schmidt et al., 1976). However, the possibility 

remains that there are no pisoliths in the profiles under the basalts because the materials 



59

Chapter 2 Landscape and Regolith Evolution of Kangaroo Island

underlying them were not part of  the pedogenic zone. 

2.5.2.  Distribution of  marine sediments and implications for Cenozoic   

  tectonics on Kangaroo Island

The marine sedimentary sequences on Kangaroo Island, combined with Phanerozoic sea 

level curves (Figure 1), provide time and palaeo-elevation constraints on uplift, subsidence 

and fault movement within the Island. One of  the most obvious and dominant controls 

on neotectonics and land surface evolution is the Cygnet-Snelling Fault Zone. This zone 

runs eastwest across the island and divides the underlying Cambrian bedrock groups, the 

Kangaroo Island Group and the Kanmantoo Group.

The movement of  Permian glaciers is interpreted to have created an erosional trough in 

the eastern section of  Kangaroo Island (Alley et al., 2013; Bourman and Alley 1999), where 

retreating glaciers then deposited the Cape Jervis Sediments. There is no evidence of  these 

Permian sediments on the plateau, nor any glacial striae found on bedrock, suggesting it 

was above sea level during the Permian. The lack of  Eocene–Oligocene sediments on the 

plateau leads to the interpretation that this height difference was maintained or augmented 

into the Eocene. Global average Eocene sea levels of  200 m (Haq, 1988) indicate the middle 

section of  the island is likely to have been more elevated than its current level and regions 

of  the plateau may have been at least 50 – 100 m higher than the present (Figure 2.7).

Ferruginisation is thought to have occurred during the Oligocene through to the early 

Miocene. The lack of  ferruginous material as detritus in Eocene marine sediments is a strong 

indicator that it had not been formed previous to that time. It is interpreted that the tilting 

of  the island was prior to the Miocene, due to the Miocene marine sediments only occurring 

on the south coast (Figures 2.7–8). The deposition of  these Miocene marine sediments 

occurred with a sea level of  approximately 150 m above the current sea levels (Haq, 1988). 

This may be the result of  uplift of  the northern part of  the island as a consequence of  the 
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Figure 2.7: Maps of  Kangaroo 
Island with Cenozoic marine 
incursions (McGowran, 
1989; Milnes et al., 1983) 
and speculated directions of  
horizontal palaeostress  (Müller 
et al., 2012; black arrows). 
The direction of  uplift along 
the Cygnet–Snellling has been 
interpreted and is indicated by 
the red arrows. The global sea 
level curve is modified from 
Haq (1988, 2008).  
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reactivation of  the Cygnet–Snelling Fault, or because of  the subsidence of  the south coast 

relative to the northern edge of  the island (Figure 2.8). Only a small amount of  movement 

would be necessary to achieve the current observable landscape, and thus subsidence is 

perhaps more likely. Regionally, there is also evidence of  tectonic movement in the Mt 

Lofty Ranges and Yorke Peninsula at this time (Tokarev et al., 1999; Wilford and Thomas, 

2013). This movement would also mirror what was has been proposed to be occurring at 

a continental scale by Sandiford (2007) and Muller et. al. (2013). The lack of  preserved 

Miocene marine sediments overlying the Eocene sediments suggests these areas that had 

previously been inundated were now above sea level, which is largely accommodated simply 

by the lower sea level and/or tilting of  the island as opposed to major episodes of  uplift.  

Ongoing movement along faults that are proposed to exist along the margins of  the Permian 

Figure 2.8: Cartoon cross sections of  Kangaroo Island, with the East-West sections showing the Cenozoic marine 
sedimentation and the effect of  palaeotectonics. The smaller cross section to the left shows a north-south section 
of  the island, with the uplift of  the  northern part of  the island, the formation of  ferruginised material and the 
deposition Miocene marine sediments. The red arrows indicate a form of  tectonic movement. 
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trough is supported by differential progressive subsidence across the faults (Figure 2.7). 

This is again evident during the Pliocene, where Pliocene marine sediments occur through 

the lower lying section of  the middle of  the island (Figure 2.7). This indicates a palaeostress 

regime change after the Miocene.  

Pleistocene and Holocene marine sediments only occur on the margins of  the island and 

only slightly (<40 m) above current sea levels (Figure 2.7). This indicates recent uplift or 

subsidence, as evidenced by the ‘Redbanks’ profile which has been dated to 780 – 1070 ka 

using magnetostratigraphic methods (Pillans and Bourman, 2001). This profile lies within 

the Cygnet–Snelling Fault Zone and is now exposed at approximately 15 m above the 

current sea level indicating that there has been some movement along the fault zone. 

2.5.3.  Timing of  Ferricrete Formation 

Understanding the mode of  ferricrete formation is integral for the material to be used as 

an exploration medium. To accurately assess the relevance of  geochemical patterns within 

the ferruginous material, it is necessary to understand its relationship with the landscape 

as well as the material that it is derived from. The mode of  formation of  ferricretes is a 

long debated subject not in the least because of  the complexity and the lack of  definitive 

characteristics for the term ferricrete (refer to Chapter 1). Here we refer to all iron oxide 

materials as ferricretes or ferrugnous materials. The age of  the ferricrete plateau on 

Kangaroo Island and the timing of  its formation has been a debated topic over a number 

of  years (Bourman, 1989, 1993a, 1993b, 1995; Daily et al., 1974; Milnes et al., 1982, 1985, 

1987; Schmidt et al., 1976; Twidale, 1983, 2002). This debate has resulted in two primary 

theories: firstly, that the ferricrete is a remnant surface that formed and existed prior to 

the deposition of  the Jurassic Basalts (Daily et al., 1974; Twidale, 1983); or secondly, that 

the ferricrete plateau was formed during the Cenozoic and is the result of  a long period 

of  continual reworking (Bourman, 1993a; 1993b; 1995; Bourman and Alley, 1990; Milnes 

et al., 1985; 1987). Ferricrete is exceptionally difficult to date absolutely as it is subjected 
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to continual and ongoing weathering processes, however, considering the landscape as a 

whole can provide relative age constraints. 

The ferricrete plateau post-dates the deposition of  the Kanmantoo Group and the 

Delamerian Orogeny, providing an absolute maximum age constraint of  ca 500 Ma. There 

is also a lack of  indurated iron oxide clasts within the Permian Cape Jervis Formation 

sediments, suggesting that the Kanmantoo Group was not ferruginised prior to this time 

and that the formation of  the ferricrete plateau post-dates the deposition of  the Permian 

Cape Jervis sediments. The lack of  pisolithic clasts between the Cape Jervis Formation and 

the overlying Jurassic Wisanger basalts suggests that the formation of  the ferricrete plateau 

also post-dates the deposition of  the Jurassic basalts. Thus, the relative maximum age of  

the formation of  the ferricrete plateau is proposed as the end of  the Jurassic. 

The relative minimum age of  the formation of  the ferricrete plateau is interpreted to be 

the Miocene. This is by the occurrence of  back-beach, Miocene marine deposits perceived 

to be onlapping to the pisolith dominated ferricrete plateau at Mt Taylor and Mt Stockdale. 

While this provides some constraint to the age of  primary ferruginisation of  the ferricrete 

plateau the ongoing nature of  weathering processes results in these ferruginised materials 

being continually reworked and new materials forming. Ferruginous materials at Redbanks 

record a 780 ka polarity shift of  the Earth’s magnetic field (Pillans and Bourman, 2001). 

This is the youngest absolute age of  ferruginisation recorded on Kangaroo Island. The 

different morphologies of  ferruginous material that have been identified on Kangaroo 

Island also indicate the ongoing nature of  ferruginisation processes. This is indicated by the 

reworking of  pisolithic material shed from the main plateau to form vermiform ferricretes 

in late Cenozoic to early Quaternary marine sediments. 

2.5.4.  Formation of  ferruginous materials and the ferricrete plateau

Ferruginous materials on and adjacent to the ferricrete plateau take a variety of  forms 
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including pisolithic, nodular and vermiform, ferruginised bedrock and saprolite. The in situ 

ferricretes have been formed by the movement of  iron oxides within groundwater and the 

re-precipitation of  these oxides into these slight to moderately weathered rocks. These in 

situ examples can, and do, retain features from the parent rock, including texture, fabric and 

mineralogy. The pisolithic, nodular and vermiform ferricretes are all classified as complex 

or reworked ferricretes, as they have no obvious or direct link to a parent material when not 

viewed within a larger profile. By looking at these complex materials within profiles and the 

landscape, the relationships indicate that the pisolithic and nodular materials are formed 

from the bedrock. In the first of  the Stokes Bay Road weathering profiles the saprolitic 

zone preserves bedrock features such as remnant bedding and disaggregated quartz veins 

(Figure 2.3). The iron leached from the pallid saprolitic zones is interpreted to have formed 

the pisolithic capping of  the profile through capillary action (Bourman, 1995). Bourman 

(1995) interpreted this to have been the result of  repeated wetting and drying cycles, most 

likely from the movement of  the groundwater table. While much of  the material in profile 

two must be transported, as it overlies a palaeochannel, the pisoliths are thought to have 

formed in situ, i.e. where they now lie. A large component of  the iron is derived from 

the underlying Kanmantoo Group evidenced by the fluid channels in the profile that are 

highlighted by iron staining (Figure 4). The nodular ferricretes are also interpreted to be 

largely formed in situ due to their larger, angular form and their tendency to occur higher 

within the landscape. Thus, all of  the above ferricrete forms could be used for mineral 

exploration, as they are largely the in situ result of  weathering processes, both chemical and 

physical. In this landscape setting, the pisoliths occur at the tops of  the profiles, suggesting 

they have not moved significantly. If  this is the case, the pisoliths are likely to record a trace 

element signature of  the groundwater in the area and can offer a useful indicator of  the 

surrounding area. The vermiform ferricretes are the least likely to be useful for mineral 

exploration, as they were formed as a result of  transport off  the main plateau and re-

cementation in a sandy matrix. This method of  formation is consistent with the occurrence 

of  the vermiform ferricretes predominately just off  of  the plateau and within valleys and 
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lower parts of  the landscape.  

The influence of  climate on ferricrete formation has received considerable attention within 

the literature (Anand, 2002; Bourman, 1993b, 1995, 2007; Bourman and Alley, 1990;  

Bourman and Conacher, 1998; Eggleton and Taylor, 1998; Hachmann and Tietz, 1998; 

Milnes et al., 1985, 1987; Taylor et al., 1992; Twidale and Bourne, 1998). There is a long 

held view that ferricrete is formed in tropical conditions with less erosion and distinct wet 

and dry periods, equating to a rapidly developed deep weathering profile analogous with the 

modern ‘laterite’ weathering profiles. However, the view that the formation of  ferruginous 

materials has to be a result of  weathering under a tropical climatic conditions is not shared 

by all researchers (Bourman, 2007; Stephens, 1971; Taylor et al., 1992). Bourman (2007) 

instead suggests that the upper part of  the ferruginous profiles in southern South Australia 

are experiencing ongoing modification even under present enviromental conditions. Milnes 

(1985) suggests that the present variable regolith materials on terrestrial landscapes are 

the integrated products of  leaching, erosion, complex reworking and ongoing weathering 

since the Permian. Despite the continual formation of  these weathering products, the 

palaeoclimatc data indicates that climatic conditions experienced in Australia during the 

proposed period of  ferricrete formation go through a ‘drying-off ’ period during the late 

Miocene, after a period of  high rainfall during the Eocene and Oligocene (Macphail, 2007; 

Martin, 1991; 2006). These climatic conditions produced the wetting and drying cycles 

‘neede’d for the fomration of  ferricretes, albeit on a continental scale. 

Other influences on the formation of  ferruginous materials include the pH (the acidity 

or alkalinity of  a solution) and Eh (the availability of  oxygen) of  the groundwater, the 

necessity of  an aqueous solution to be present for weathering to occur, tectonic movement 

and the long time periods needed for deep weathering to occur in more arid environments. 

The pH and the Eh are two key factors that will determine the formation of  ferricretes, as 

these are primary controls on the solubility of  iron. Iron will be mobilised or precipitated 
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from solution dependant on the pH and Eh conditions. If  the pH and Eh are relatively high 

then the Fe will be precipitated from solution; if  pH and Eh are low then the solubility of  

Fe may exceed that of  silica, and thus move through the system (Norton, 1973). Changes in 

pH and Eh will result in reversals of  mobility, thus changes in enrichment of  the solution. 

Redox reactions will result in the increase of  acid produced in the system, thus lowering 

the pH and increasing the likelihood that the Fe will be mobile in solution. Consequently 

the mobilisation of  Fe creates the conditions needed for Fe to remain mobilised within 

the system. These reactions are dependent upon the movement of  an aqueous solution 

through the system, therefore the movement of  groundwater as well as meteoric waters 

are important to consider (Nahon, 1991). It has been suggested that minerals are nearly 

completely altered before their removal, when the supply of  water and acidic solution 

is large relative to the supply of  silicate minerals, and the subsequent residence time in 

weathering environments compared to reaction times is long (West et al., 2005).  This 

appears to be largely the case in regards to the weathering processes that are occurring on 

Kangaroo Island. Tectonic movement may also have a significant effect on the chemical 

system, and has even been suggested to have a greater impact than climate (Raymo and 

Ruddiman, 1992; Riebe et al., 2001; West et al., 2005). Kangaroo Island, like the rest of  

South Australia, is thought to have remained reasonably tectonically stable for a significant 

period of  time, however the suggestion that the formation of  the ferricrete began with a 

change in weathering conditions induced by tectonic  movement along the Adelaide Fold 

Belt and Cygnet–Snelling Fault during the Miocene, is not unreasonable  (Tokarev et al., 

1999; Wilford and Thomas, 2013).  

Therefore, the ferricrete plateau on Kangaroo Island is likely to be a land surface of  

considerable age, but subject to ongoing chemical weathering processes. The mobilisation 

and precipitation of  Fe to form ferruginous materials was likely to have occurred under low 

pH and Eh conditions, possibly precipitated by palaeo-tectonic movement on the island. 

Despite the age of  the landform, it is not necessary that the land surface has remained 
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static, rather, the processes that form the ferricrete occurred over a long period of  time, and 

these processes are still at work today. 

2.6. Conclusions 

Using a combination of  previously colleted data and new field observations, including the 

production of  a regolith - landform map, the following landscape evolution for Kangaroo 

Island from the Permian is proposed. The area that is currently the ferricrete plateau has 

been some form of  ‘uplands’ since the Permian, when the mass movement of  glaciers 

created a significant erosional surface through the centre of  the island, presumed to follow 

structural weaknesses in the bedrock. This area remained as an erosional depression through 

to the Jurassic, when it was flooded with basalt at the beginning stages of  the rifting of  

Australia and Antarctica. There are no recorded deposited materials post the deposition of  

Jurassic basalts until the deposition of  Eocene marine sediments, which corresponded with 

a rise in global sea levels. It is suggested that the ferricrete formation occurred during the 

Oligocene to the Miocene, concurrent, and possibly initiated by, tectonic movement on the 

island. The Pliocene is likely to have also involved the subsidence of  the middle portion of  

the island relative to the main part of  the island. The Pleistocene through to the Holocene 

was characterised by continual reworking of  the ferricrete, as well as deposition of  marine 

sediments, the reworking of  the marine sediments to form calcareous aeolinite deposits 

and minor tectonic activity that resulted in the movement of  areas such as Redbanks. 

Understanding the landscape evolution provides new constraints on the age and timing 

of  the ferricrete formation. However, we have been unable to place an exact date on the 

age of  the ferricrete, due to the lack of  quantitative and absolute data. Further data on the 

mineralogy and the geochemistry of  the ferruginous materials may place tighter constraints 

on the time of  the ferricrete formation and the processes at work. 
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 Foreword  

This chapter investigates the petrography and mineral chemistry of  several different 

types of  ferricretes on Kangaroo Island. This was undertaken to facilitate a better 

understanding of  the formation of  the ferruginous materials on Kangaroo Island 

and how these materials may be used for geochemical mineral exploration. The 

formation and expression of  the ferricretes studied reflect different landscape 

settings, the progression from weathered bedrock and indurated saprolite, through 

to transported  and reworked materials.
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3.1.  Introduction 

Iron (Fe) is one of  the most abundant elements on Earth and, due to its mobility within low 

temperature environments, iron oxide is an abundant product of  weathering (McQueen, 

2005). This abundance, as well as the ability for iron oxide minerals such as hematite and 

goethite to host cations of  pathfinder and trace elements, means that iron oxides are of  

particular importance for geochemical exploration (McQueen, 2005). The mechanisms and 

rates by which ferruginised products are formed during weathering processes have long 

been contested (Alley, 1977; Bourman, 1989a, 1995, 2007; Bourman et al., 2010; Bourman 

and Conacher, 1998; Cornelius et al., 2008; Daily et al., 1974; Eggleton and Taylor, 1998; 

Hunt et al., 1977; McQueen and Munro, 2003; Milnes et al., 1985; 1987; Ollier and Galloway, 

1990; Paton and Williams, 1972; Schmidt et al., 1976; Schmidt and Embleton, 1976; 

Smith and Perdrix, 1983; Stephens, 1971; Twidale, 1983). The formation of  ferruginous 

materials can involve numerous mechanisms within open systems, including the lateral and 

vertical transport of  iron, and associated cations, inc;uding pathfinder and trace elements 

in groundwater (McQueen, 2005; Nahon et al., 1977, 1991). If  geochemical sampling of  

ferricrete is to be used for mineral exploration then it is necessary to understand the mode 

of  its formation, in order to determine where mineral deposit signatures have been derived 

from. 

Research into the genetic processes for ferruginous materials within South Australia have  

largely been focused on the greater Mt Lofty Ranges, in particular studies conducted by 

Milnes and Bourman (see Bourman, 1989a, 1989b, 1993a, 2006; Milnes et al., 1985, 1987). 

These studies have demonstrated that much of  the confusion and complexity regarding the 

formation of  the ferruginous material is a result of  difficulties in establishing consistent 

relationships between different materials and their settings. Ferruginised materials can 

be formed in situ, such as ferruginised bedrock, sediments and saprolite, and are termed 

here ‘simple’ ferricretes, after Bourman (1989a). Ferruginised materials can also occur as 

reworked materials, classified here as ‘complex’ ferricretes after Bourman (1989a), which 
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include pisoliths, nodular, slabby and vermiform ferricretes. Some studies, which have 

included petrography and mineralogy, have demonstrated that even within a single location, 

multiple, discrete, formation events can occur (Bourman, 1993a, 1995). In contrast, other 

studies have demonstrated that there can be a linear progression towards the formation of  

ferruginous materials within a profile (Bourman, 2006; Muller and Bocquier, 1986; Nahon 

et al., 1977). Although larger regional studies have considered the ferruginous materials 

on Kangaroo Island, detailed work on the ferruginised material has not been conducted 

recently,  and the applications for geochemical mineral exploration have not been considered. 

This chapter investigates the petrography and mineral chemistry of  several different 

types of  ferricretes on Kangaroo Island. This is done in order to better understand the 

formation of  the ferruginous materials and the processes involved. Understanding these 

processes will allow for the better assessment of  how these materials may then be used for 

geochemical mineral exploration. The ferricretes studied reflect different landscape settings 

and the progression from weathered bedrock through to indurated saprolite and moderately 

weathered in situ to transported material.

3.2. Methods 

The samples used in this chapter were taken from the ferricrete plateau region, including 

the Bonaventura mineral prospect, and on the southern margins of  the plateau (Figure 3.1). 

Samples KISB001 and KISB002 are weathered bedrock from the base of  the Stokes Bay 

Road weathering profiles, which are just south of  the Cygnet–Snelling Fault Zone. Samples 

KIFE022, KIFE018 and KIFE019 are ferruginised bedrock and saprolite samples and are 

all from within the Cygnet–Snelling Fault Zone, with the latter two in close proximity to 

the Bonaventura mineral prospect. Samples KIFE103 and KIFE105 are also identified as 

ferruginised bedrock samples, both taken from outside of  the main plateau area, KIFE103 

north of  the Cygnet–Snelling Fault Zone, KIFE105 to the south. Samples KIFE110, 

KIFE012, KIFE048, KIFE062 and KIFE109 are all complex or reworked ferricretes from 
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Figure 3.1: Thin sections sample points on the regolith map of  Kangaroo Island. The 
Cygnet–Snelling Fault Zone is mapped in the thick black lines. 
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various areas of  the island, including the main plateau and towards the southern coast 

(Table 3.1). These samples were chosen to represent a wide range of  landscape settings and 

geographical locations. 

Thin sections were made to examine the microscale processes involved in the formation 

of  the end member regolith types that were interpreted from hand samples in Chapter 2. 

This includes samples of  fresh bedrock (from drill core), weathered bedrock and saprolite 

with relatively little iron oxide induration and iron oxide indurated saprolite (Table 3.1). 

Individual pisoliths, and pisoliths that have been transported and re-cemented in a matrix, 

were also examined (Table 3.1). Samples were made into polished thin sections and analysed 

under plain and cross polarised light.  

Thin sections were imaged using backscatter electron imaging using a Phillips XL30 

Scanning Electron Microscope (SEM) at Adelaide Microsopy. Images were captured at 20 kV 

accelerating voltage with a spot size of  3. Mineral phases and compositions were identified 

using an EDAX energy dispersive spectroscopy detector. SEM imaging was primarily 

conducted to better identify minerals and examine the best areas to use for subsequent 

electron microprobe element mapping. Selected samples were mapped and analysed using 

the Cameca SXFive electron microprobe at University of  Adelaide, Adelaide Microscopy, 

using an accelerating voltage of  15 kV and a pixel size of  ~4 µm. Element maps of  Si, Al, 

Fe, Mg, Mn, Ti and K were collected using wavelength dispersive spectrometers (WDS) 

and Ca, Cu, Na, P, Pb and Zn were collected simultaneously using EDS. Some issues were 

encountered with electron beam instability resulting in variations in beam intensity, and 

subsequently emitted x-ray reductions across the images. This is expressed as gradual 

colour changes across a number of  the images. These elements maps were collected to 

better determine textural relationships and changes of  elemental concentrations within 

samples. Selected saprolite, pisolith and vermiform samples were analysed to gain a 

better understanding of  key samples and their context within the formation process of  
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Table 3.1: Summary of  samples that were made into thin sections, including ferricrete 
classification and notes regarding the landscape setting where the samples were taken from. 

Sample Location Weathering
Classification	

Brief  Description 

Kanmantoo 
#1 

Unweathered 
bedrock 

Sample from drillcore 

Kanmantoo 
#2 

Unweathered 
bedrock 

Sample from drillcore 

KISB001 Stokes Bay 
Road 

Moderately 
weathered 
bedrock

Sample from the bottom of the profile, 
moderately weathered bedrock (still 
some fabric present)

KISB002 Stokes Bay 
Road

Highly weathered  
bedrock/saprolite

Mottled saprolite; fine grained. 

KIFE103 Cockatoo 
Creek Road

Ferruginised 
bedrock

Mottled bedrock, has schistosity and 
muscovite present in hand sample

KIFE100 Bark Hut 
Road

Ferruginised 
sediments

Pallid zone, part of the weathering 
profile, near Kohinoor

KIFE018 In the 
paddock 
North of 
Pioneer Bend 
Road

Vermiform 
ferricretes

Sample taken from the side of the 
paddock, just off of Pioneer Bend Road. 
Higher point within the landscape.

KIFE019 Bonaventura 
Prospect; on 
the Cygnet 
Snelling Fault 
Zone

Ferruginised 
bedrock

Sample taken from within 500m of 
the Grainger Old Mine workings and 
close to the costean dug for MONAX 
exploration.

KIFE105 Weatheralls 
Road

Ferruginised 
bedrock

Very hematite rich, high point within the 
landscape.

KIFE109 South Coast 
Road; 

Pisoliths Ferricrete pit, off the main plateau, 
transported. Slightly north-west of the 
sand dunes of Little Sahara.

KIFE110 Mt Taylor 
Road;

Vermiform 
ferricrete

Reworked ferricrete, vermiform, within 
a ferricrete pit, off of the main plateau, 
transported materials from the plateau.

KIFE012 Mt Taylor 
Road;

Vermiform 
ferricrete

As the road moves up to go onto the 
plateau.

KIFE048 Church Road Slabby Ferricrete Unconsolidated, angular hand sample 
sized blocks.

KIFE022 Range Road Ferricrete 
bedrock 

Edge of plateau to the North, quite a 
steep descent off the plateau. 

KIFE062 Cooper’s 
Road 

Nodular In plantation, on main part of plateau.
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the ferruginous materials. Instrument malfunction resulted in only K and Fe maps being 

collected for sample KIFE022 (Figure 3.4).

3.3. Results 

3.3.1.  Petrology 

Hand sample identification and classification, (summarised in Chapter 2), has been used to 

divide the ferricrete samples into two main groups, simple (in situ) and complex (reworked) 

ferruginous materials. Information regarding the landscape setting for each sample can be 

found in Table 3.1. 

3.3.2.  Simple Ferruginous Materials (weathered bedrock and saprolite) 
Weathered Kanmantoo Group (bedrock) samples KISB001, KISB002 and KIFE103, are 

predominantly comprised of  angular to sub-angular, interlocked quartz grains of  0.2–0.5 

mm and exhibit undulose extinction (Figure 3.2). Plagioclase grains of  0.1–0.5 mm typically 

comprise 5–10% of  the sample;  muscovite grains of  0.3–<0.1 mm comprise 2–5% of  the 

sample; with potassium feldspar 0.5 mm to 0.3 mm comprise 2–5% of  the sample. Chlorite 

is found throughout and comprises ~2% of  the sample. Zircon is present in trace amounts. 

Potassium feldspar and plagioclase are partially replaced by clay minerals (Figure 3.2e, f). The 

two Stokes Bay Road samples (KISB001, KISB002) have minimal amounts of  iron oxide 

replacement and enrichment (Figure 3.2e, 3). Sample KIFE103 has a much higher degree 

of  iron oxide replacement (Figure 3.2g). Iron oxide enrichment is variable, largely replacing 

weathered plagioclase, feldspar and muscovite, ranging from 10–40% of  the sample (Figure 

3.2e-h). The electron microprobe maps of  weathered bedrock sample KISB002, highlight 

the texture and fabric of  the material (Figure 3.3). Quartz grains are angular and typically 

0.5–1.0 mm across (Figure 3.3a). Iron oxyhydroxide is present along cracks within quartz 

grains and coats the outer edge of  the grains (Figure 3.3c). The high concentrations of  K 

and Al in the matrix suggest it is dominately composed of  clay minerals produced by the 
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Figure 3.2: a-d) thin section photos (in plane and cross polarised light) of drill core sample from 
unweathered Kanmantoo Group. Images e, f thin sections photos of saprolite samples from the 
Stokes Bay Road profiles. Images g, h, are images from a different weathered bedrock sample. 
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Figure 3.3: Electron microprobe images of  KISB002, the sample of  weathered bedrock from the Stokes 
Bay Road Profile. The images show different elements; a) Si; b)Al c) Fe and d) K. 

b

d

a

c

weathering of  K feldspar (regions of  K and Al, lacking Fe) and biotite (regions containing 

K, Fe and Al). 

From the two electron microprobe maps of  sample KIFE022, there is a large degree of  Fe 

(Figure 3.4), with a fabric, as well as the abundance of  K within the sample (Figure 3.4b). 

Potassium distribution again corresponds with biotite, with platey, needle-like structures 

(Figure 3.4b). What are assumed to be quartz crystals (in the absence of  an adequate Si 

map) and are individual grains and are not aligned into the vein–like structures (Figure 3.4a). 

Samples classified as saprolite in hand sample include KIFE018, KIFE019 and KIFE100. 

Sample KIFE018 is predominantly comprised of  sub-angular to rounded quartz grains 

(0.2–0.5 mm in diameter, Figure 3.5). Approximately 50% of  the quartz exhibits undulose 

extinction. The remainder of  the samples are comprised of  muscovite flakes typically 

2–5% and <0.1–0.3 mm, and small (1%) amounts of  plagioclase and potassium feldspar. 

Trace amounts of  detrital zircon are present. Potassium feldspar and plagioclase are almost 

entirely replaced by clay minerals and iron oxides. Iron oxide enrichment is variable, largely 
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replacing weathered plagioclase, feldspar and muscovite and ranging from 30–70% by area 

in different regions of  the samples. Sample KIFE018 has remnant textures defined by 

the presence of  muscovite, and a higher Fe-oxide content and lower quartz content than 

some of  the other weathered bedrock samples. Electron microprobe maps of  KIFE018 

(Figure 3.5), demonstrate a strong relict foliation, evidenced by the ribbon-like nature of  

quartz grains within the sample. Iron is accumulated around the margins of  quartz grains 

and also surrounding holes in the thin section which appear black in all images (Figure 

3.5). These holes presumably represent highly weathered material that is soft and easily lost 

during thin section preparation. Potassium is hosted by a combination of  biotite, muscovite 

and K feldspar, suggested by the variable morphology of  grains (platy vs non-platy) and 

the presence or absence of  Fe within platy grains (Figure 3.5). Sample KIFE019 (Figure 

3.6) is predominantly comprised of  sub-angular to rounded quartz grains (0.2–0.5 mm). 

Approximately 50% of  the quartz grains exhibit undulose extinction. These samples have 

no visible or trace amounts of  muscovite, plagioclase and potassium feldspar. Iron oxide 

Figure 3.4: Electron microprobe images of   KIFE022, a sample of  weathered bedrock from the Stokes 
Bay Road Profile. The images show different elements; a) Fe; b) K.  

a

b



Chapter 3 Microanalysis and Petrography of Kangaroo Island Ferricretes 

82

enrichment is variable, ranging from 40–70% by area in different regions of  the samples 

(Figure 3.6). Native Cu was identified by petrography and SEM imaging (Figure 3.7). 

Copper crystals occur in a void area within the iron oxide overprinted matrix. This sample 

also contains the best example of  the iron oxides encroaching into the quartz (Figure 

3.7). All other textural relationships are adequately captured in the electron microprobe 

element maps (Figure 3.6). Samples KIFE019 has a higher proportions of  iron oxides 

than samples KIFE018 and KISB002 and an absence of  plagioclase, potassium feldspar 

and trace amounts of  muscovite. The electron microprobe maps of  Cu for KIFE019 does 

not show the individual grains of  Cu that were observed in the SEM images, possibly 

due to the larger scale at which the microprobe maps were collected. However, the maps 

were collected at a resolution that allows many Ti inclusions to be observed. The K in this 

sample is concentrated in ‘blobs’ rather than in the platey, sheet-like structures previously 

Figure 3.5: Microprobe images of  KIFE018, a sample of  weathered bedrock from within the paddock at 
Grainger Old Mine/Bonaventura prospect. The images show different elements; a) Si; b)Al c) Fe and d) 

K. 
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described for other samples (Figure 3.6c). Regions of  this sample also shows an inverse 

relationship between Fe and Al, with areas of  high Fe abundance (Figure 3.6e). There is an 

area within the sample, highlighted in Figure 3.6, that may be in the preliminary stages of  

forming a pisolith, with an increase in Al and Fe and a decrease in Si in a band around the 

outside, and quartz occurring as broken grains that are clustered towards the centre.  

Sample KIFE100 is predominantly comprised of  sub-angular to rounded quartz grains 

(0.2–0.5 mm in diameter). Approximately 50% of  the quartz grains exhibit undulose 

extinction. These samples have no visible or trace amounts of  muscovite, plagioclase and 

potassium feldspar. Iron oxide enrichment is variable, ranging from 40–70% by area in 

different regions of  the samples.  

Sample KIFE105 is exceedingly hematite rich, comprising of  ~70% hematite and 30% 

quartz (Figure 3.8). The matrix is a mix of  small, sub-angular to sub-rounded quartz grains 

that are individually surrounded by hematite. The pisoliths are mixed, and include pisoliths 

that are entirely hematitic, to those that are approximately 20% quartz grains, 80% hematite. 

There are no other trace minerals that have been identified within the sample.  This sample 

shows the complete Fe-oxide induration of  pisoliths within a matrix (Figure 3.8). Potassium 

is not present and Al is only found in some distinct bands around the pisoliths. The pisoliths 

appear to be comprised almost entirely of  Fe-oxide, with some small inclusions of  quartz. 

The matrix supporting the pisoliths is quartz grains and Fe-oxide.

3.3.3.  Complex/Reworked Ferruginous Materials 

  (pisoliths, nodular and vermiform) 

Thin sections were made from samples that were classified in hand sample as pisoliths 

(KIFE109), nodules (KIFE062), vermiform (KIFE110, KIFE012) and slabby (KIFE048) 

ferricretes. 
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Figure 3.6: Microprobe images of  KIFE019, a sample of  weathered bedrock proximal to the Bonaventura 
prospect. The images show different elements; a) Al, b)Ti, c) K, d)Si, e) Fe. The white box highlights the 

area that is discussed as being as the beginning stages of  pisolith formation. 

Figure 3.7: SEM images of  sample KIFE019, taken from above the Bonaventura Prospect. Highlighted 
in image a) are grains of  native copper; b) images display the encroachment of  iron oxide into the quartz 

crystals. 
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The sample KIFE048, was classified in hand sample as a slabby ferricrete, but under 

microanalysis more closely resembles ferruginised bedrock (Figure 3.9). The sample is 

predominantly comprised of  large, sub-angular to rounded quartz grains (0.2–0.5 mm). 

Approximately 50% of  the quartz exhibits undulose extinction. The remainder of  the sample 

is muscovite (typically < 0.1–0.3 mm, 2-5%), and small (1%) amounts of  plagioclase and 

potassium feldspar. Trace amounts of  detrital zircon are present. The electronmicroprobe 

maps show distinct areas that are quartz absent and appear as blue regions (Figure 3.9). 

These areas are dominated by Fe, and include some Al. Iron oxide enrichment is variable 

and ranges from 30–70% by area in different regions of  the samples (Figure 3.9). 

The electron microprobe maps of  sample KIFE062 show the edge of  an individual nodule 

(pisolith) (Figure 3.10). The images show the growth of  initial pisolith, the edges of  which 

are enriched in Al and depleted in Fe (Figure 3.10). Variations in Fe and K delineate the 

second and third cutans, both of  which are amorphous and relatively smooth, however the 

third appears to be discontinuous (Figure 3.10). The outer cutan contains high K inclusions 

and lower amounts of  Fe, further suggesting the rinds have developed in two stages (Figure 

3.10).  

The pisolith sample (KIFE109) is similar to KIFE062 (nodular sample) and is predominantly 

comprised of  sub-angular to rounded quartz grains. Iron oxides appear within the quartz 

grains and as cutans on the outside of  the pisoliths. In both samples, the quartz grains are 

interlocked in the ‘cores’ of  the pisoliths/nodules. In sample KIFE109 there is a noticeable 

change in size of  the quartz grains, from larger, sub-rounded grains in the centres of  the 

pisoliths to angular, smaller grains with iron oxide coatings in the cutans. The iron oxide 

enrichment is variable between hematite-rich and more goethite-rich areas. The hematite 

tends to dominate within the pisolith, while goethite is more evident at the edges and within 

the rims. These rinds do not completely encircle the pisoliths/nodules, rather they tend to 

be more elliptical in shape. Plagioclase, potassium feldspars and micas were not observed 

within these samples. 
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Figure 3.8: Electron microprobe images of  KIFE105. The images shows the elements; a) Si; b)Al c) Fe and 
d) K. The image demonstrates the exceedingly iron-rich nature of  this sample. 

Figure 3.9: Electron microprobe images of  KIFE048. The images shows elements; a) Si; b)Al c) Fe and d) 
K. 
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Figure 3.10: Electron microprobe images of  KIFE062, a nodular form of  ferricrete. The images show 
elements; a) Si; b) Al; c) Fe and d) K.
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Figure 3.11: Electron 
microprobe images of  

KIFE102 (A), a vermiform 
form of  ferricrete. The images 

show different elements; a) 
Si; b) Al; c) Fe; d) K; e) Na; d) 

Ca . 

Figure 3.12: Microprobe images 
of  KIFE102 (B), a vermiform 
form of  ferricrete. The images 
show different elements; a) Si; 

b) Al; c) Fe; and d) K. 
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Sample KIFE102 (Figures 3.11–3.13) was classified as a vermiform ferricrete and examined 

in detail due to its complex nature. This sample contains a variety of  pisoliths, supported 

in a mixed matrix. Figure 3.11, where the edges of  several pisoliths are evident, shows the 

high concentration of  Al, within the rind and the matrix. Iron oxide is only visible within 

the pisoliths. There are also K and Ca rich inclusions with the pisolith rinds. Figure 3.12 

demonstrates an individual pisolith in the same sample, at a smaller scale. In this pisolith 

Al is dominant within the matrix and the rinds, with Fe-oxide only appearing within the 

pisolith and as thin layers within the rinds (Figure 3.12). In contrast is Figure 3.13 is an 

example of  a pisolith has been completely overprinted by Fe oxides. In this case there is 

very little Al left within the pisolith, and what is left is concentrated in the outside rinds. 

Approximately 30% of  the material from vermiform sample KIFE110 was lost during 

preparation of  the thin section, preventing a complete description of  the texture of  the 

sample. It is, however, predominantly comprised of  angular to sub-angular tightly packed 

quartz grains (0.2–0.5 mm), with weak iron oxide staining. Some parts of  the samples have 

the form of  pisoliths, i.e. rounded shapes with clear boundaries from the outer matrix.

3.4. Discussion 

The primary aim of  conducting microanalytical work on the ferruginous materials was to 

provide a link between the wider landscape evolution (Chapter 2) and the geochemistry of  

the ferricretes (Chapter 4). Microanalysis enables the examination of  petrographic evidence 

of  the processes at work within the larger system and allows different ferruginous materials 

to be studied in greater detail. The microanalysis concentrated on four important aspects: 

 a. Relic mineralogy or textures of  protoliths, or lack thereof;

 b. Evidence of  addition/removal or replacement of  material;

 c. Textural relationships consistent with time integrated processes including
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Figure 3.13: Microprobe images of  KIFE102 (C), a vermiform form of  ferricrete. The images show 
different elements; a) Si; b) Al; c) Fe; and d) K. 

  i.  Overprinting textures 

  ii. Elemental chemistry changing 

 d. Trace element distribution or redistribution. 

Examining these key aspects of  ferricretes in the context of  microanalysis has allowed the 

identification of  three main stages in the formation of  the ferricretes on Kangaroo Island: 

 Stage I - The breakdown and weathering of  feldspars and the re-mobilisation of   

  iron and aluminium to form ‘simple’ ferricretes. 

 Stage II -  The formation of  the ‘complex’ ferricretes, including wetting and drying  

  cycles to create the cutans of  pisoliths. 

 Stage III - The mobilisation of  key indicator/trace/economic elements.  
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 3.4.1.  Stage I – The breakdown and weathering of  feldspars and 

  the remobilisation of  iron to form ‘simple’ ferricretes

Simple ferricretes contain remnants of  bedding fabric and products that are in various stages 

of  weathering and are therefore easily identifiable as products of  weathering processes 

acting on the bedrock that they overlie. The means by which simple ferricretes are are 

formed has been debated (Aleva, 1994; Anand, 2002; Bourman, 1989a, 1993b; Eggleton 

and Taylor, 1998; Ollier and Galloway, 1990; Paton and Williams, 1972; Schellmann, 1994; 

Stephens, 1971; Twidale, 1983; Twidale and Bourne, 1998). We use the new data to propose 

a method of  formation for the simple ferricretes on Kangaroo Island. 

Figure 3.2 shows the comparison of  drill core samples of  fresh bedrock (Kanmantoo 

Group metasedimentary rocks) versus the weathered bedrock (KISB002) and the saprolite 

samples (KIFE048). This shows a breakdown of  feldspars and an increase in Fe staining. 

These samples show progressive weathering towards the present land surface, with an 

increase in kaolinite, smectite and Fe-oxide and decreasing preservation of  protolith fabric 

or mineral alignment. Thin section imaging shows that these areas are dominated by biotite 

(K(Mg,Fe)3AlSi3O10(OH)2). The breakdown and weathering of  biotite increases the Fe 

content within the most weathered samples, whereas K is removed during weathering. 

Potassium is weathered out with a resultant lowering in the K content within the saprolite 

sample. This weathering has also resulted in the redistribution of  Al, which can be seen 

in electron microprobe images of  samples KIFE022 and KIFE048 (Figures 3.6 and 3.8). 

Continued weathering results in the removal of  clays (kaolinites and smectites) leading to 

a decreased proportion of  clay minerals at the top of  the weathering profile. Instead, Fe-

oxide indurated materials and quartz are the dominant constituents in the samples from 

these areas.  The quartz grains in the samples of  weathered bedrock display undulose 

extinction, suggesting a metamorphic origin. This is consistent with the protolith material 

being weathered bedrock, which in this area is the metasedimentary Kanmantoo Group. 

Samples KIFE018 and KIFE048 are different weathered bedrock samples and preserve 
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different relict fabrics probably due to the proximity to the shear zone associated with the 

Cygnet–Snelling Fault Zone. The samples with a well-defined fabric, particularly Sample 

KIFE018 where the quartz has formed veins, are from within the Cygnet–Snelling Fault 

Zone (Figure 3.1). 

There have been several physical mechanisms suggested for the mobilisation of  Fe within 

weathering profiles that subsequently form ferricretes, including those proposed Bourman 

(2006) and Muller and Bocquier (1986). Bourman (2006) suggests that ferruginous mottling 

is related to groundwater movement and in situ processes, with the transformation of  

hematite to goethite a result of  dissolution and re-precipitation within contemporary soil 

environments. Muller and Bocquier (1986) propose a more detailed hypothesis, where the 

progression of  weathering corresponds to structural changes in which Fe percentages 

increase and micas are replaced by Fe-kaolinites, resulting in new textures. Structural 

and mineralogical changes within the ferricretes are the result of  the accumulation of  Fe 

from an extraneous source combined with the weathering of  micas and feldspars to form 

kaolinite. These two mechanisms explain what is observed at the microscopic level within 

the ferricretes on Kangaroo Island. The ferricrete is initially formed from the weathering of  

bedrock, which in this case is the meta-sedimentary Kanmantoo Group or the sedimentary 

Kangaroo Island Group. The parent rocks begin with quartz, mica and plagioclase, dominate 

mineral assemblages typical of  a metasedimentary rock. These minerals are then altered to 

form kaolinites and smectite minerals as part of  the weathering process. Groundwater is 

the mechanism by which the movement and transfer of  Fe and the Fe-oxide alteration and 

induration of  the weathered rocks occurs. Less resistant minerals are removed and replaced 

entirely by Fe-oxide indurated materials (Figures 3.5–3.10). The resistant nature of  quartz 

means that it remains a dominant mineral throughout the different samples and levels of  

weathering. 

The chemical process that underpins these physical processes is ferrolysis. Brinkman (1970) 



Chapter 3 Microanalysis and Petrography of Kangaroo Island Ferricretes 

93

introduced the term ferrolysis to describe the formation of  a particular type of  soil, which 

contained clay decomposition and interlayering in seasonally wet, acidic soils (Brinkman, 

1970; Van Ranst and De Coninck, 2002). The hydrolysis of  Fe is also relevant to the 

formation of  ferricretes, and Mann (1983) used equation 3.1 to describe the mobilisation 

and precipitation of  iron for laterite in the Yilgarn Craton. 

4Fe2+ + 6H2O + O2  ↔  4FeOOH + 8H+

Equation 3.1: Simplified ferrolysis equation, where the oxidation and hydrolysis of  ferrous iron can equate 

to an increase in the acidity of  the subsurface Mann, (1983). 

The oxidation and hydrolysis of  ferrous iron (Fe2+) results in an increase in the acidity of  the 

subsurface (Mann, 1983). The acid lowering of  pH impacts on the concentration of  Al by 

resulting in increased weathering of  sheet silictaes (kaolinite) to form quartz clay saprolite 

as a concurrent process to the ferrolysis of  Fe. Equation 3.2 describes the weathering of  

feldspar to form kaolinite (Mann, 1983). 

2KAlSi3O8 + 11H2O  →  Al2Si2O5(OH)4 + 2K+ + 2OH- + 4H4SiO4  

Equation 3.2: The weathering of  feldspar to kaolinite from Mann, (1983). 

The breakdown of  feldspars results in an increase in the proportion of  kaolinite, which 

readily breaks down in acidic environments. As seen from Equation 3.1, the ferrolysis 

of  ferrous iron results in the production of  acid, and the process of  the breakdown of  

kaolinite is summarised in Equation 3.3. 

Al2Si2O5(OH)4
 + 6H+  ↔ 2Al3+ + 2H4SiO4 + H2O    

 Equation 3.3: Breakdown of  kaolinite to silicic acid, water and Al cations.

From Ambrosi et al., (1986). 
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The breakdown of  the kaolinite releases Al cations, which results not just in a dilution 

factor of  the Al and Si within the ferricretes as they form, but the active movement of  Al. 

This movement of  Al, and presumably other ions, in solution, can then be incorporated 

into the Fe-oxides. This process is observed in the electron microprobe maps, where Al is 

precipitated within the iron oxides, suggesting that Al is mobile (Figures 3.8 and 3.10, 3.11). 

As the breakdown of  kaolinite also produces acid and both Fe and Al are further mobilised 

by acidic environments, the two processes can cause a continous cycle (Mann, 1983).  

This new work better establishes the relationship between the weathered bedrock and the 

saprolite. We conclude that simple ferruginous materials on Kangaroo Island were formed 

from the same protoliths, the Kanmantoo and Kangaroo Island Groups. The effects 

of  weathering were more prevalent than those of  erosion, enabling the landscape and 

weathered products to remain ‘in situ’. 

3.4.2.  Stage II – Reworked / Complex Ferricretes 

The second classification given to ferricretes on Kangaroo Island is ‘complex’ or reworked 

ferricretes. These are further divided into pisoliths, nodules, vermiform and slabby 

ferricretes. The formation and the origins of  pisoliths has been a long debated topic, with 

studies conducted on numerous different ferrigenous materials (Aleva, 1994; Anand, 2002; 

Bourman, 1989a, 1993b; Bourman and Conacher, 1998; Norton, 1973; Schellmann, 1994; 

Stephens, 1971; Taylor et al., 1992; Twidale, 1983). The hypotheses of  Nahon (1991) and 

Taylor and Eggleton (2008) as to the formation of  ferricretes best apply to the samples 

examined here. Nahon (1991) suggests the movement of  elements and their precipitation 

into finer grained matrix of  the regolith as the primary means of  forming the cores of  

pisoliths. Taylor and Eggleton (2008) suggest that nodules and pisoliths can vary greatly 

and one means by which pisoliths and nodules can be classified is according to their internal 

characteristics as the external features can have little relationship with these internal features. 

It is generally suggested that pisoliths cannot have formed where they now lie. Instead they 
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are the result of  local overland transport after their release from the ferruginsed zone of  

a weathering profile. The pisolith, nodule and vermiform maps presented in Figures 3.11–

3.13 show the different textures that the complex ferricretes can exhibit. 

The electron microprobe images of  KIFE062 (nodular ferricrete) and KIFE012 (vermiform 

ferricrete) support suggestions that there are at least two, but possibly more, phases of  

development involved in the formation of  the pisoliths (Figures 3.9, 3.11–3.13), similar to 

the weathering of  bedrock discussed above. The first is the beginning of  the weathering 

process and the breakdown of  feldspars and micas, described above. This is followed 

by the mobilisation of  Fe through ferrolysis. In samples KIFE02 and KIFE012, this is 

recorded by the accumulation of  Fe in the core of  the pisoliths, and to some extent the 

rinds, but not in the outer rind or the matrix. This suggests that there is probably another 

separate stage where accumulated Al on the outside cutans of  the pisolith and within the 

matrix was mobile. Sample KIFE105 has an exceedingly hematite-rich matrix and pisoliths 

and is suggested to be an extreme end member, where a localised influx of  Fe-oxide has 

completely overprinted any remaining Al or clays leaving only the quartz. The images of  

sample KIFE062 (Figure 3.9) show the edge of  an individual pisolith. The images show 

the growth of  initial pisolith, the edges of  which are higher in Al than Fe. Iron and K 

delineate the second and third rinds, both of  which are amorphous and relatively smooth, 

the third appears to be discontinuous. The outer rind has inclusions of  high K and Ca 

and low amounts of  Fe. These high levels of  K and Ca demonstrate the possibility of  the 

cations in solutions being re-precipitated as a K-rich clay phase. The precipitation of  clay is 

most likely to occur at the surface when the material has been moved out of  the ferrolysis 

environment. In this case, this is consistent with the occurence of  the K- and Ca-rich phase 

on the outer edges of  the pisoliths, when the pisolith was at the surface and under pH 

neutral conditions, which were conducive to the re-precipitation of  the cations in solution. 

The pisoliths in this study are similar to those discribed in Milnes et al. (1987). The 
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ferruginous pisoliths have core materials reflecting a variety of  sources and the cutans 

record a long history of  development. Clasts of  ferruginised bedrock may be encapsulated 

in cutans composed of  ferruginised soil materials. Laminated deposits of  goethite on the 

outsides of  pisoliths incorporate single grains or lenses of  quartz between the layers which 

confirms the accretionary nature of  the cutans of  the pisoliths (Milnes et al., 1987). 

The electron microprobe maps show that the various ferricrete samples record different 

stages of  the overall weathering process. Bedrock is weathered and feldspars and micas are 

replaced, shown in samples KIFE062 and KIFE102. Iron begins to be mobilised through 

the system, through ferrolysis, with small amounts accumulating within weathered samples 

when encountering reducing conditions. Sample KIFE048 demonstrates the beginning 

stages of  the pisolith formation, showing areas with less quartz, and the overprinting by 

the iron oxides. 

Maps of  the edges of  several pisoliths show the high concentration of  Al, particularly within 

the cutan and the matrix, suggestive of  the movement of  Al in solution during ferrolysis. 

The Fe-oxide is only visible within the pisoliths, suggesting that they were indurated prior 

to the pisoliths being incorporated into the matrix. There are also inclusions of  K and Ca 

with the pisolith cutans, again suggestive of  another stage of  formation under different 

conditions. Figure 3.12 demonstrates an individual pisolith at a smaller scale, where Al 

is dominant within the matrix and the cutans, with Fe-oxide only appearing within the 

pisoliths and as thin layers within the cutans. 

Sample KIFE062 is the end product of  several stages of  weathering, demonstrating iron 

overprinting and erosion of  the matrix within which the pisolith was originally contained. 

KIFE062 is a ‘typical’ representative of  the majority of  this field area, as it displays similar 

relationships (in hand sample) to most pisolith or nodules. An extreme example of  the 

weathering system is represented by KIFE105, which is appears to be comprised entirely 
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of  Fe and quartz and there is very little Al left within the pisolith apart from a small a small 

amount along the edges of  the cutans (Figure 3.8).

The vermiform sample, KIFE102, a transported ferricrete, represents the end point of  

the process. It contains a mix of  different pisoliths of  different origins, as seen in Figures 

3.11–3.13, cemented in a matrix of  quartz and Al. Given its classification and landscape 

setting, this highlights the importance of  the knowledge of  the landscape to be able to 

correctly identify and interpret data from different sample media. 

3.4.3.  Stage III - Mobilisation of  indicator/economic elements 

The SEM images of  sample KIFE019 show native Cu in voids within the iron oxide matrix 

(Figure 3.7). This suggests that the Cu has been subject to movement in solution through 

the system. The Cu occurs as discreet crystals rather than in a dendritic or tendril like form 

within the SEM images (Figure 3.7), suggesting it has been weathered and transported 

rather than ‘grown’ in that area. Sample KIFE019 was taken within a few hundred meters 

of  the Bonaventura prospect, so there is a known source of  Cu mineralisation. This is 

the only sample where the native Cu was found, suggesting that Cu will only appear in 

geochemical samples that are close to the source of  the mineralisation. Thus ferricrete 

can be both a good and a bad indicator of  proximity to mineralisation. If  high values are 

returned there is a likelihood is an anomaly is close by, but if  the sampling density is too 

low, possible anomalies can be easily missed. 
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3.5. Conclusions

3.5.1.  In situ or transported? 

  The implications for mineral exploration  

The micro analysis of  the different ferricrete morphologies, suggests that they are formed 

both in situ and from transported materials, depending on the type of  ferricrete. The 

weathered bedrock and saprolite are obviously weathered products of  the underlying bedrock 

that have been subsequently overprinted by iron oxides. The origin of  the complex, or 

reworked ferricretes is more challenging to determine particularly as the centres of  pisoliths 

can have different origins, with rinds containing quartz grains, incorporated at a later date. 

Pisolith geochemistry can be useful, if  viewed as a composite signal of  an area, rather than 

a discreet point. However, the utility of  this approach depends on an understanding and 

whether the landscape setting a pisolith was likely to have travelled locally, via gravity flow, 

or from a wider area. Samples of  vermiform ferricretes, such as KIFE012, containing a mix 

of  different pisoliths are best treated with care, as it is difficult to determine where they are 

likely to be derived from. 

Further investigation is necessary to determine the exact sampling density appropriate for 

the use of  ferricrete for mineral exploration. Sample KIFE019 is evidence of  the ability of  

ferricrete to record metal anomalies in close proximity to a mineral deposit. However , the 

sampling density required to identify economic targets is still unclear and forms the subject 

of  the next chapter. 
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Chapter 4 

Geochemical Survey of  the ferruginous 
materials of  Kangaroo Island 





 

 Foreword  

This chapter investigates the whole rock geochemistry of  the different types of  

ferricretes, already discussed in Chapters 2 and 3, collected as a part of  a geochemical 

survey for mineral exploration. This survey was undertaken to facilitate a better 

understanding of  the formation of  the ferruginous materials on Kangaroo Island 

and how these may be used for geochemical mineral exploration. The geochemical 

expression of  the ferricretes studied reflects different landscape settings and the 

progression from weathered bedrock through to indurated saprolite and transported 

material. The physical expressions of  the processes involved in the formation of  

ferricretes in the landscape and in microanalysis have already been discussed in 

Chapter 2 and 3. It is hoped that through the addition of  the whole rock geochemical 

data we are further able to clarify and explain the processes and mechanisms, as well 

as gain a better understanding of  the capabilities of  ferricrete as a sample medium 

for mineral exploration. 
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4.1. Introduction 

“The primary purpose of  geochemistry is to determine quantitatively the chemical composition of  the 

Earth and its parts, and to discover the laws that control the distribution of  the individual elements” 

(Goldschmidt, 1937). 

Applied geochemistry is the application of  geochemical knowledge to societal benefits, in 

this case for the discovery of  mineral deposits (Garrett et al., 2008; Reimann et al., 2010), 

here through the use of  geochemical mapping. Geochemical mapping has been widely used 

since the 1960s and has developed from early geochemical prospectors panning for alluvial 

gold or tin to the current geochemical surveys that utilise a range of  sampling media at 

varying survey densities (Garrett et al., 2008). 

As iron is one of  the most abundant elements on Earth, and iron oxides are a highly 

abundant product of  weathering on the Earth’s surface, iron oxides are potentially a highly 

useful sampling media for geochemical exploration (McQueen, 2005). Iron oxides also have 

the ability to incorporate trace elements either in their structure or via adsorption (Aleva, 

1994; McQueen, 2005; Scott, 2009). This provides the possibility for iron oxide weathering 

products, e.g. ferruginous materials, to host trace element or economic metal enrichments 

transferred from the underlying basement rock and therefore makes them useful for mineral 

exploration (McQueen, 2005; McQueen and Munro, 2003; Scott, 2009). There have been 

numerous studies investigating the chemical and physical mechanisms that are involved 

in the formation of  ferruginous materials (Chapters 1–3). These studies have shown that 

the formation of  ferruginous materials can involve numerous mechanisms within an open 

system, including the lateral and vertical transport of  iron associated cations, pathfinder 

and trace elements, particularly in groundwater through hydrolysis and ferrolysis (Bourman, 

1989, 1993a, 1993b; Mann, 1983; Milnes et al., 1987).  This open system behaviour in 

the formation of  ferruginous materials means that it is particularly important for mineral 

exploration purposes to understand which processes are at work and where the chemical 
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signatures contained within the ferruginous materials are likely to be sourced from. Ferricrete 

material has previously been used in geochemical surveys in Western Australia and areas of  

eastern Australia (Anand et al. 2002, 2016; Anand and Butt, 2010; Anand and Paine, 2002; 

Cohen et al., 1998; Cornelius et al., 2006, 2008; McQueen, 2005; McQueen and Munro, 

2003; Taylor and Eggleton, 2008; Taylor et al., 2008). A geochemical atlas of  the Yilgarn 

Craton completed by Cornelius et al. (2008) has shown that a low density sampling program 

of  ferruginous materials can display regional and craton scale geochemical patterns. The  

survey by Cornelius (2008) provided a stimulus for ‘greenfields’ exploration in the region.

This study presents a regional scale geochemical survey of  ferruginous material from 

Kangaroo Island. Kangaroo Island is an excellent place to study the formation and utility 

of  ferruginous material for mineral exploration as it has a widespread distribution of  

ferruginous material, ease of  access and the bedrock is relatively homogenous and well 

constrained. This survey involved 204 samples over an area of  4 405 km2 with an average 

density of  1 sample point every 20 km2 (Figure 4.1). Data collected were used to examine 

how sampling at this density can be used to identify the underlying geochemical processes 

of  ferruginous material formation and assess the viability of  ferruginous materials as a 

mineral exploration sample media. 

Having previously identified three main aspects of  the formation of  the ferricretes through 

microanalysis, the work in this chapter is largely focused on identifying those processes 

through whole-rock geochemistry. The identified stages of  formation were: 

 1) Breakdown and weathering of  feldspars and the re-mobilisation of  iron  

  and aluminium to form ‘simple’ ferricretes. 

 2) The formation of  the ‘complex’ ferricretes, which includes wetting and  

  drying cycles to create the cutans of  pisoliths. 

 3) The mobilisation of  key indicator/trace/economic elements.
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Figure 4.1: Ferricrete sample points and associated classifications , based on morphology and landscape 
setting (see Chapter 2). The points are overlain on the regolith map of  Kangaroo Island. The three 

mineralisation sites are labelled, and the Cygnet-Snelling Fault is in dark grey. 
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The other key aim of  the geochemical analysis is to examine the validity of  the morphological 

classifications of  the ferricretes, and whether these classifications translate into the 

geochemical results. 

4.2. Background 

Geochemical surveying has become a widely employed technique since the 1960s (Darnley, 

1990, 1997; Reimann et al., 2005, 2009, 2010). The data are employed for a variety of  

different uses, particularly for mineral exploration, but also for environmental monitoring, 

including the fields of  geo-health and medicine (Thornton and Plant, 1980; Friske et 

al., 2013; Morrison et al., 2014). There are, however, some limitations associated with 

geochemical surveys. These issues are dominated by three main aspects – survey size and 

associated sampling density; appropriate sampling media; and the background or baseline 

levels applied when analysing the data. 

The following definitions of  survey sizes for geochemical mapping are used by Reimann 

et al. (2010): 

 Global scale: >50 million km2   — sample density of  <1 site/5000 km2  

 Continental scale: 0.5–50 million km2 — sample density between 1 site/5000 km2   

 and 1 site/500 km2

 Regional scale: 500–500 000 km2  — sample density between 1 site/500 km2  and  

 1 site/km2

 Local scale: 0.5–500 km2 — sample density between 1 site/km2  and >100 sites/ 

 km2

 Detailed Scale: <0.5 km2  — sample density >100 sites/km2

Low density, continental or regional surveys are commonly carried out in order to identify 

areas for further study, as well as to create a regional framework for future work (Garrett 

et al., 2008). There have been a large number of  continental and regional (usually co-
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ordinated by a specific country) scale surveys completed, including surveys conducted in 

Europe, the US and China (Demetriades, 2010; Garrett et al., 2008; Gustavsson et al., 

1994; Lax and Selinus, 2005). The ‘correct’ survey size and sampling density commonly 

varies from practitioner to practitioner but will inevitably depend upon the purpose of  the 

study. Continental sized surveys with low densities are likely to display a dominant signal of  

the underlying geology and the regolith (Cohen et al., 2012a, 2012b). Features relating to 

mineralisation or anthropogenic impact are difficult to pinpoint at the larger scale using low 

density surveys. Regional mapping at higher densities is required to detect major sources 

of  contamination or specific mineral deposits, rather than mineral districts (Cohen et al., 

2012b; Cornelius et al., 2008; Reimann et al., 2010). In this study a regional scale sample 

density has been used in order to further explore various aspects of  the sample media, as 

well as to establish a regional scale dataset which can be used as a base for further study. 

The sample media used in a survey depends on the dominant soil or regolith material, 

which is directly related to the survey size as well as the purpose of  the survey. The ideal 

sample media is one that is able to be kept consistent throughout the survey and can either 

be a type of  regolith, such as ferricrete, carbonate or glacial till, or a specific soil horizon 

(Demetriades, 2010; Gustavsson et al., 1994; Lax and Selinus, 2005; Salminen and Tarvainen, 

1997). In Europe, continental and regional scale surveys have used a combination of  glacial 

till and specific soil horizons to provide a consistent sampling medium (Demetriades A., 

2010; Gustavsson et al., 1994; Lax and Selinus, 2005). In the high density (1 site/1 km2) 

the geochemical survey of  Cyprus, two sample types were collected; a composite top soil 

(0-25cm) and sub soil (50-75 cm), resulting in a  grid of  over 5000 sample sites (Cohen 

et al., 2012b). For the Kangaroo Island survey we have chosen ferruginous material as 

the sampling medium, as it covers a large portion of  the survey area, and by sampling the 

materials that appear at the surface, it allows for landscape processes to be further examined. 
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Geochemical mapping makes use of  the spatial distribution of  data to identify patterns that 

indicate a change of  lithology or a geochemical anomaly such as a mineral deposit. Although 

statistical approaches are vital to identify meaningful anomalies, simple statistical application 

of  concepts such as a baseline or background to an entire dataset can produce erroneous 

results. Darnley (1997) raised the issue of  background and threshold filters, where extreme 

values in the tails of  a statistical distribution are not actually part of  the same distribution. 

Subsequently these values can be defined as values belonging to a different population 

because they originate from another process or source, in which case the mean ± 2 standard 

deviations (2SD) can produce a relevant threshold estimate. Such a definition has the benefit 

of  identifying geochemical anomalies related to mineral deposits, as the deposits most likely 

formed from different processes to the majority of  lithologies in a survey and hence do not 

lie within the 2SD window of  the remainder of  the population. However, if  multiple ‘normal 

distributions’ are generated by a range of  geological or sampling bias processes within a 

single survey then simple statistical indicators generated for the resultant distribution may 

work to disguise geochemical anomalies associated with targets such as mineral deposits. 

This requires the combined use of  statistical methods and thorough interrogation of  the 

data for sampling or geological biases. The terms geochemical baseline and geochemical 

background provide a variety of  meanings in different studies, however here we use the 

following definitions from Garrett et al. (2008) and Reimann et al. (2005). The geochemical 

background is defined as a range within which most observations fall, with the geochemical 

background having an average value that may be used as a baseline (Darnley, 1997; Reimann 

et al., 2009, 2010). A single value for a baseline cannot be used for all geochemical surveys, 

as backgrounds and baselines will vary in different environments across the Earth’s surface 

(Darnley, 1997; Reimann et al., 2010). They will also change between different locations 

and potentially also with the number of  samples taken in each area in low sampling density 

surveys (Garrett et al., 2008).  The survey conducted on Kangaroo Island is being viewed 

as a discrete dataset, and the background and baseline levels are being determined from the 

survey, rather than from an external generalisation. 
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4.3. Methods

4.3.1.  Sampling procedures and geochemical analysis

The sampling program for the geochemical survey of  ferricrete on Kangaroo Island 

was undertaken in conjunction with biogeochemical surveys and conducted over two 

field seasons, March and April 2012 and April 2013. The surveys were designed along 

the predominantly north–south road network on Kangaroo Island (Figure 4.1). Ferricrete 

(where avaliable) was sampled at approximately 2 km intervals north–south, and the roads 

are approximately 10 km apart east–west, equating to a sample density of  approximately 1 

sample every 20 km2. This sample density is only an approximation as a large portion of  the 

western area of  the island is included in the Flinders Chase National Park and could not be 

sampled due to access difficulties. Samples were collected as far from the road as possible 

at each site to minimise contamination from the road base, which is predominately Fe-oxide 

transported from other parts of  the island.  

Samples were taken at three of  the known mineralisation areas that form case studies in 

the biogeochemical data (Figure 4.1; Chapter 5). These known mineralisation areas are 

historically worked, but currently economically unviable, and include silver-lead-zinc 

(Rainbow’s End), copper-gold (Kohinoor) and copper, gold, silver and zinc (Bonaventura) 

prospects (Crooks, 1991). 

The sampling program was based on the work of  Cornelius et al. (2006), where ‘lateritic 

gravel’, that is pisoliths and nodules that form the upper part of  the lateritic residuum, 

were preferentially sampled. In this study, a similar method was employed, sampling the 

ferruginous materials found at the surface. This was not limited to the pisoliths but included 

a mix of  ferruginised materials, in order to gain a full understanding of  the different 

ferruginous regolith types on Kangaroo Island and their various chemical signatures. 

Ferruginous materials were collected as a consolidated sample over an area of  2–3 m2. 

Samples equated to a sample mass of  approximately 1–1.5 kg and were placed into plastic 
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sample bags in the field.  

Samples were photographed and composite sub-samples of  100–150 g were taken in 

the laboratory and shipped for analysis. Samples were washed with de-ionised water to 

remove any remnants of  soil or organic matter, but they were not crushed or sieved prior to 

being shipped for analysis so so they contained a variety of  coarse material. Analyses were 

conducted at ACME Laboratories (now Bureau Veritas Upstream), Vancouver, Canada, 

where the samples were pulverised to 250 g ≥ 85% 75 µm, and analysed for major elements 

using whole rock XRF analysis and for trace elements using ICP-MS, for a suite of  57 

elements. Table 1 contains the detection limits for the elements analysed. Duplication and 

standards included blind duplicates at rate of  1 in 10 samples, through splitting a 300 g 

Element Method 
Detection 

limit 
Element Method 

Detection 
limit 

Si02 LF700/4X 0.01% V LF100/4B 8 ppm
Al3O3 LF700/4X 0.01% W LF100/4B 0.5 ppm
Fe2O3 LF700/4X 0.01% Zr LF100/4B 0.1 ppm
CaO LF700/4X 0.01% Y LF100/4B 0.1 ppm
MgO LF700/4X 0.01% La LF100/4B 0.1 ppm
Na2O LF700/4X 0.01% Ce LF100/4B 0.1 ppm
K2O LF700/4X 0.01% Pr LF100/4B 0.02 ppm

MnO LF700/4X 0.01% Nd LF100/4B 0.3 ppm
TiO2 LF700/4X 0.01% Sm LF100/4B 0.05 ppm
P2O5 LF700/4X 0.01% Eu LF100/4B 0.02 ppm
Cr2O3 LF700/4X 0.00% Gd LF100/4B 0.05 ppm

Ba LF700/4X 0.01% Tb LF100/4B 0.01 ppm
LOI LF700/4X -5.11% Dy LF100/4B 0.05 ppm
Ba LF100/4B 1 ppm Ho LF100/4B 0.02 ppm
Be LF100/4B 1 ppm Er LF100/4B 0.03 ppm
Co LF100/4B 0.2 ppm Tm LF100/4B 0.01 ppm
Cs LF100/4B 0.1 ppm Yb LF100/4B 0.05 ppm
Ga LF100/4B 0.5 ppm Lu LF100/4B 0.01 ppm 
Hf LF100/4B 0.1 pm Mo AQ200/1DX 0.1 ppm
Nb LF100/4B 0.1 ppm Cu AQ200/1DX 0.1 ppm
Rb LF100/4B 0.1 ppm Pb AQ200/1DX 0.1 ppm
Sn LF100/4B 1 ppm Zn AQ200/1DX 1 ppm
Ta LF100/4B 0.1 ppm Ni AQ200/1DX 0.1 ppm
Th LF100/4B 0.2 ppm As AQ200/1DX 0.5 ppm
U LF100/4B 0.1 ppm Cd AQ200/1DX 0.1 ppm

Au AQ200/1DX 0.5 ppb Sb AQ200/1DX 0.1 ppm
Hg AQ200/1DX 0.01 ppm Bi AQ200/1DX 0.1 ppm
Tl AQ200/1DX 0.1 ppm Ag AQ200/1DX 0.1 ppm
Se AQ200/1DX 0.5 ppm

Element Method 
Detection 

limit 
Element Method 

Detection 
limit 

Si02 LF700/4X 0.01% V LF100/4B 8 ppm
Al3O3 LF700/4X 0.01% W LF100/4B 0.5 ppm
Fe2O3 LF700/4X 0.01% Zr LF100/4B 0.1 ppm
CaO LF700/4X 0.01% Y LF100/4B 0.1 ppm
MgO LF700/4X 0.01% La LF100/4B 0.1 ppm
Na2O LF700/4X 0.01% Ce LF100/4B 0.1 ppm
K2O LF700/4X 0.01% Pr LF100/4B 0.02 ppm

MnO LF700/4X 0.01% Nd LF100/4B 0.3 ppm
TiO2 LF700/4X 0.01% Sm LF100/4B 0.05 ppm
P2O5 LF700/4X 0.01% Eu LF100/4B 0.02 ppm
Cr2O3 LF700/4X 0.00% Gd LF100/4B 0.05 ppm

Ba LF700/4X 0.01% Tb LF100/4B 0.01 ppm
LOI LF700/4X -5.11% Dy LF100/4B 0.05 ppm
Ba LF100/4B 1 ppm Ho LF100/4B 0.02 ppm
Be LF100/4B 1 ppm Er LF100/4B 0.03 ppm
Co LF100/4B 0.2 ppm Tm LF100/4B 0.01 ppm
Cs LF100/4B 0.1 ppm Yb LF100/4B 0.05 ppm
Ga LF100/4B 0.5 ppm Lu LF100/4B 0.01 ppm 
Hf LF100/4B 0.1 pm Mo AQ200/1DX 0.1 ppm
Nb LF100/4B 0.1 ppm Cu AQ200/1DX 0.1 ppm
Rb LF100/4B 0.1 ppm Pb AQ200/1DX 0.1 ppm
Sn LF100/4B 1 ppm Zn AQ200/1DX 1 ppm
Ta LF100/4B 0.1 ppm Ni AQ200/1DX 0.1 ppm
Th LF100/4B 0.2 ppm As AQ200/1DX 0.5 ppm
U LF100/4B 0.1 ppm Cd AQ200/1DX 0.1 ppm

Au AQ200/1DX 0.5 ppb Sb AQ200/1DX 0.1 ppm
Hg AQ200/1DX 0.01 ppm Bi AQ200/1DX 0.1 ppm
Tl AQ200/1DX 0.1 ppm Ag AQ200/1DX 0.1 ppm
Se AQ200/1DX 0.5 ppm

Table 4.1: Detection 
limits at ACME 
Laboratories (Bureau 
Veritas Upstream) for 
the different elements. 
This table includes the 
methods of  analysis  for 
the different elements. 
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sub-sample of  a ferricrete sample with one duplicate being renamed. Due to the coarse 

materials used in these fractions, the sample variability is quite high (Figure 4.2).  Laboratory 

duplicates created by splitting of  solutions at the analysis stage and in-house (ACME) 

standards, displayed acceptable sample variability and analytical accuracy respectively.

4.3.2.  Data treatment  

External standard deviation on the in-house ACME standards ranged from 150% (2SD) 

for element concentrations at or within uncertainty of  detection limits down to 2.5% (2SD) 

with most elements in the range of  ~15% (2SD).  Figure 4.2 displays the high degree of  

variability between the in field duplicates, this trend in the major elements is repeated in the 

trace elements. 

A further filter of  data quality was used over and above the applied laboratory detection 

limit. For each element, the maximum external standard deviation (2SD in percent) 

observed in the in-house standards was added to the detection limit. Any data within this 

2SD level of  the detection limit (including rounding to the appropriate significant figures) 

Figure 4.2: Ferricrete in-field duplicates, which display a high degree of  variability due to the 
coarse fractions.
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were discarded to ensure that only data that could be reliably considered to accurately 

represent the concentrations in the samples were used for data analysis. Some elements 

display ‘striped’ data in cumulative probability plots which reflect discretisation of  the data 

due to rounding of  low concentration values and do not indicate unreliable data. 

There were several elements that returned limited results from the geochemical analysis, 

including: Ag, with only one sample above detection limits; Cd, with seven samples at 

detection limits (all 0.1 ppm); Tl, with only five samples above detection limits. These 

elements have been included in the maps in Appendix B, but will not be considered further 

in the discussion. A number of  other elements display discretisation due to rounding 

including Be, Hg, MnO, Sb and Ta, however as these elements do have a large number of  

values, they remain in the dataset for consideration.  

First pass data analysis used univariate statistics generated with IoGAS (version 6.1) 

statistical software (Appendix B). The results are presented spatially using ArcGIS (version 

Figure 4.3: First pass data analysis of  each of  the elements which include: a) map of  sample points which are ordered 
by standard deviation; b) normal probabilty plots; c) stacked histogram with different species differentiated between; 

and d) bar charts of  samples, to check for periodicty within the samples. 

a. b.

c.

d.
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10.3.1) generated maps with concentrations and standard deviations plotted (Appendix 

B, Figure 4.3). Exploration targets can be broadly defined as ‘Of  Interest’ when element 

concentration values are greater than 1.5–2.5 standard deviations above the median. Data 

are also displayed on stacked normal probability plots for the geochemical data, with 

the different ferricrete classifications separated out (Figure 4.3b). This method was also 

employed to make the data from the ferricrete easily comparable to the data from the 

biogeochemical surveys.The plots used have element concentration on the ordinate axis 

and the ‘normal’ score on the abscissa. The ‘normal’ score is an approximation of  the 

means or medians of  the order statistics, allowing the data to be assessed in respect to being 

a ‘normal’ distribution. Ferricrete data are also plotted on logged stacked histograms (Figure 

4.3d). The combination of  these methods of  presentation allows for data to be compared 

while taking into account the different morphological classifications of  the ferricrete. 

Multivariate plots were also used to examine the relationships of  different elements to 

each other and to assess element mobility and concentration change due to mass loss or 

preservation in the rocks. Elements broadly considered to be geochemically immobile (e.g. 

Zr and Ti) are used to assess volume change in the rocks and also the mobility of  other 

elements, in particular those of  economic importance. To assist with this, data from this 

study are compared to data previously collected by De Pretis (2008) on the unweathered 

basement Kanmantoo Group on Kangaroo Island. These values allowed for bedrock and 

the weathered ferruginous material to be compared. 

Major element behaviour during weathering was assessed using ternary plots and the 

Chemical Index of  Alteration (CIA), defined by the equation below:  

CIA=100*[(Al2O3)/(Al2O3 + CaO + Na2O + K2O)]

The CIA allows for a comparison between fresh bedrock and weathered products,  

identifying the amount of  according to the concentrations of  Al2O3, CaO, Na2O and K2O 

(McLennan et al., 2003; Nesbitt and Young, 1982). 
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There are multiple different weathering indices that have been produced, a comprehensive 

assessment of  these can be found in (Price and Velbel, 2003). Major weathering indices, 

Table _, including Parker’s Weathering Index (1970), Harnois’ Chemical Weathering Index 

(1988) and  Nesbitt and Young’s Chemical Index of  Alteration (1982) were assessed as 

possible means of  evaluating the behaviour of  major elements in this system. The CIA and 

the CIW assume Al to be an immobile element, however, we have already established the Al 

is mobile in this system. In order to assess another index that did not rely on the immobility 

of  Al, the WR of  Chittleborough (1991) (Table 4.2) was also examined. 

Chemical Index of  
Weathering 

(Harnois 1988)

CIW = 100 * [Al2O3/
(Al2O3 + CaO + Na2O)]

Chemical Index of  
Alteration 

(Nesbitt & Young 1982) 

CIA=100 * [(Al2O3)/
(Al2O3 + CaO + Na2O + 

K2O)]

Weathering Index (Parker 
1970) 

WI = 100 *[(2Na2O/0.35 
+ (MgO/0.9) + 
2K2O/0.25) + 

(CaO/0.7)]

Weathering Ratio 
(Chittleborough, 1991)

WR= [(CaO + MgO + 
Na2O)/ZrO2]

Table 4.2: Different weathering indices assessed for using in examining the 
major element behaviours. 

From comparison of  plots, it was found the CIW, CIA and WI all returned similar trends 

and results for major elements. Figure 4.4 displays the trends for the WR, compared with 

a few plots of  the CIA, which does not follow the exact trends as displayed by the other 

indices. However, this index assumes that Zr is an immobile element, while in this system 

it is mobile. This index also ‘clumps’ much of  the data together, making comparisons of  

the weathering rates between the different types of  ferricretes difficult. As a result of  these 

examinations it was decided that the CIA would be the weathering index used.
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WR v SiO2
WR v K2O

WR v Fe2O3 WR v CaO

WR v Na2O WR v Al2O3

WR v MgO

Figure 4.4: Plots of  the major elements versus the 
WR and CIA; a) WR:K2O b) WR:SiO2 c)WR:Fe2O3 

d) WR:Na2O f)WR:Al2O3 g) WR:MgO., h) CIA:MgO, 
i)CIA: Na2O. 

 These plots were produced to show the similarities 
and differences between the different weathering 

indices, in particular the WR and the CIA. The CIA 
and WR are on opposing axis in this figure, but do 
show similar trends, however the WR plots result in 
the ferricrete dat being much more concentrated and 

clumped in a certain part of  the graph. 

a.

g.

f.e.

d.c.

b.

i.

h.
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4.4.  Results 

Data tables are contained in Appendix A, while maps and plots for all elements analysed 

are in Appendix B. 

4.4.1.  Major Element Geochemistry

Samples of  ferruginous material are dominated by SiO2, Al2O3 and Fe2O3. A stacked bar 

chart of  the main chemical components of  the samples was produced (Figure 4.5), with the 

unweathered Kanmantoo Group samples included on the left for comparison. All samples 

were ordered on the y axis by the CIA, defined by Equation 4.1. The decrease in SiO2 

concentration can clearly be seen, with similar or increased Al2O3 concentrations, a broad 

increase in Fe2O3 concentrations and a significant increase in the LOI values within the 

more weathered samples as the remaining elements are removed from the samples. The 

variation of  these major components highlights their mobility during weathering processes, 

Figure 4.5: A stacked bar chart of  the main chemical components SiO2, Al2O3, Fe2O3, and the remaining 
elements and LOI of  the samples. Samples are ordered on the y axis by CIA. The Kanmantoo samples are 

presented on the left for comparison; the ferricrete samples are presented to the right. 

Stacked Bar Chart of Main 
Chemical Components 

Unweathered
Kanmantoo

Ferruginous
Materials
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Figure 4.6: Ternary plot of  SiO2–Al2O3–Fe2O3 , with all ferricrete samples, as well as previously sampled 
Kanmantoo data plotted. The range of  the unweathered Kanmantoo rocks is highlighted within the 

black ellipse, while the possible depletion or enrichment of  Al2O3 (black arrow) highlight the different 
weathering trends that can occur.

as observed in the electron microprobe maps in Chapter 3. Therefore an assessment of  

mass loss or preservation using immobile trace elements is necessary. 

The major elements in the ferricretes, Al2O3, SiO2 and Fe2O3, have been plotted on a ternary 

diagram and are compared with the values for the Kanmantoo Group from De Pretis (2008; 

Figure 4.6). The range in which the unweathered Kanmantoo Group samples sit is used as 

a starting point for the composition of  the parent rocks (Figure 4.6). The majority of  the 

ferricrete samples do not fall within this range. Most of  the ferruginised samples display 

an increase in Fe2O3 and an overall depletion in SiO2. Aluminium oxide in the ferricretes 

is very variable but is different from the Kanmantoo Group data and displays either an 

increase in concentrations or depletion. 
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SiO2, Fe2O3, Al2O3, Na2O, MgO and K2O are plotted against calculated CIA values (Figure 

4.7). These plots show similar trends to the ternary diagrams, with the ferricrete samples 

displaying depletion in SiO2  and enrichment in Fe2O3 relative to the Kanmantoo Group 

metasediments. The Al2O3 versus CIA ratio is variable, with no consistent trend between 

the ferricrete and the Kanmantoo Group, or with the ferricrete categories. The amounts of  

NaO, K2O and MgO decrease with increasing CIA values (i.e. increased weathering).

Figure 4.7: Plots of  the major elements versus the CIA; (a)SiO2:CIA, (b)Fe2O3:CIA (c)
Al2O3:CIA (d)Na2O:CIA (e)MgO:CIA and (f)K2O:CIA.  

4.4.2.  Trace Elements 

Trace element loss or gain during alteration and weathering processes are often considered 

against ‘immobile’ elements in order to ascertain the behaviour of  each element and 

determine the role, if  any, of  mass loss or gain in the rock. Elements that are generally 

considered immobile (TiO2, Nb and Zr) are plotted in Figure 4.8. The linear correlation 

between TiO2 and Nb suggests they are immobile, as evidenced by a broadly consistent 

ratio between the two elements (Figure 4.8a). The overlapping range of  concentrations 

of  ferruginous materials to the range observed in unweathered Kanmantoo Group rocks 

also suggests immobility. Zirconium shows a broadly linear trend with TiO2 in ferruginous 
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Figure 4.8: Plots TiO2 versus 
Nb and Zr.  

materials, but this trend is for the most part elevated above the concentrations present in 

the Kanmantoo Group rocks. The locations of  the Kanmantoo Group samples do not 

exactly correspond to the locations of  the ferruginous materials samples, and so it is unclear 

whether this represents introduction of  Zr during the weathering process or simply the 

heterogeneity of  the protolith. Due to this uncertainty, Zr is not considered to be immobile 

in this study and hence TiO2 and Nb are used as the immobile reference elements. 

The trace elements are grouped into four categories based upon their behaviour relative to 

Fe2O3 (Figure 4.9). The four main categories are:

 1. Strong, positive linear relationship with Fe2O3, namely V which is the only  

  element to show this behaviour (Figure 4.9a).

 2. Weak positive correlation, such as As (Figure 4.9b) but also U and Th.

 3. Strong depletions with increasing Fe2O3, , such as Rb (Figure 4.9c) Sr, Ba.

a.

b.
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 4. Gradual depletion of  the elements with increasing Fe2O3 as observed for  

  the rare earth elements (REEs, Figure 4.9d)

The immobile elements, TiO2 (Figure 4.9e) and Nb (Figure 4.9c), are displayed relative to 

Fe2O3. 

Economic elements Cu, Pb and Zn are plotted in Figure 4.10 and display similar trend of  

Figure 4.10: Plots of  depleted economic 
elements. (a) Pb, (b) Zn, and (c) Cu 

against Fe2O3. 

Figure 4.9: Trace elements plotted against Fe2O3, with representative ratios 
from each of  the following: (a) V-strong positive trend, (b) As:weak positive 
trend, (c) Rb:strong depletion/negative trend, (d) Tm:gradual depletion, (e-f) 

Immobile elements TiO2 and Nb. 

a

fed

cb

a b

c
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depletion to the third group of  trace elements (Rb, Figure 4.9c). In each of  the outlined 

categories there are localised elevated levels associated with distinct geographical trends 

and/or proximal to mineralisation or the Cygnet-Snelling Fault Zone (Figure 4.11).
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4.5. Discussion 

The microanalysis of  ferricretes, presented in Chapter 3,  determined three main stages in 

the formation of  the ferricretes on Kangaroo Island: 

 1. Breakdown and weathering of  feldspars and the re-mobilisation of  iron  

  and aluminium to form ‘simple’ ferricretes. 

 2. The formation of  the ‘complex’ ferricretes, which includes wetting and  

  drying cycles to create the cutans of  pisoliths. 

 3. The mobilisation of  key indicator/trace/economic elements

The above points highlight the physically observable processes, however, these need to be 

confirmed on the larger scale by geochemical data from across the survey area. As a result 

of  the whole rock geochemical data collected in this study, other important factors in the 

formation and understanding of  ferricretes have been identified and are discussed in detail 

below. These factors are: 

 1. The breakdown and weathering of  feldspars and plagioclase. 

 2. The depletion of  SiO2, an increase in Fe2O3 and variable mobility of  Al2O3

 3. Determination of  mobile and immobile elements 

 4. The possible mobilisation of  key indicator/trace/economic elements (Pb,  

  As, Cu, Bi, Sb) all centred along the Cygnet–Snelling Fault Zone.  

 5. The range and variability of  the chemistry displayed by the ferruginous  

  materials which make it exceptionally difficult to determine chemical   

  classifications.

4.5.1.  The breakdown and weathering of  primary material

  and the mobility of  the major elements 

The general behaviour of  SiO2, Al2O3 and Fe2O3 during weathering and ferruginisation of  

Kanmantoo Group rocks is readily assessed from the bar chart in Figure 3. Microanalysis of  

the different materials determined that the Kanmantoo Group was the most likely parent 
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material of  the ferricretes on Kangaroo Island (Chapter 3). The bar chart clearly shows the 

mobility of  SiO2 and Fe2O3 during weathering, with a decrease in the concentration of  SiO2, 

increase in the concentration Fe2O3 and an increased proportion of  material that was subject 

to LOI relative to the Kanmantoo Group. The Al2O3 percentage is variable, with some 

samples displaying an increase from the proportions seen in the unweathered Kanmantoo, 

whereas other samples have similar concentrations. The mobilisation of  Fe2O3 seen here 

can be explained through the chemical process of  ferrolysis. The concept of  ferrolysis 

was introduced by Brinkman (1970) to describe the formation of  a particular type of  soil, 

with clay decomposition and interlayering in seasonally wet, acidic soils (Brinkman, 1970; 

Van Ranst and De Coninck, 2002). Mann (1983) used the following simplified ferrolysis 

equation to describe the mobilisation and precipitation of  Fe for laterite in the Yilgarn 

block. 

4Fe2+ + 6H2O + O2  ↔  4FeOOH + 8H+

Equation 4.2: Simplified ferrolysis equation, where the oxidation and hydrolysis of  ferrous iron can equate 

to an increase in the acidity of  the subsurface Mann, (1983). 

This explains the oxidation and hydrolysis of  ferrous iron (Fe2+) and results in increase in 

the acidity of  the subsurface (Mann, 1983). This acidity and lowering of  pH will impact 

on the concentration of  Al, due to the increased weathering of  kaolinite. This is due to 

the weathering of  sheet silicates to form quartz clay saprolite as a concurrent process to 

ferrolysis. Equation 3 describes the weathering of  feldspar to form kaolinite (Mann, 1983). 

2KAlSi3O8 + 11H2O  →  Al2Si2O5(OH)4 + 2K+ + 2OH- + 4H4SiO4  

Equation 4.3: The weathering of  feldspar to kaolinite equation, from Mann, (1983). 

This breakdown of  feldspars results in an increase of  kaolinite, which will then readily 

breakdown in acidic environments. As seen from Equation 2, the ferrolysis of  ferrous 
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iron results in the production of  acid, and the process of  the breakdown of  kaolinite is 

summarised in equation 4.4. 

  

Al2Si2O5(OH)4 + 6H+  ↔ 2Al3+ + 2H4SiO4 + H2O    

Equation 4.4: Breakdown of  kaolinite to silicic acid, water and Al cations, from Ambrosi et al., (1986). 

The breakdown of  the kaolinite releases Al cations, which results not just in a dilution 

of  Al and Si with the introduction of  Fe, but the active movement of  Al and Si out of  

the system. This movement of  Al, and presumably other ions, in solution can then be 

incorporated into the Fe-oxides. As the breakdown of  kaolinite also produces acid, the 

two processes can cause a continuous cycle, as both are Fe and Al are further mobilised by 

acidic environments, and the mobilisation reaction itself  produces more acid (Mann, 1983).  

The breakdown of  kaolinite that is part of  the process of  ferrolysis and mobilisation of  

Al ions is also demonstrated by the Chemical Index of  Alteration (CIA), which is used as a 

measure of  the degree of  weathering of  a material (Equation 4.1). The CIA is plotted against 

major elements including Al2O3, SiO2 and Fe2O3 in Figure 4.7. This figure clearly shows 

the depletion of  SiO2 and enrichment of  Fe2O3 as the samples become more weathered 

and the variable nature of  the Al2O3. The concentration of  Al2O3 increases only at very 

high levels of  weathering, suggesting that prior to this point the increasing CIA is largely 

a function of  removal of  CaO, Na2O and K2O from the system, potentially accompanied 

by some loss in total abundance of  Al2O3. In highly weathered samples Al2O3 is added 

to the system. This is consistent with the evidence provided in Chapter 3, where Al2O3 

enrichment occurred at the rims of  the pisoliths. This suggests that the breakdown of  the 

kaolinite and mobilisation of  Al occurs well after the introduction of  Fe has commenced. 

 

4.5.2.  Mobile and Immobile elements  

The mobilisation of  the major element oxides Al2O3, Fe2O3 and SiO2 is obvious from 
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the ternary plot shown in Figure 6 as well as in the comparison to the CIA (Figure 4.7). 

Elements that have previously been interpreted as immobile during weathering, including 

REE, Zr and TiO2 were also examined (Barnes et al., 2014). The graphs in Figure 4.8 show 

that TiO2 and Nb can be considered immobile. However, Zr appears to show a systematic 

increase in the weathered material compared to the unweathered Kanmantoo Group rocks. 

The weathering process generally decreases the density of  the parent material (i.e. mass 

loss) which could account for an increased concentration of  an immobile element such 

as Zr. However, as TiO2 and Nb show similar concentration ranges between the protolith 

and weathered samples, it is unlikely that sufficient mass loss occurred to enrich Zr to this 

extent. This leaves the possibilities that the protolith material is heterogenous and/or that Zr 

was introduced into the system. The Kanmantoo Group is not a homogenous lithological 

unit, and this is likely to be reflected in the geochemistry of  the regolith. From previous 

geochemical surveys, the natural concentration of  elements will vary dependent upon the 

parent material and the subsequent soil forming processes (Cohen et al., 2012a, 2012b). 

However, given the size of  the enrichment over the majority of  protolith samples, it also 

seems likely that some Zr mobility and introduction was experienced during the weathering 

process. Further detailed studies on small-scale, in-situ weathering profiles would need to 

be undertaken to establish the relative roles of  protolith heterogeneity and Zr enrichment. 

The large ion lithophile elements (LILE; Rb, Sr, K2O) show a gradual depletion trend with 

increasing ferruginisation. These elements are incorporated into the lattice of  feldspar group 

minerals and/or micas and their gradual depletion can be interpreted to effectively mirror 

the breakdown of  these major minerals. These cations therefore have similar major mineral 

phase-controlled behaviour as Al2O3, but lack the final enrichment in highly ferruginised 

samples as demonstrated by Al2O3, that is presumably the result of  precipitation of  Al2O3 

on features such as pisoliths (Chapter 3). The high field strength elements (Zr, Nb, Hf, 

REE, Th, U and Ta) show variable behaviour, perhaps reflecting their variable host phases 

within the protolith. Niobium appears to be immobile, REEs tend to show mobilisation 

and progressive depletion, Zr shows enrichment and Th and U show strong enrichments. 
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Rare Earth Elements are likely to be predominantly contained within accessory minerals 

such as zircon, apatite, xenotime, allanite and monazite which are often resistant minerals 

during surficial processes. The gradual depletion may reflect the gradual breakdown of  

these minerals with very high degrees of  ferruginisation. The Zr enrichment suggests that 

zircon is not breaking down and/or any breakdown of  zircon does not include removal 

of  the Zr from the system, and indeed more Zr appears to be introduced into the system. 

Uranium, and to a lesser extent Th, is highly mobile in oxidising environments. Hence 

it reasonable that U would be mobile in the acidic oxidising conditions present during 

ferruginisation, with U being introduced external to the sampled rocks.

The behaviour of  V in this study is near unique when compared to the other elements, 

showing a strong correlation to the concentration of  Fe2O3 in the weathering products 

(Figure 4.9a). Vanadium has previously been demonstrated to fill a structural position in Fe 

oxides (Gehring et al. 1994; Schwertmann and Pfab 1996; Taylor and Giles 1970) and the 

behaviour observed here is consistent with this.

4.5.3.  Behaviour of  the economic elements 

The economic metals (e.g. Cu, Pb, Zn, W) generally show strong depletion with increasing 

Fe2O3 and are largely found in the third category outlined above. Unlike the REES or LILEs 

which show gradual depletion, the economic metals appear to be depleted and mobilised 

out of  the protolith as soon as weathering commences. This behaviour is arguably broadly 

consistent with the mineral host of  the metals being sulphide minerals that are easily and 

rapidly degraded by oxidising and acidic conditions, which occur during the ferrolysis 

process. Localised elevated levels that occur proximal to mineralisation, (Cu, Pb, Zn and 

As) as highlighted in Figures 4.11 and 4.12. These proximal highs may either be due to 

extremely high initial values or a multiple-step process.

At a location such as Bonaventura, Cu, Pb and Zn may be leached from the rocks but are 
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Figure 4.12: Plots of  depleted economic elements, Pb, Zn, and Cu against Fe2O3. The mineralised sites are 
highlighted and show elevated concentrations of  economic elements. 

Figure 4.13: Eh–pH diagram which 
demonstrates the different conditions 

at which Cu will be soluble in 
groundwater and precipitate out 
of  groundwater, from Brown, 

(2009). Pathway a. is the process of  
ferrolysis, and a rise in groundwater; 
pathway b. is fallig groundwater and 
the increasing influence of  meteoric 

water. 
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then overprinted by the mineral system anomaly. The acid weathering system mobilises 

these elements, but they can be dropped out when the system returns to more neutral 

conditions, as demonstrated by the Eh–pH diagram in Figure 4.13. Neutral conditions 

can occur via movement of  the materials towards the surface through erosion, leading to 

a greater influence of  meteoric water on the materials, rather than acidic groundwater. A 

cyclic changing of  groundwater sources and conditions is indicated by the cyclic growth of  

pisoliths, and hence a similar process may control the localised concentration of  economic 

metals in the regolith above mineralisation. The reintroduction of  the economic metals (or 

at least the remobilisation) is consistent with the findings of  Chapter 3.

As there is no direct relationship between Fe concentrations and the economic minerals, 

and the economic metals are commonly highly depleted in the ferruginous materials, it 

raises the question as to whether these materials make a good sampling media. Although 

the ferruginous materials are generally depleted in economic elements, they do record 

enrichment in areas where there is known mineralisation. This means mineralised sites do 

stand out well against the non-mineralised, background locations. However, the samples 

must be taken within a reasonable proximity to the mineralisation to yield anomolous 

concentrations. At the sampling density used in this survey, exploration targets are quite 

small with little surrounding vector indicators. Using a smaller survey size may provide 

much better results in this regard. Therefore, using ferricretes for regional geochemical 

surveys may miss anomalies if  the sample density is too large, or the mineral system too 

small. 

4.5.4.	 	 Geochemical	classification	of 	ferricretes	

Previous authors, such as Bourman (1989) and Schellmann (1981), have attempted to use 

geochemistry to better classify ferricretes. These classification schemes are plotted in the 

ternary diagram in Figure 4.14. The datasets used by Bourman (1989) and Schellmann 

(1981) do not display the same extent of  variability that is present in the ferricrete results 
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analysed in this study. The morphology of  the ferricretes, classified in hand sample, is 

not reflected in distinct geochemical compositions. There are clearly some samples that 

have been misclassified in hand-sample, such as sample KIFE105, which, although having 

landscape features suggesting it was an exceptionally ferruginised saprolite, contains Fe2O3 

and Al2O3 contents that are more consistent with the classification of  a complex ferricrete. 

However, despite the potential for some hand-specimen misclassification it is still not 

possible to correlate the ferricrete chemistry with the actual morphology. As there are no 

distinct geochemical features lending themselves to classifications, the best way in which to 

classify ferricretes is through the continued use of  the morphology, where the landscape 

setting and form of  the ferricrete is the primary means of  classification and in a large 

respect determines the sampling media.

Figure 4.14: Ternary diagram of  SiO2, Al2O3, Fe2O3, overlain with different classification systems. The 
black shapes are the classification system employed by Bourman (1989), and is the classification system 
used in this thesis. The classification system of  Schellmann (1981), dividing samples by their degree of  

‘laterisation’ is also overlain.  



132

Chapter 4 Ferricrete Geochemistry of Kangaroo Island 

4.5.4.  Geochemical Mapping 

The maps produced in Figure 4.11 highlight a number of  spatially meaningful patterns in 

the dataset. The economic elements (Cu, Pb and Zn) show highs centred on the Cygnet–

Snelling Fault Zone and known mineralisation (Figure 4.11a, b). Elevated levels of  (Co, Cs 

and Mo) occur in some samples along the edges of  the main ferricrete plateau. However, 

these highs are not reflected within the ferricrete morphologies and they are considered 

to represent the possible leaching of  mobile elements at groundwater table discharge 

points. The processes and results reflected in the geochemistry of  the ferricretes suggest 

that regardless of  the leaching of  elements early within the weathering process, in certain 

circumstances ferruginous materials can be of  use for mineral exploration. 

The survey size and associated sampling density was appropriate for this study, as it 

was able to display differences within the sampling media, and pinpoint areas of  known 

mineralisation. Previous studies (Gustavsson et al., 1994; Salminen and Tarvainen, 1997) 

have sampled soils. However, in terms of  efficiency and time, sampling the ferruginous 

materials for this type of  regional survey is perhaps the best option. Soil sampling in this 

area would have been difficult, as there is a limited soil profile on the island. The ferruginous 

materials display a signal over areas of  known mineralisation, extensively cover the survey 

area and are easily sampled and therefore were an appropriate sample media in this survey. 

Soil sampling may be more appropriate for areas where a smaller density survey is being 

undertaken, such as a local-scale survey.  

4.5.5.  Implications for mineral exploration  

Ferruginous materials can be useful as a sampling media for mineral exploration. This survey 

showed that samples surveyed over areas of  known mineralisation returned results with 

elevated levels of  economic elements. However, the limitation of  these materials in a larger, 

regional scale survey is that the signals and indicators of  mineralisation can be easily missed 

if  the samples are not taken in the immediate vicinity of  mineralisation. This is due to the 
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lack of  an alteration halo or dispersion patterns with the geochemical materials. Overall, the 

geochemistry of  the ferruginous materials can be useful, if  viewed as a composite signal of  

an area rather than a discrete point. This will depend in some part on the landscape setting 

of  the sampled material, as if  the material is likely to have been transported any great 

distance, i.e. a pisolith from the main plateau, then it will be unlikely to provide a signal of  

that area. Samples of  vermiform ferricretes that contain a mix of  different pisoliths are best 

treated with care, as it would be difficult to determine where any anomalies had actually 

derived from. Ferruginised bedrock or saprolite samples presumably contain signals for the 

movement of  groundwater in the immediate vicinity, and as a consequence are perhaps the 

most reliable of  the ferruginous materials. 

4.6. Conclusions

The primary purposes for this study were to investigate the processes involved in the 

formation of  the ferricrete and to investigate aspects of  geochemical mapping and the 

possible geochemical classifications of  the ferricrete. Classification of  the ferricretes on 

the basis of  the geochemical data  was not possible due to a lack of  definable geochemical 

characteristics associated with ferricrete morphology. The geochemical evidence in this 

survey supports the findings of  the microanalysis in the previous chapter. The influence 

of  ferrolysis in the depletion and enrichment of  principal components continued to be 

seen within the geochemical data. The geochemistry has also demonstrated the depletion 

of  trace elements and the re-introduction of  the economic elements that were thought to 

be occurring from the micro analysis, but, apart from Cu, were not able to be imaged. We 

have established that the ferruginous materials were the appropriate sample media for the 

geochemical mapping of  Kangaroo Island, due to abundance, distribution and ease of  

access. The regional sampling den was appropriate for this type of  first pass survey and was 

able to distinguish signal of  mineralisation and determine some of  the processes that are 

operating to form the ferruginous material
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Biogeochemical Surveys of  Kangaroo Island 





 

 Foreword  

Biogeochemical surveys were undertaken in conjunction with the regional scale 

geochemical survey of  ferruginous materials on Kangaroo Island. The aim of  

these surveys was to explore the possibilities of  using biogeochemistry as a tool for 

mineral exploration under cover, as well as producing a database for the direct spatial 

comparison of  geochemical and biogeochemical results.  In all cases, biogeochemical 

samples were taken as close to the ferruginous geochemical samples as possible to 

minimise spatial variation between the different samples.

Two biogeochemical surveys were conducted, Figure 5.1. The first survey used 

xanthorrhoea, or grass trees, due to their widespread coverage across the island. 

The second survey utilised several eucalypt species. The two biogeochemical surveys 

could then be directly compared, and any differences noted and investigated in the 

context of  varying depths of  bedrock geology and regolith types of  the different 

plant species. The two surveys identified that the xanthorrhoea biogeochemistry 

reflects the upper parts of  the regolith, whereas the eucalypt biogeochemistry reflects 

an expression from deeper in the subsurface and the bedrock. 
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5.1. Introduction

Biogeochemistry is the study of  the concentrations of  chemical elements in vegetation, 

with the aim of  gaining more information regarding the geology and chemistry of  the 

substrate. It is based on the assumption that elements of  interest in the bedrock, and thus 

overlying soil, will be accumulated in plants growing within the soil and as a consequence 

anomalous levels of  an element in vegetation equates to anomalous levels within the soil 

(Brooks, 1972). Biogeochemistry was used extensively in the former Soviet Union from the 

1930s (Brooks, 1972), however it has only gained traction within Western countries such 

as the US, UK, Canada and Australia since the 1960s (Brooks et al., 1995). It has proved 

to be particularly useful in areas of  transported regolith and glacial cover where bedrock 

is not easily accessible. Within the last few decades this method has increasingly been used 

for mineral exploration in Australia (Arne et al., 1999; Cohen et al., 2010; Hodkinson et al., 

2015; Lottermoser et al., 2008; Reid and Hill, 2010, 2013; Reid et al., 2008). Biogeochemistry  

particularly is a relatively low cost method in terms of  time, human resources and minimal 

environmental impact, especially in comparison to drill rigs.  

Biogeochemistry has been shown to be effective in arid areas (Hodkinson et al., 2015; 

Lintern, 2007; Reid and Hill, 2010, 2013; Reid et al., 2008, 2009), where plants have deep 

root systems with ‘sinker’ or tap roots accessing the underlying groundwater, illustrated in a 

cartoon in Figure 5.2 (Anand et al., 2016; Canadell, 1995, 1996). The Mediterranean climate 

of  southern Australia, with seasonal hot dry summers and cool, wet winters, makes it an 

ideal place to study the effectiveness of  using different plant species as a means of  mineral 

exploration. In particular, eucalypt species have been shown to have a deep tap root that 

allows for foliage to be used as a proxy for the elemental characteristics of  the underlying 

groundwater and lithology (Figure 5.2; Arne et al., 1999; Hill, 2004; Hodkinson et al., 2015; 

Hulme and Hill, 2004, 2005; Mitchell et al., 2015; Reid and Hill, 2010)). Non-essential 

elements, such as the economic metallic elements, have been shown to be taken up by 

plants and stored, rather than excreted (Brooks et al., 1995; Dunn, 2011). Previous studies 
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in Australia using biogeochemistry for mineral exploration tended to be based in arid and 

semi-arid areas and sample media included eucalypt, acacia and melaleuca species as well 

as spinifex grasses, which have been shown to have a root system penetrating up to 30 m 

in poor soils (Cohen et al., 1998; Hulme and Hill, 2004; Lintern et al., 1997; Lottermoser 

et al., 2008; Reid and Hill, 2010, 2013; Reid et al., 2008). Studies using eucalypt species for 

biogeochemistry have utilised river red gums, particularly along creeks and other ephemeral 

waterways (Hulme and Hill, 2003, 2004, 2005; Mitchell et al., 2015), as well as other eucalypt 

species that were locally abundant in the study areas (Arne et al., 1999; Lintern, 1997, 2007).

Kangaroo Island provides an ideal area to perform a survey (Figure 5.1) to test biogeochemical 

methods on a regional scale due to its small population, limited anthropogenic pollution, 

widespread coverage of  native vegetation and known mineralisation occurrences. 

There were a number of  aims in this survey, which were; to compare the biogeochemical 

signature in areas of  known mineralisation to those that are ‘background’; to examine the 

Figure 5.1 (Opposite Page): Map of  Kangaroo Island with biogeochemical sampling points, showing the four mineralised 
case study areas and the Cygnet Snelling Fault Zone, overlain on the regolith map of  the island from Chapter 2. 
Kingscote and Cape Borda are noted as this is where rainfall measurements are taken from. The biogeochemical 
sampling points are differentiated between the main species of  eucalypt sample by coloured squares (the corresponding 
species to colour is noted in the legend) and the xanthorrhoea are marked by the small black dots.  

Figure 5.2: Schematic cross section of  the biogeochemical system, adapted from Anand et al. (2016), showing the 
deeper root systems, in particular the ‘tap’ root of  the eucalypt trees, compared to the xanthorrhoea. The influence of  
bioturbation within the upper layers of  the saprolite and the soil profiles are also highlighted. 
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zonation of  mineral signatures in this landscape setting; and to examine the potential of  

biogeochemical surveys to help in the characterisation of  the regolith and landscape evolution. 

Ideally a biogeochemical study would utilise a single plant species, however, there is no single 

species of  deep rooting plant that is sufficiently widespread or consistently distributed 

across Kangaroo Island. As a consequence, the five most prevalent and wide ranging of  

the Eucalyptus species and a single species of  grass tree were used as sample media. The 

Kangaroo Island narrow leaf  mallee (Eucalyptus cneorifolia) was the most commonly sampled 

species in the coastal regions with sandy soils, whereas cup gums (Eucalyptus cosmophylla) and 

stringy barks (Eucalyptus baxteri & E. obliqua) were the most commonly sampled species on 

the ferruginous upland areas of  the island. Sugar (Eucalyptus cladocalyx) and manna (Eucalyptus 

vinimalis) gums were also sampled in some areas, particularly around the mineralised zones.  

There was only one species of  the xanthorrhoea sampled, Xanthorrhoea semiplana, which has 

a wide distribution across the island, no preferred soil type, and a vertical root extension of  

up to 3 m, dependent of  the species (Canadell, 1995; Borsboom, 2005). 

5.2. Background  

The ever-increasing precision of  instrumentation has allowed for low-level (ppb) 

concentrations of  elements in plant material to be determined, and this has been integral 

to the advancement of  the biogeochemical method being used for mineral exploration 

through cover (Brooks, 1972, 1995). Despite these advances, many elements still remain 

at or below detection limits in plant material. This is a limiting factor when considering 

biogeochemistry for some types of  mineral deposits and mineral exploration, particularly 

if  pathfinder elements are hoping to be utilised. This includes elements (Sb, W, Al, V, Ti, Pt, 

Be, Ag and Au) which either through low uptake by plants or through limited mobility in 

the subsurface can have limited results in biogeochemical surveys. 

The effectiveness of  biogeochemistry as an exploration technique is controlled by a number 

of  basic process and factors that may interact in a complex manner. The ultimate control on 
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the use of  biogeochemistry is the uptake (absorption) and transport of  elements within a 

plant as a result of  enzymatic processes (Kabata-Pendias, 2001). These elements are largely 

made available through the soil, although airborne uptake can and does occur (Kabata-

Pendias, 2001). Consequently, the concentrations of  elements within plants are controlled 

largely by soil factors including pH, Eh, water regime, clay content, organic matter content, 

mycorrhizae and the concentration of  other trace elements (Kabata-Pendias, 2001). The 

movement of  water through a system, as well as its pH and Eh, are key factors in the 

weathering system, as previously discussed in Chapters 3 and 4. The movement and 

interaction of  water within a system will release ions that then become available for uptake 

by plants. The pH and Eh of  a solution also affects the mobility and thus availability of  

elements for uptake. The proportion of  clay and organic matter in the soil will affect the 

capacity of  plants to removes ions from the soil, as the ions preferentially adsorb onto clay 

and humus which have higher cation exchange capacity (Brooks, 1972, 1995). The cation 

capacity of  clays will also increase with the additional of  organic matter, as it increases the 

surface area of  the clays. The cation exchange capacity of  humus increases with an increase 

in pH, and overall humus has a greater capacity to host cations than clays (Brooks, 1972). 

Mycorrhizae and bacteria play an important role in making elements in the soil available 

for the plants to access (Brooks, 1972; Kabata-Pendias, 2001),  including through the fixing 

and the mobilisation of  elements. Bacteria are known to play an important role in the 

breakdown of  minerals, some of  which can produce acids or corrosive agents to break down 

minerals including calcite, magnesite and feldspars (Brooks, 1972, 1995; Kabata-Pendias, 

2001). The concentration of  elements within the soil may also impact on the plants if  one 

element has the ability to inhibit or stimulate the adsorption of  other elements within plants 

(Kabata-Pendias, 2001). Interactions between elements may be both antagonistic (when the 

combination of  elements is less effective than when independent) and synergistic (when 

the combination of  the elements makes the elements more effective) (Kabata-Pendias, 

2001). These relationships will vary between different plants, but commonly Fe, Mn, Cu 

and Zn are known to be antagonistic elements (Kabata-Pendias, 2001).  Therefore, ideally 
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biogeochemical surveys would be accompanied by soil pH measurements at each site and 

estimates of  the soil’s clay and organic matter content to asses these factors. However, as 

the surface or near-surface soil composition potentially has limited relevance to the soil 

composition surrounding the plant roots (which can be many metres below the surface), 

obtaining the relevant information may become time consuming and/or extremely difficult. 

As different species of  plants have different trace element requirements, or are able to better 

survive with deficits or excesses of  elements, the effectiveness of  using biogeochemistry 

for mineral exploration varies. The trace element levels in plants are explained through the 

processes of  accumulation and exclusion (Kabata-Pendias, 2001). Accumulation, where 

the plant uptakes an element and stores it, is largely reflective of  the concentration of  

the specific element in the soil (Kabata-Pendias, 2001). Some plants, however, will hyper-

accumulate elements, whereas in other cases over-accumulation of  an element can result in 

toxicity to the plant (Kabata-Pendias, 2001). The exclusion of  elements can occur through 

anti-uptake physiological barriers or due to an uneven chemical gradient (Brooks, 1972, 

1995; Kabata-Pendias, 2001). The deficiency of  an element, whether through exclusion or 

via deficiency within the soil, may be detrimental to the plant. The biogeochemical method 

is of  limited utility if  the subsurface material that the plant roots are in contact with is too 

far removed or disconnected from the mineralisation-hosting bedrock, as would be the case 

in regions with thick (>50 m) sedimentary cover.

 

Although the biogeochemical method has been shown to work well in numerous cases 

(Brooks, 1972, 1973, 1977, 1995; Dunn, 1986; Lottermoser et al., 2008), there are certain 

limitations on the effectiveness of  using biogeochemistry as an exploration tool. These 

include climate, species variation, poor repeatability, insufficient analytical sensitivity and 

susceptibility to contamination (Arne et al., 1999; Brooks et al., 1995; Dunn, 2011; Lintern 

et al., 1997; Mitchell et al., 2015).
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Southern Australia’s Mediterranean climate is subject to seasonal rainfall which arguably 

aids in the viability of  the biogeochemical method. With little rain falling during the dry 

summer months, the trees are forced to take water from the groundwater table, which 

has, in turn, interacted with the underlying bedrock. In species such as the eucalypts, this 

promotes the development of  deep tap roots that penetrate the near-surface regolith 

and thus the trees provide a snapshot of  the chemistry of  the groundwater and bedrock 

(Canadell et al., 1996; Kabata-Pendias, 2001). Another characteristic of  plants in southern 

Australia that aids their use as biogeochemical sample media is that they have roots with 

significant vertical extension, allowing for maximum availability of  soil resources, moisture 

and nutrients. Dual root systems (i.e. shallow horizontal as well as vertical roots) enables the 

deeper roots to supply moisture to surficial roots, which remain active and exploit nutrient 

availability during periods of  soil moisture (Canadell, 1995, 1996). Moisture and nutrient 

content of  the soil will influence root form and distribution (Canadell, 1995, 1996; Kabata-

Pendias, 2001). Localised, high moisture near-surface soil profiles (e.g. clay-rich soils in 

topographic depressions) may lead to greater development of  shallow root systems, which 

limits plant communication with mineralised bedrock. Root morphology is also strongly 

influenced by soil or weathered bedrock properties, such as hardness, porosity, bedrock 

depth and degree of  weathering (Kabata-Pendias, 2001). 

An important consideration in the design of  biogeochemical surveys, and a variable that 

can be controlled or addressed by the researcher, is seasonal variation. In the Northern 

Hemisphere it is well documented that the greatest concentrations of  trace elements in 

plants occurs during the warmer months, i.e. spring to summer, and this corresponds to the 

peak growing season and a higher rate of  plant activity (Dunn, 1981, 1989, 2011; Dunn and 

Scagel, 1989). In other regions, rainfall is the more significant variable. In these regions it 

is best to sample at the end of  a significant dry spell, to ensure the sampled plant material 

is in maximum contact with the long-term, non-seasonal groundwater. The reasoning for 

this is demonstrated by Lintern (2007), who conducted a biogeochemical survey on the 
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Eyre Peninsula in the Southern Gawler Craton with repeated sampling of  Melaleuca in April 

and September. Samples from April recorded higher concentrations than in September 

for the vast majority of  elements. Of  note, Ca, Mg and Na recorded double the mean 

concentrations in April when compared to September (Lintern, 2007). In southern Australia, 

April typically marks the end of  the dry summer months and hence this is the ideal time 

to sample plant material to optimise the likelihood that their trace element compositions 

reflect the chemistry of  the potentially mineralised bedrock. By comparison, in tropical 

northern Australia sampling should be conducted at the end of  August before the summer 

monsoonal season. For studies that cover a broad area, there is also the influence of  larger 

climate variations such as the El Nino and La Nina southern oscillation climate patterns 

(Mitchell et al., 2015), which may affect the sample media if  surveys are conducted over 

a significant time period, or after long time periods have elapsed. The timeframes often 

employed in research and exploration do not necessarily allow for optimal sampling, for 

example, sampling may only be possible during a wet climate period, such as La Nina in 

southern Australia. This issue can be partly circumvented by acknowledging the influence 

of  climate in the dataset and by using approaches such as applying lower thresholds for 

element concentrations considered anomalous.

5.3. Methods

The biogeochemical survey was preceded by a review of  the dominant vegetation types 

on Kangaroo Island as documented in the literature (Berkinshaw, 2009; Brooker, 2004; 

Davies, 2002; Henschke, 1997) and from field observations. A number of  different species 

considered suitable for a survey were determined to be present with their distribution 

largely dependent on different soil types. This included Kangaroo Island narrow leaf  

mallee (Eucalyptus cneorifolia) in the sandy soils which dominate the Dudley Peninsula and 

south coast; cup gums (Eucalyptus cosmophylla) and stringybarks (Eucalyptus baxteri and E. 

obliqua) on the main areas of  the ferricrete plateau, with isolated populations of  manna 

gums (Eucalyptus vinimalis) in the northern areas of  the island. Sugar gums (Eucalyptus 
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cladocalyx) were sampled at a number of  the mineralisation case study sites as these were 

the only eucalypts growing in the immediate vicinity of  the mineralisation occurrence. An 

unidentified species of  eucalypt was sampled around the edges of  some of  the ‘ferricrete 

pits’, where the top soil had been disturbed to allow for the ferruginous material to be 

taken up and used as road base. This disturbance has resulted in the establishment of  a 

monoculture of  a single type of  eucalypt species that is not commonly found on the island, 

and which were unable to be positively identified due to hybridisation. 

Due to the inconsistent distribution of  the eucalypt species on the island, xanthorrhoea 

(Xanthorrhoea semiplana) were sampled as an alternative species. This species has a wide and 

relatively consistent coverage across the island, allowing for the analysis of  biogeochemical 

data for a single species across a large portion of  the island.  

5.3.1.  Mineral workings on Kangaroo Island 

There has been a history of  small mineral workings on the island (Belperio, 1992, 1995; 

Mansfield, 1947), including Cu, Au, Ag, Pb and Zn mineralisation (Belperio, 1995; 

Flottmann, 1995; Jago and Gatehouse, 2009; Northcote, 1946). The signature of  mineralised 

zones on Kangaroo Island was determined by using four case studies at sites of  known 

mineralisation. These case studies were conducted at Bonaventura (BV), Kohinoor (Kh), 

Western River Cove (WRC) and Rainbow’s End (RE) prospects (Figure 1). These are all 

historically worked, but currently economically unviable, Ag-Pb-Zn (WRC and RE), Cu-

Au (Kh) and Cu-Au-Ag-Zn (BV) prospects (Crooks, 1991a). These case studies have been 

used to examine the expression of  underlying mineralisation within biogeochemical results, 

and what sample spacing is preferable for a regional scale survey. The most comprehensive 

case study was undertaken at BV, which at the time of  sampling was part of  a modern 

exploration tenement held by Monax Mineral Exploration. Bonaventura is a historical 

prospect of  Cu-Au-Ag-Zn (Crooks, 1991b), located on the Cygnet–Snelling Fault Zone. 

The prospect straddles the Cygnet Creek, which has formed an incised gully and is heavily 
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vegetated. Kohinoor is a historic Cu-Au prospect along the Cygnet–Snelling Fault Zone 

(Crooks, 1991b). The area in which the historic workings are situated is currently being 

revegetated, and much of  the vegetation in the area is relatively immature. Western River 

Cove is a historic Ag-Pb prospect (Crooks, 1991a) to the west of  the Cygnet–Snelling Fault 

Zone, and is located outside of  the ~ 30 km zone of  the three previous prospects (Figure 

1). The landscape has been cleared in this area, and is very steep due to the proximity to 

the northern coastal edge of  the island (~ 900 m to the north). Rainbows End is a historic 

Pb-Ag deposit (Crooks, 1991b) on the Cygnet–Snelling Fault Zone, situated within an area 

currently under pine plantation. The terrain is rough and steep and much of  the native 

vegetation has been cleared, which made finding appropriate sampling media difficult. As 

a consequence, limited samples were taken at this site and this is the area with the least 

coverage. Sample media were not able to be restricted to eucalypt species or xanthorrhoea, 

so in this case a casuarina (thought to be Allocasuarina verticillata) growing on the edge of  a 

worked pit was sampled.

5.3.2.  Sampling Procedures 

The sampling programs for the biogeochemical vegetation surveys on Kangaroo Island 

were adapted from Dunn (2011) and Hill (2002). Three sampling programs were conducted 

over two field seasons, with several sites sampled each year to allow for an examination of  

temporal variation. Sampling was conducted in a reconnaissance survey in March 2012, 

with the main programs occurring in mid-April 2012 and 2013. The rainfall measurements 

in the three months preceding sampling were 25.3 mm (Jan–Mar 2012) and 41 mm (Jan–

Mar 2013) at Kingscote, with 50.6 mm (Jan–Mar 2012) and 39.4 mm (Jan–Mar 2013) falling 

at Cape Borda (Table 5.1). Both of  the sampling seasons experienced significant periods of  

rainfall during the sampling, from 30 mm to 40 mm at Kingscote and 45 mm to 49 mm at 

Cape Borda. 

The survey was designed along the predominately north–south road network on Kangaroo 
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Island (Figure 5.1), with vegetation sampled at approximately 2 km intervals north–south, 

with the roads being approximately 10 km apart east–west. The majority of  the roads 

have native vegetation belts running along them between 5 m to 10 m wide. Samples were 

collected as far away from the road as possible, to minimise dust contamination from the 

road. Whenever possible, leaves were taken from a number of  points around the tree 

canopy to allow for natural variation. This natural variation can be the result of  differing 

amounts of  sunlight, prevailing wind direction or the effects of  other vegetation Dunn, 

2011). Larger, more mature trees were preferentially chosen as they were likely to have 

a deeper root system. A large, mature xanthorrhoea was sampled next to the eucalyptus 

tree were possible, otherwise the largest xanthorrhoea within a 20 m area of  the eucalypt 

was sampled. Xanthorrhoea were also sampled from around the circumference of  the 

plant to allow for natural variation. At a number of  locations, multiple species of  eucalypt 

were sampled to allow for inter-species correlation and assessment of  variation in element 

concentrations from the same location.

In the vicinity of  the four mineralised sites, there were often no appropriate eucalypt species 

Kingscote   2012
 (mm) 

2013
(mm)

Average 
(1877-
2016)

Cape 
Borda

2012
(mm)

2013
(mm)

Average 
(1867 - 
2007) 

January 1.5 5.8 14.7 January 14.0 6.0 15.4

February 5.3 7.6 17.2 February 17.8 2.0 16.9

March 18.5 27.6 18.5 March 18.8 31.4 23.7

Total in 
prior 3 

months to 
sampling

25.3 41 50.4 Total in 
prior 3 

months to 
sampling

50.6 39.4 56

Rain 
during 

sampling 
period

(22nd 
– 26th 
April)
43.6

(16th 
– 28th 
April)
30.4

n/a Rain 
during 

sampling 
period

(22nd 
– 26th 
April)
49.6

(16th 
– 28th 
April)
45.1

n/a

Total April 
rainfall

43.9 30.6 35.1 Total April 
rainfall

51.0 51.5 45.2

Table 5.1: Rainfall data for the three months prior to sampling and during the biogoechemical sampling periods. Data 
collated from the Bureau of  Meterology. 
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to sample at the distances prescribed by the survey size. In these cases, eucalypts, and in one 

case a casuarina, were opportunistically sampled based on their proximity to survey sample 

points and ease of  access rather than for species. 

5.3.3.  Geochemical analysis and data treatment  

The collected plant material equated to a sample size of  approximately 300 g in calico 

bags prior to removal of  twigs and small branches, with only leaf  matter used for analysis. 

Samples were allowed to air dry while in the field, and when returned to the laboratory, were 

oven dried for 2–3 days at 60 °C to prevent mould and rot. Samples were then repacked in 

paper envelopes and shipped to ACME Laboratories for analysis. Analyses were conducted 

at ACME Laboratories (now Bureau Veritas Upstream), Vancouver, Canada, where the 

samples were dried and milled with a final sample size of  ~100 g. A 1 g split was digested 

in a two-step procedure using HNO3 and Aqua Regia. Analysis of  the digested material was 

done by ICP-MS for ultra-low detection limits of  a suite of  53 elements. Analytical runs 

included blind duplicates created from splitting samples in the field, laboratory duplicates 

created by splitting of  solutions at the analysis stage and in-house (ACME) standards. 

External standard deviation on the in-house ACME standards ranged from 50% (2SD) for 

element concentrations at or within uncertainty of  detection limits down to 2.5% (2SD) 

with most elements in the range of  4–15% (2SD). Duplicates were within uncertainty of  

each other. A number of  elements were below detection limits in the in-house standards 

(Pd, Pt, In, W, Tl, Be and Re) and hence these elements are automatically excluded from 

further analysis due to an inability to assess their accuracy. A further filter of  data quality was 

used over and above the applied laboratory detection limit. For each element, the maximum 

external standard deviation (2SD in percent) observed in the in-house standards was added 

to the detection limit. Any data within this 2SD level of  the detection limit (including 

rounding to the appropriate significant figures) were discarded to ensure that only data that 

could be reliably considered to accurately represent the concentrations in the samples were 

used for data analysis. Some elements displayed a ‘stripey’ quality when plotted on normal 
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Figure 5.3: Elements that show  
discretisation  due to rounding display 
as ‘striped’ data. Data are largely below 
detection limits, or when detected only 
have a limited number of  unique values.

probability plots, this is attributed to discretisation due to rounding (Figure 5.3). 

Data analysis used univariate statistics generated with IoGAS (version 6.1) statistical 

software (Dunn, 2011). The results are presented spatially using ArcGIS (version 10.3.1) 

generated maps with concentrations and standard deviations plotted (Figure 5.4). A 

commonly employed approach for assessing the spatial distribution of  data in exploration 

biogeochemistry is to adopt the median concentration of  an element within the survey area 

as the ‘background’ value of  that element in the region (Dunn, 2011). Exploration targets 

are then defined relative to this background where element concentration values considered 

anomalous and are greater than 1.5–2.5 standard deviations above the median.  To emulate 

this exploration workflow, the same approach to definition of  ‘anomalous’ values has been 

employed within this study. 

Data are also displayed on normal probability plots for both the eucalypts and xanthorrhoea 

geochemical data. The plots have element concentration on the ordinate axis and the 
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‘normal’ score on the abscissa. The ‘normal’ score is an approximation of  the means 

or medians of  the order statistics, allowing the data to be assessed in respect to being a 

‘normal’ distribution. Eucalypt data are also plotted on logged stacked histograms (Figure 

5.4). The combination of  these methods of  data presentation emulates the approach of  

industry exploration programs and allows data to be compared, taking into account species 

variation within the eucalypts. In this situation, the primary aim is to produce a first pass 

dataset that will narrow down a regional scale area to a smaller prospect scale area for 

Figure 5.4: Data treatment for biogeochemical results, the example here showing results for Ba in eucalypt samples. 
Univariate statistics were used to determine the standard deviations, which were then plotted on ArcGIS a). Anomalous 
values are in red, and are from 1.5 to over 2.5 standard deviations. Image b) is normal probability plots and d) histograms, 
stacked according to the different eucalypt species. Plot c) is a histogram of  the entire dataset was produced to examine 
any periodicity with the sample for laboratory bias, with the known mineralised zones highlighted by the red lines. 

further exploration.  

5.4. Results

All raw data are presented in Appendix A with all element maps and distributions presented 

in Appendices C (eucalypts) and D (xanthorrhoea). A number of  elements were below 

detection limits in all samples. These were In, W and Be for eucalypt samples and Be, Ga, 

In, Nb, U, Sb, W, Tl and Pd for xanthorrhoea samples. Several elements returned values less 

a.

d.
c.

b.
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than the nominated 2SD threshold above the laboratory detection limit. In almost all cases 

these were elements whose reported values were at detection limit. 

Elements that are known to be commonly affected by dust contamination, such as Zr 

and Al (Dunn, 2011), show a linear trend (Figure 5.5), suggesting the presence of  dust 

contamination on the plant material. Iron, Th, V and Hf  and Fe and Th in the eucalypt 

and xanthorrhoea, respectively, also show similar linear trends. These elements will not be 

considered further due to the likelihood of  dust contamination. 

The results are presented below by plant order in the first instance with reference made to 

the individual areas of  known mineralisation. In the following, the essential nutrients to 

be considered are Na, Mg, P, S, Cl, K, Ca, Cu, and Zn (Dunn, 2011) with Fe, Mn and Sn 

removed from consideration for reasons described above. Copper and Zn are considered as 

Figure 5.5: Data showing dust contamination from the eucalypt biogeochemical results. Elements commonly associated 
with dust contamination, such as Zr, Al, Th (Dunn, 2011), are plotted against one another, the linear trend suggesting 
dust contamination. Iron has also been included within this dataset due to the use of  ferricrete as a road base in much 
of  the survey area. 
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economic elements, as are Ag, Au, Ni and Pb. The elements Cd and Cs can also be used as 

proxies for Zn and Au respectively (Dunn, 2011), due to their similar atomic structure and 

proven associations in previous biogeochemical studies (Dunn, 2011). The use of  proxies 

for these two elements is important due to the ‘nugget’ effect of  Au and due to Zn being 

an essential element for plants (Dunn, 2011).  

5.4.1.  Eucalyptus Results 

To assess temporal variation, elements were plotted in stacked graphs according to 

sampling program (Figure 5.6). There were three main trends displayed in this data, theses 

are: elements that had the same trends for each of  the sampling programs include As, Au, 

Hg, Mn, Zn, Cu, Li and La (Figure 5.6a); elements that follow the same trends but vary 

significantly at the higher end of  the graphs are Hf, Sn, Y, Pb (Figure 5.6b); and elements 

that have significantly varying datasets, such as K, Ca, Rb, V, Fe, Na and Cr (Figure 5.6c). 

The elements that will be considered more closely are the economic elements of  Au, Ag, 

Cu, Pb and Zn (Figures 5.7–5.11); elements that can be used as proxies for economic 

elements, Cd and Cs (Figures 5.12, 5.13); the elements that were significantly higher in 

concentration within the xanthorrhoea, Ba, K, Sn and Rb (Figures 5.18–5.21); and elements 

that show a significant spatial variation that may represent a change in lithology, Ca, Na, Ni 

and Y (Figures 5.14–5.17). 

Of  the economic elements, both Au and Ag have datasets with a small number of  unique 

values, with data displaying the ‘striped’ quality of  values that are discretised due to rounding. 

The highest values for both elements were gained at the known mineralisation sites, RE 

and WRC, for Au and Ag respectively. A comparatively large number of  euclaytus samples 

returned results where Ag was above detection limits compared to the xanthorrhoea samples. 

The number of  samples returning results above detection limits for Au were slightly more 

consistent between the two different surveys. 
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Figure 5.6: Representative plots showing the different 
effects of  temporal differences on element gourps: a) 
Elements that had the same trends for each of  the sampling 
programs; b) elements that follow the same trends but vary 
significantly at the higher end of  the graph; c) elements that 
have significantly varying concentrations. 
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Figure 5.7:  Data 
for Ag, a economic 
element, for 
eucalypt and 
xanthorrhoea 
data. Statistical 
graphs are included 
with the maps to 
gain a complete 
picture of  the 
expression of  the 
elements in the 
biogeochemistry of  
Kangaroo Island. 
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Figure 5.8:  Data for 
Au, an economic 
element, for 
eucalypt and 
xanthorrhoea 
data. Statistical 
graphs are included 
with the maps to 
gain a complete 
picture of  the 
expression of  the 
elements in the 
biogeochemistry of  
Kangaroo Island. 

Figure 5.9:  Data for 
Cu, an economic 
element, for 
eucalypt and 
xanthorrhoea 
data. Statistical 
graphs are included 
with the maps to 
gain a complete 
picture of  the 
expression of  the 
elements in the 
biogeochemistry of  
Kangaroo Island. 
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Figure 5.10:  Data 
for Zn, a economic 
element, for 
eucalypt and 
xanthorrhoea 
data. Statistical 
graphs are included 
with the maps to 
gain a complete 
picture of  the 
expression of  the 
elements in the 
biogeochemistry of  
Kangaroo Island. 
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Figure 5.11:  Data 
for Pb, a economic 
element, for 
eucalypt and 
xanthorrhoea 
data. Statistical 
graphs are included 
with the maps to 
gain a complete 
picture of  the 
expression of  the 
elements in the 
biogeochemistry of  
Kangaroo Island. 
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Figure 5.12:  Data 
for Cs for eucalypt 
and xanthorrhoea 
data. Cs can be 
used as a proxy for 
Au. 
Statistical graphs 
are included 
with the maps to 
gain a complete 
picture of  the 
expression of  the 
elements in the 
biogeochemistry of  
Kangaroo Island. 

Figure 5.13:   Data 
for Cd for eucalypt 
and xanthorrhoea 
data. Cd can be 
used as a proxy for 
Zn. 
Statistical graphs 
are included 
with the maps to 
gain a complete 
picture of  the 
expression of  the 
elements in the 
biogeochemistry of  
Kangaroo Island. 
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The data for Cu showed a normal distribution within the different eucalypt species, with no 

species having higher concentrations than any other. The highest values from the eucalypts 

were from sites of  known mineralisation. The distribution of  results above detection limits 

across the island was widespread, as would be expected from an essential element. 

The data for Pb are skewed due to the exceptionally high results that were recorded at WRC 

for the eucalypts. This is seen in the high results obtained in the sugar gum samples (only 

sampled at mineralised sites) and on the maps (Figure 5.11), where the only anomalous 

points are at WRC and BV. The dataset has values above detection limits across the Island. 

The Zn dataset has values above detection limits across the Island, as it is also an essential 

element. The eucalypt data contains numerous elevated concentrations of  Zn, particularly 

within the manna gums, which have elevated levels up to 130 ppm. 

Proxies for essential elements that are also economic elements include Cd for Zn (Figure 

5.12) and Cs for Au (Figure 5.13; Dunn, 2011). The histograms of  the eucalypts are a 

skewed dataset, with the narrow leaf  mallee containing slightly higher concentrations of  Cd 

than the other eucalypt species, which is seen in the distribution of  the anomalous points 

on the map (Figure 5.12). Caesium does not have an obvious relationship with Au as Cd 

does with Zn, however elevated concentrations still occur around the known mineralised 

sites (Figure 5.13). There is a trend of  higher values in the central portion of  the island, 

running north–south, perpendicular to the Cygnet–Snelling Fault Zone. 

Four elements are singled out for examination due to their distinct spatial trends, including Ca, 

Na, Ni and Y. Sodium and Ni have the most distinct geographical trends and are associated 

with a particular eucalypt species, the narrow leaf  mallee (Figures 5.15–5.16). Narrow leaf  

mallee were only sampled on the eastern parts of  the island and Dudley Peninsula (Figure 

5.1) as they grow in the sandy soils in and around the coastal lowlands. Calcium results for 
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Figure 5.14: 
Eucalypt and 
xanthorrhoea data 
for Ca. Calcium 
shows particular 
geographical 
trends, particularly 
around the 
coastline. Statistical 
graphs are included 
with the maps to 
gain a complete 
picture of  the 
expression of  the 
elements in the 
biogeochemistry of  
Kangaroo Island. 

Figure 5.15: 
Eucalypt and 
xanthorrhoea data 
for Na. Sodium 
shows particular 
geographical 
trends. Statistical 
graphs are included 
with the maps to 
gain a complete 
picture of  the 
expression of  the 
elements in the 
biogeochemistry of  
Kangaroo Island. 
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Figure 5.16:  
Eucalypt and 
xanthorrhoea data 
for Ni. Nickel 
shows particular 
geographical 
trends, as well as 
being a economic 
elements. Statistical 
graphs are included 
with the maps to 
gain a complete 
picture of  the 
expression of  the 
elements in the 
biogeochemistry of  
Kangaroo Island. 

Figure 5.17: 
Eucalypt and 
xanthorrhoea data 
for Y. Yittrium 
shows particular 
geographical 
trends. Statistical 
graphs are included 
with the maps to 
gain a complete 
picture of  the 
expression of  the 
elements in the 
biogeochemistry of  
Kangaroo Island. 
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Figure 5.18:  Eucalypt and xanthorrhoea data for 
Ba. Barium is elevated in the xanthorrhoea, seen in 
the plot of  the xanthorrhoea and the eucalyptus. 
Statistical graphs are included with the maps to gain a 
complete picture of  the expression of  the elements in 
the biogeochemistry of  Kangaroo Island. 
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Figure 5.19: Eucalypt and xanthorrhoea data for Sr. 
Strontium is elevated in the xanthorrhoea, seen in 
the plot of  the xanthorrhoea and the eucalyptus. 
Statistical graphs are included with the maps to gain a 
complete picture of  the expression of  the elements in 
the biogeochemistry of  Kangaroo Island. 
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Figure 5.20:  Eucalypt and xanthorrhoea data for K. 
Potassium is elevated in the xanthorrhoea, seen in 
the plot of  the xanthorrhoea and the eucalyptus. 
Statistical graphs are included with the maps to gain a 
complete picture of  the expression of  the elements in 
the biogeochemistry of  Kangaroo Island. 
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Figure 5.21:  Eucalypt and xanthorrhoea data for 
Rb. Rubidum is elevated in the xanthorrhoea, seen 
in the plot of  the xanthorrhoea and the eucalyptus. 
Statistical graphs are included with the maps to gain a 
complete picture of  the expression of  the elements in 
the biogeochemistry of  Kangaroo Island. 
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the eucalypts show a slight trend of  elevated values towards the coast and a significant lack 

of  elevated values on the main plateau (Figure 5.14). This is reflected in a lower response 

from the stringy barks in the species comparison than the narrow leaf  mallee or the cup 

gum. Yttrium data has differing trends for the eucalypts and the xanthorrhoea (Figure 

5.17). The eucalypts have significantly higher results in the manna gums, but also show a 

band of  elevated concentrations running parallel to the southern coastline, with low levels 

elsewhere on the plateau. 

Barium, Sr, K and Rb are examined due to their higher concentrations within the 

xanthorrhoea samples (Figures 5.18–5.21). Within the eucalypts, there are some spatial 

trends evident. Barium has higher concentrations to the north of  the Cygnet–Snelling Fault 

Zone, while occurances of  elevated concentrations of  Rb are more common to the south, 

on the ferricrete plateau. Potassium and Sr do not display any particular trend. Strontium 

values are quite high along one road. However, this is dismissed as possible contamination, 

due to different road surface materials, as the strike of  the road crosses a number of  

different regolith and subsurface geology units.  

5.4.2.  Xanthorrhoea Results  

For the xanthorrhoea samples, elements that had the same trends for each of  the sampling 

programs (with some outliers) include Au, Ag, Cs, Ba, Sr, Y; elements that follow the same 

trends but vary significantly at the higher end of  the graphs are Cu, Pb, Cd, Ni, Na, Zn 

(Figure 5.6a); and elements that have significantly varying datasets, are K, Ca, Rb (Figure 

5.6c). 

As with the eucalypt data, both Au and Ag have datasets with a small number of  unique 

values, with data discretised due to rounding. Due to their importance as economic elements, 

these elements are still considered. The highest value of  Au in the xanthorrhoea did not 

come from a known mineralised zone. Similarly, a number of  the elevated values of  Cu 
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returned for the xanthorrhoea were from areas outside of  known mineralised zones. The 

Cu dataset returned results across the island, as is expected from an essential element. The 

data for Pb is skewed due to the exceptionally high results that were recorded at WRC. The 

majority of  the values in the Zn dataset are over detection limits across the island, as it is 

also an essential element; however, the data are skewed due to two points of  elevated Zn 

(250 ppm and 300 ppm) one of  which is at BV. 

Proxies for essential elements that are also economic elements include Cd for Zn and 

Cs for Au (Dunn, 2011). The Cd results from the xanthorrhoea (Figure 5.13) show the 

same trend as the Zn data (Figure 5.10). The two highest concentrations of  Cd are in the 

same locations as the two elevated concentrations of  Zn, which has again skewed the data. 

The concentrations of  Cd are significantly higher in the xanthorrhoea (7 ppm) than the 

eucalypts (0.7 ppm). The relationships between Cs and Au is not as strong as the relationship 

between Cd and Zn; however, elevated concentrations of  Cs are still focused on the known 

mineralised sites. Both datasets have a trend of  higher values in the central portion of  the 

Island, running north–south perpendicular to the Cygnet–Snelling Fault Zone. 

There are four elements; Ba, Sr, K and Rb: where the majority of  the data are at higher 

concentrations for the xanthorrhoea samples than for the eucalypts. The distribution of  

these datasets are normal and show no particular trends, beyond being much more elevated 

for the xanthorrhoea than for the eucalypt samples. K and Rb are also the only samples 

that displayed significant temporal variation with the xanthorrhoea samples, with the results 

from the April 2012 sampling program displaying elevated levels for both elements. This 

was not reflected in the Sr or Ba datasets. 

Four elements (Ca, Na, Ni, Y) were examined due to their distinct spatial trends in the 

eucalypt samples. These elements do not show the same spatial patterns in the xanthorrhoea 

samples as in the eucalypts. Sodium and Ni have limited responses, as does Ca. Yttrium data 
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has differing trends for the eucalypts and the xanthorrhoea. The eucalypts show a band of  

elevated concentrations running parallel to the southern coastline, with low levels elsewhere 

on the plateau. The xanthorrhoea results contain low level concentrations on the plateau, 

but instead of  showing elevated concentrations on the south coast, they show elevated 

levels in the north of  the island.

 

5.4.3.  Case studies in areas of  known mineralisation 

Bonaventura returned high values of  Cu in the eucalypts; this was not expressed in the 

xanthorrhoea results. The elements that were in high concentrations in both species of  

vegetation were Cd, Co, Li, Zn, while Al, Cr, Th and Zr were at higher levels in adjacent 

areas (Table 5.2). Rainbow’s End has the highest Au values in the survey at 3.6 ppb (median 

= 0.3 pbb). The site also had high values of  Au, Mg and Sr in both the eucalypts and 

the xanthorrhoea, with Cr being elevated in the surrounding area for both media (Table 

5.2).  Samples of  both eucalypt and xanthorrhoea were taken at Kohinoor, with Ba, Ce, 

La, Mn, Ni elevated in both species; and Ba, Cr, Hg elevated in adjacent areas (Table 5.2). 

Ag, Ca, La, Li, Na, P, Pb, Sr, Ti were high in both species at WRC. A lack of  adequate 

vegetation and poor access resulted in a lesser number of  samples in the immediate area 

of  the historic prospect, however from the sample that was obtained outside the area of  

known mineralisation, Cr was again high in both species. 

5.5. Discussion 

The primary aim of  most biogeochemical surveys is to provide a proxy to enable the 

characterisation of  the chemistry of  the underlying bedrock. This allows areas of  economic 

mineralisation to be identified. In order to do this it is necessary to understand the causes 

of  variation within plant chemistry particularly in regards to the landscape setting and 

differing species sampled. 
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5.5.1.  Comparing Xanthorrhoea and Eucalypt Datasets 

There are a number of  differences to note in the elemental uptake between the eucalypts 

and the xanthorrhoea. The concentrations of  Rb, Sr, K, and Ba are significantly higher in 

the xanthorrhoea than in the eucalypts (Figures 5.18-5.21), with the eucalypts being higher 

in B, Cu, Hg, Mn, Ni and Zn. A comparison of  stacked normal probability plots and 

histograms (Figures 5.7-5.17), shows that some elements also have higher concentrations 

in a particular species of  eucalypt. This includes higer concentrations of  Na and Ni in the 

narrow leaf  mallee; B and Ba in the cup gum; and Cd, Mn, Zn in the manna gum. 

Of  the elements enriched in the xanthorrhoea, Ba shows the greatest variation from the 

eucalypt concentrations, with a mean and maximum of  22.65 ppm and 140 ppm in the 

xanthorrhoea and 6.2 ppm and 42.5 ppm in the eucalypts. The distribution of  both datasets 

are normal, with slightly higher results from the eucalypts in the northern area of  the island. 

Rubidium was also found in significantly higher concentrations in the xanthorrhoea than in 

the eucalypts, with a mean and maximum of  6.46 ppm and 34.1 ppm in the xanthorrhoea 

compared to 2.51 ppm and 14.8 ppm in the eucalypts. The distributions of  both datasets 

are again close to normal; however, in contrast to Ba higher values occur in the southern 

and central parts of  the Island for both datasets. Unlike Rb and Ba, K and Sr do not have 

significantly higher maximum values in the xanthorrhoea compared to the eucalypts, but 

the mean values of  each in the xanthorrhoea are greater than double that observed in the 

eucalypts. The mean values for K are 0.5% for the eucalypts and 1.1% for the xanthorrhoea, 

while Sr values are 37.6 ppm and 51.16 ppm for the eucalypts and xanthorrhoea respectively. 

The elements that are consistently enriched in the xanthorrhoea are Group I and II lithophile 

elements that are considered to be quite mobile within the low temperature regolith 

environment (Scott, 2009). In many cases their mobility is associated with the weathering 

of  feldspars into clays, in particular Sr from plagioclase and Ba, Rb and K from potassium 

feldspar (Kabata-Pendias, 2001; Scott, 2009) These elements show differences between the 
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three sampling periods, suggesting a strong influence of  near-surface groundwater on the 

concentrations in plant materials. The xanthorrhoea, with shallower root systems, are likely 

to be tapping into ‘enriched’ zones or water sources of  mobile elements in the near surface. 

By comparison, the deeper-rooted eucalypts are drawing water from the groundwater that 

is potentially in chemical equilibrium with the bedrock. The elements that are higher in the 

eucalypts include Cu, Hg, Mn, Ni and Zn and are all transition metallic elements. These 

could be present in the less weathered bedrock that the eucalypt roots are tapping into. The 

lower concentrations of  these elements in the xanthorrhoea data may suggest that they are 

absent from the upper parts of  the profile. This interpretation is also consistent with the 

differences in concentration observed in the xanthorrhoea compared to the eucalypts.

5.5.1.1.  Significant spatial variation and the influence of  species bias

Four elements are examined that show definite and defined trends or anomalies within 

the data that correlate to particular geographical areas. For three of  the four elements 

(except Na), the concentrations of  elements within the eucalypts are far higher than in 

the xanthorrhoea. These elements are used to examine possible species bias, as different 

species of  plants will have different element requirements and as a consequence, different 

elemental signatures. 

Sodium and Ni have the most distinct geographical trends, however these trends are 

associated with a particular eucalypt species, the narrow leaf  mallee. This suggests that this 

species accumulates both Ni and Na to a greater extent than the other eucalypt species. 

The narrow leaf  mallee was only sampled on the eastern parts of  the island and Dudley 

Peninsula (Figure 5.1), as it grows in the sandy soils found in and around the coastal 

lowlands. This distribution accounts for the perceived spatial trends seen in the data when 

the eucalypt data are viewed as a single dataset. The geographical Ni anomaly, as an element 

of  economic interest, is not considered to represent a real basement chemistry anomaly as 

no anomaly is observed within the xanthorrhoea dataset (Figures 5.15–5.16). 
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Calcium results for the eucalypts show a slight trend of  elevated values towards the coast 

and a significant lack of  elevated values on the main plateau. This is reflected in a lower 

response from the stringy barks in the species comparison than the narrow leaf  mallee or 

the cup gum. These trends are much less distinct within the xanthorrhoea samples, but 

do still show similar trends to the eucalypt data. Given the prevalence of  the Bridgewater 

Formation and other carbonate regolith in the coastal regions, the elevated Ca levels are 

attributed to regolith and location. 

Yttrium data shows differing characteristics for the eucalypts and the xanthorrhoea. The 

eucalypts have significantly higher results in the manna gums associated with mineralisation, 

but also show a band of  elevated concentrations running parallel to the southern coastline, 

with low levels elsewhere on the plateau. The xanthorrhoea results also show lower levels 

on the plateau. However they do not show the same elevated concentrations on the south 

coast,  and instead show elevated areas in the north of  the island that are not associated 

with mineralisation. 

In order to examine these trends further, we looked at the elements with the most 

pronounced species differentiation (Na, Ni, and Pb) to determine whether there was an 

effect if  the species were treated as different datasets (Figures 5.22–5.25). Only five of  the 

species are considered here; cup gums, manna gums, narrow leaf  mallee, sugar gums and 

stringy barks. All three elements showed significantly different spatial data when the statistics 

were limited to individual species, particularly for Na and Ni. This is likely to be due to the 

removal of  geobotanical bias associated with the narrow leaf  mallee. As a consequence, the 

lithological and landscape change is less apparent, but elevated points within the data are 

much more apparent and are a better representation of  elevated signals within the system 

as a whole. The differences in the species are more apparent when considering the statistics, 

for example, the range of  Ni in the cup gums is 0.2 ppm to 6.2 ppm, while the narrow leaf  

mallee is 0.5 ppm to 10.1 ppm. The Pb data were treated differently, as three of  the species 
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(manna gum, narrow leaf  mallee and stringy bark) all contained exceptionally low values. 

These were plotted up on the map using the manna gum standard deviation statistics. By 

separating the data into three different groups, a larger variation in the individual species 

datasets can be seen, providing a more useful spatial representation of  the data than was 

originally produced due to the skew created by the high values of  select species. 

The higher concentrations of  Ni and Na in the narrow leaf  mallee are geobotanical indicators, 

in that they indicate a different lithology type in that area. The change in distribution of  

the narrow leaf  mallee compared to the cup gum and stringy bark also supports a change 

in lithology type. There seems to be no preferred area for the cup gums or stringy barks 

on the central portion of  the island. Ni is also enriched within the narrow leaf  mallee, by 

removing that population from the larger set of  statistics, the anomalous zones around the 

known areas of  mineralisation become more distinct. This highlights the importance of  

considering the influence of  a particular species on a given element within multi-species 

biogeochemical vegetation surveys. When elemental concentration bias is introduced by a 

particular species, treating the different species as different datasets (as has been done here) 

is a relatively straightforward method of  examining these issues within the data. Within a 

large-scale, regional exploration survey, this method of  separating the data by species may 

not be feasible for all elements, as it produces too many variables for routine consideration 

and for the majority of  elements is unwarranted. However, for some elements it is vital for 

as demonstrated by the pronounced difference seen between species for elements such as 

Na and Ni.  

A suggested workflow for large, multi-species biogeochemical surveys is: 

 1. Examination of  the raw data with stacked normal probability plots and/or 

histograms differentiated according to species to allow for determination of  clear inter-

species biases in element concentrations. If  no inter-species biases are observed for a given 

element then the dataset can be considered as a whole for identification of  spatial variation 
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Figure 5.22:  Eucalypt data for Na, but mapped by species statistics, rather than as a whole dataset. In this case, this 
has removed the geographical bias seen in Figure 15. 

Figure 5.23:  Eucalypt data for Ni, but mapped by species statistics, rather than as a whole dataset. In this case, this 
has removed the geographical bias seen in Figure 16, which was related to increased uptake of  Ni by the narrow leaf  
mallee, a species with a particular distribution. 
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Figure 5.24:  Eucalypt data for Pb, but mapped by species statistics, rather than as a whole dataset. In this case, this 
has removed the geographical bias seen in Figure 11, due to the very high levels of  Pb in the WRC prospect.  

Figure 5.25:  Eucalypt data for Pb, this time the species statistics are grouped. The manna gum, narrow leaf  mallee 
and stringybark all returned quite low results, so were grouped together. This has removed the variety of  elevated 
levels that were seen in Figure 23, however has highlighted the area around the Cygnet-Snelling Fault Zone. 
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and exploration target identification.

 2. Where inter-species bias is identified, then the spatial distribution of  each species 

can be considered for geobotanical influence. 

 a) Assuming the geobotanical influence does not correlate with mineralisation   

 then the species can be separated and plotted with separate statistics in order to  

 see if  anomalies are associated with mineralisation, as demonstrated above. 

 b) If  a geo-botanical distribution coincides with mineralisation, then a similar   

 process should be followed, however the removal of  just the species associated  

 with mineralisation should be sufficient to remove the bias from the dataset. Any  

 other occurrences of  that species could be indicative of  mineralisation, so should  

 be examined closely. 

In treating biogeochemical data, Dunn (2011) suggests the median levels of  datasets be 

considered as the background level, in order to identify anomalously high values worth 

considering. This approach appears appropriate for most elements in this study. However, 

as discussed, in some cases data must be separated by species as consistently higher element 

concentrations can bias the median towards values higher than the true background. Such 

an effect would not be expected by extreme values reported from a single site, i.e. plants 

sampled around a mine, as their inclusion would not sufficiently modify the median value 

to falsely increase the background values and hide otherwise anomalous concentrations and 

sites.

Sampling over known mineralisation as part of  any larger scale survey is recommended, to 

test and identify the biogeochemical response of  the vegetation sampled to the mineralisation 

in the area. The incorporation of  known mineralisation into every survey makes it easier 

to identify natural variation, elevated points and any geobotanical or species bias. If  there 

is no known mineralisation in the area, then test sampling outside the tenement should 

be considered. If  anomalies are returned outside of  known mineralisation, then QA/QC 
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should be considered carefully and the data validated. In the case of  a larger, regional 

scale survey, a smaller, more densely sampled survey would then be appropriate, as was 

conducted over known mineralised zones in this study. 

5.5.2.  Mineralised Zones 

Four case studies were conducted over known mineralised areas, with both the 

biogeochemical datasets. Several elements were similarly elevated for both the eucalypts and 

the xanthorrhoea, such as Pb, Cd, Zn, Co, Li and Zn. These high values for both species 

are an indication that these elements are mobile up and down the soil profile. However, in 

a few cases the highest values for the element are from the xanthorrhoea in the mineralised 

zones (Pb, Cd, Zn) suggest that either these elements are being accumulated within the 

top of  the soil profile, or by the plants themselves. Essential elements for plants include 

Ca, Cu, Fe, Mg, Mn, Mo, N, P, K, S and Zn. However, looking at the elements relative to 

each other within the system still gives a reasonable indication of  what is anomalous and 

what is background. In this survey, the essential elements Ca, Cu, Fe, Mg, Mn, Mo and P 

showed elevated levels both in areas that are known to be mineralised and those that are 

not. As a consequence, these are elements that need to be treated with caution. When used 

in conjunction with other elements and data, they provide more evidence for a prospect, 

however when looked at in isolation, may provide false positives. Elements that have been 

suggested to be used as proxies for some of  these essential, and economic elements, include 

Cd for Zn (Dunn, 2011). In comparing these two elements for eucalypt samples, there is 

certainly a correlation between areas that are high in Cd and those that are high in Zn, 

however this is not always the case. 

Within the eucalypt samples at these sites, there are a number of  elements that are at or 

near detection limits in the ‘striped’ graphs that have been dismissed. Of  particular interest 

for mineral exploration is Tl; as the only places where Tl is detected is at Western River 

Cove, Bonaventura and Rainbow End deposits. Tl is known to be associated with Ag and 
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Pb (Kabata-Pendias, 2001) and the Pb levels where Tl is dectected are very high. As a 

consequence, it is suggested that Tl could be used as a pathfinder for Ag–Pb deposits. 

However due to the lack of  dispersion of  Tl, it would most likely only occur when the 

presence of  Pb and Ag is already known.  

The extremely high anomalies of  Pb, may be the result of  partial exclusion of  the metals 

by the plants (Brooks, 1972); this partial exclusion can result in either very high or very low 

levels. If  the elements become too concentrated within a plant then this will prove fatal to 

the plant, and therefore anomalous values should not be expected. Aside from the paddock 

clerance, this may also have an influence on the lack of  vegetation in the areas around 

Western River Cove, as the other sites were all quite heavily vegetated. 

In regards to biogeochemical pathfinders and halos, the surveys were poorly designed to 

specifically consider this aspect. To fully explore the relationships of  the elements moving 

towards a mineralised zone, there needed to be consistent sampling at regular intervals 

from the mineralised zone.  Due to the sparse and variable nature of  the vegetation, in part 

reflecting the variable landscape and underlying lithologies, this was not possible. However, 

from the sample sites that were located in proximity to the mineralised zones, Cr in particular 

is consistently elevated, for both types of  biogeochemical samples. Other elements such as 

Al, Hg and Mg also appear frequently, but with no preference to a particular species. The 

natural variation present in vegetation also makes defining small-scale anomalies difficult.  

These factors make it difficult to say exactly what the ideal sampling density is for mineral 

exploration. The sampling programs in the mineralised case study areas suggest that 

sampling over a mineralised area does not guarantee elevated concentrations of  elements 

within the biogeochemical survey. 
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5.6. Conclusions

In this study, biogeochemical surveys have been useful and provided additional information 

regarding the landscape system. The data from each of  the biogeochemical sampling media, 

whilst interacting with the other media, does need to be analysed individually. In order to 

gain as more information, the use of  a number of  biogeochemical sample media may allow 

for different aspects of  the subsurface to be expressed. 

The sample media that is appropriate for the survey is primarily dependant on the objective 

element or purpose of  the survey. Eucalypt species would be the most suitable sample 

media for a mineral exploration project targeting the traditional metallic commodities of  

Cu, Pb, Zn, Au and Ag. Whereas if  sruvey purpose was environmenta, in order to examine 

the upper levels of  the soil and subsurface, the xanthorrhoea would be more suitable. 

Sampling density is also dependent on the purpose of  the survey. Large scale surveys, such as 

conducted here, are ideal for a ‘first pass’ exploration technique, as they will broadly identify 

areas that have a change in lithology. High-density, localised sampling can be variable, and 

it is perhaps best done in conjunction with other types of  surveying, such as soil sampling. 

Consistency within the sampling media is paramount as the differences between the species 

can be quite significant. If  the sample media are consistent then one aspect of  variation that 

may affect the dataset is eliminated. 

Despite the difficulties of  collecting consistent, contaminant free biogeochemical samples, 

as well as the high rate of  natural variability, biogeochemistry is recommended as a first  

pass, large scale exploration technique for mineral prospects, particularly in areas where 

bedrock is difficult to access. The use of  the biogeochemistry at a prospect scale can also 

be of  use, however this is dependent on a high number of  factors including vegetation 

coverage, species consistency, sample variation and landscape inconsistences, which make 

it difficult gain accurate, reliable results. 
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Table 5.2: Univariate statistics by element for eucalypt samples. 

Element N
Detection 

Limits
Unique 
Values

Mean
Standard 
Deviation

Minimum 50% Maximum

Ag (ppb) 341 2 ppb 5.471 9.63288 2 4 70

Al (pct) 341 0.01% 0.02303 0.01354 0.01 0.02 0.08
As (ppm) 341 0.1 ppm 6 0.18046 0.077518 0.1 0.2 0.6
Au (ppb) 341 0.2 ppb 10 0.440426 0.494605 0.2 0.3 3.6
B (ppm) 341 1 ppm 68 30.422 17.621 8 26 131

Ba (ppm) 341 0.1 ppm 119 6.2381 6.5098 0.7 4.3 41.3
Be (ppm) 341 0.1 ppm 2 0.1 0 0.1 0.1 0.1
Bi (ppm) 341 0.02 ppm 12 0.054889 0.049446 0.02 0.04 0.3

Ca (%) 341 0.01% 116 0.766217 0.348266 0.18 3.17 3.17
Cd (ppm) 341 0.01 ppm 37 0.08686 0.090332 0.01 0.06 0.7
Ce (ppm) 341 0.01 ppm 113 0.505249 0.863242 0.02 0.2 9.2
Co(ppm) 341 0.01 ppm 35 0.0877 0.109 0.01 0.06 1.22
Cr (ppm) 341 0.1 ppm 19 1.7575 0.37727 0.9 1.7 2.6
Cs (ppm) 341 0.005 ppm 36 0.012788 0.009494 0.005 0.011 0.078
Cu (ppm) 341 0.01 ppm 265 4.22 1.8478 1.04 3.79 12.08

Fe (%) 341 0.00% 56 0.01726 0.0145 0.002 0.012 0.094
Ga (ppm) 341 0.1 ppm 3 0.12 0.04 0.1 0.1 0.2
Ge (ppm) 341 0.01 ppm 6 0.019038 0.009401 0.01 0.02 0.05
Hf (ppm) 341 0.001 ppm 21 0.00475 0.004336 0.001 0.003 0.031
Hg (ppm) 341 1 ppm 63 27.357 15.8906 2 24 101
In (ppm) 341 0.02 ppm n/a n/a n/a n/a n/a n/a

K (%) 341 0.01% 83 0.565 0.196 0.14 0.53 1.4
La (ppm) 341 0.01 ppm 82 0.2663 0.454 0.01 0.11 5.1
Li (ppm) 341 0.01 ppm 99 0.4307 0.432019 0.03 0.31 4.01
Mg (%) 341 0.00% 177 0.2241 0.068391 0.09 0.222 0.442

Mn (ppm) 341 1 ppm 168 116.6891 192.678 6 59 1956
Mo (ppm) 341 0.01 ppm 36 0.0775 0.2059 0.01 0.04 3.48

Na (%) 341 0.00% 262 0.456293 0.2216 0.15 0.413 1.567
Nb (ppm) 341 0.01 ppm 3 0.015 0.01 0.01 0.01 0.03
Ni (ppm) 341 0.1 ppm 58 1.68 1.5583 0.1 1.1 10.1

P (%) 341 0.00% 108 0.06969 0.034522 0.008 0.59 0.224
Pb (ppm) 341 0.01 ppm 57 0.6075 4.128 0.01 0.105 57.11
Pd (ppb) 341 2 ppb 3 2.667 1.1547 2 2 4
Pt (ppb) 341 1 ppb 6 1.8518 1.511 1 1 7

Rb (ppm) 341 0.1 ppm 72 2.5167 2.019 1.8 1.8 14.8
Re (ppb) 341 1 ppb 5 2.65 4.826 1 2 23

S (%) 341 0.01% 27 0.1432 0.0477 0.02 0.14 0.28
Sb (ppm) 341 0.02 ppm 3 0.03 0.2236 0.02 0.02 0.07
Sc (ppm) 341 0.1 ppm 6 0.241 0.0754 0.1 0.2 0.5
Se (ppm) 341 0.1 ppm 8 0.207 0.101 0.1 0.2 0.7
Sn (ppm) 341 0.02 ppm 10 0.03416 0.021717 0.02 0.025 0.11
Sr (ppm) 341 0.5 ppm 267 37.6305 26.33805 6.5 30.6 224.3
Ta (ppm) 341 0.001 ppm 3 0.001143 3.59E-04 0.001 0.001 0.002
Te (ppm) 341 0.02 ppm 5 0.03 0.0085 0.02 0.03 0.05
Th (ppm) 341 0.01 ppm 20 0.0393 0.0371 0.01 0.03 0.26
Ti (ppm) 341 1 ppm 13 3.4401 2.1351 1 3 13
Tl (ppm) 341 0.02 ppm 9 0.073636 0.0504 0.02 0.05 0.18
U (ppm) 341 0.01 ppm 10 0.025 0.0177 0.01 0.02 0.1
V (ppm) 341 2 ppm 20 8.523 4.8915 2 7 20
W (ppm) 341 0.1 ppm n/a n/a n/a n/a n/a n/a
Y (ppm) 341 0.001 ppm 186 0.1473 0.2277 0.002 0.06 1.617

Zn (ppm) 341 0.1 ppm 170 14.7413 11.61 4.2 11.9 127.3
Zr (ppm) 341 0.01 ppm 38 0.087552 0.086433 0.01 0.06 0.59
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Element N Detection Limits
Unique 
Values

Mean
Standard 
Deviation

Minimum 50% Maximum

Ag (ppb) 263 2 ppb 9 5.08 4.8 2 4 26

Al (pct) 263 0.01% 4 0.0159 0.006277 0.01 0.01 0.03
As (ppm) 263 0.1 ppm 6 0.212 0.0946 0.1 0.2 0.5
Au (ppb) 263 0.2 ppb 9 0.407 0.3375 0.2 0.3 2.8
B (ppm) 263 1 ppm 16 5.988 3.1142 3 5 34

Ba (ppm) 263 0.1 ppm 199 22.65 20.7719 0.6 17.1 137.5
Be (ppm) 263 0.1 ppm n/a n/a n/a n/a n/a n/a
Bi (ppm) 263 0.02 ppm 10 0.0552 0.04 0.02 0.04 0.14

Ca (%) 263 0.01% 83 0.6168 0.2219 0.25 0.58 1.65
Cd (ppm) 263 0.01 ppm 23 0.1263 0.6459 0.01 0.03 7.26
Ce (ppm) 263 0.01 ppm 81 0.3601 0.6292 0.01 0.19 7.1
Co(ppm) 263 0.01 ppm 19 0.0404 0.0376 0.01 0.03 0.3
Cr (ppm) 263 0.1 ppm 20 1.6748 0.3957 0.3 1.6 2.6
Cs (ppm) 263 0.005 ppm 27 0.012 0.0077 0.005 0.01 0.068
Cu (ppm) 263 0.01 ppm 123 1.5086 0.527 0.77 1.4 4.54

Fe (%) 263 0.00% 32 0.0105 0.0075 0.001 0.008 0.045
Ga (ppm) 263 0.1 ppm n/a n/a n/a n/a n/a n/a
Ge (ppm) 263 0.01 ppm 7 0.0217 0.0117 0.01 0.02 0.06
Hf (ppm) 263 0.001 ppm 12 0.0029 0.002 0.001 0.002 0.011
Hg (ppm) 263 1 ppm 26 9.7374 4.4417 1 9 29
In (ppm) 263 0.02 ppm n/a n/a n/a n/a n/a n/a

K (%) 263 0.01% 125 1.1214 0.3603 0.25 1.17 2.18
La (ppm) 263 0.01 ppm 63 0.2026 0.3432 0.01 0.11 4.29
Li (ppm) 263 0.01 ppm 33 0.0896 0.0695 0.01 0.07 0.51
Mg (%) 263 0.00% 149 0.182 0.063 0.066 0.17 0.452

Mn (ppm) 263 1 ppm 94 44.9467 43.8203 3 31 280
Mo (ppm) 263 0.01 ppm 23 0.0582 0.048 0.01 0.05 0.39

Na (%) 263 0.00% 185 0.177 0.1765 0.013 0.121 1.06
Nb (ppm) 263 0.01 ppm n/a n/a n/a n/a n/a n/a
Ni (ppm) 263 0.1 ppm 18 0.4162 0.3057 0.1 0.3 3

P (%) 263 0.00% 38 0.0312 0.0114 0.019 0.029 0.141
Pb (ppm) 263 0.01 ppm 60 0.8486 5.1334 0.01 0.07 71.78
Pd (ppb) 263 2 ppb n/a n/a n/a n/a n/a n/a
Pt (ppb) 263 1 ppb 3 1.2 0.4103 1 1 2

Rb (ppm) 263 0.1 ppm 117 6.4676 5.0596 0.5 5.1 34.1
Re (ppb) 263 1 ppb 4 2.8571 6.3833 1 1 25

S (%) 263 0.01% 28 0.1046 0.0508 0.01 0.1 0.32
Sb (ppm) 263 0.02 ppm n/a n/a n/a n/a n/a n/a
Sc (ppm) 263 0.1 ppm 6 0.2525 0.0743 0.1 0.2 0.5
Se (ppm) 263 0.1 ppm 6 0.1797 0.084 0.1 0.2 0.5
Sn (ppm) 263 0.02 ppm 6 0.0321 0.0127 0.02 0.03 0.06
Sr (ppm) 263 0.5 ppm 217 51.16 31.054 14.2 41.8 200.3
Ta (ppm) 263 0.001 ppm 3 0.0011 3.52E-04 0.001 0.001 0.002
Te (ppm) 263 0.02 ppm 3 0.0228 0.0048 0.02 0.02 0.03
Th (ppm) 263 0.01 ppm 11 0.0262 0.018 0.01 0.02 0.1
Ti (ppm) 263 1 ppm 7 2.0109 0.9102 1 2 8
Tl (ppm) 263 0.02 ppm n/a n/a n/a n/a n/a n/a
U (ppm) 263 0.01 ppm n/a n/a n/a n/a n/a n/a
V (ppm) 263 2 ppm 17 8.4545 3.9227 2 9 17
W (ppm) 263 0.1 ppm n/a n/a n/a n/a n/a n/a
Y (ppm) 263 0.001 ppm 139 0.0813 0.1179 0.001 0.044 1.328

Zn (ppm) 263 0.1 ppm 120 12.142 23.795 2.9 8.8 298.1
Zr (ppm) 263 0.01 ppm 22 0.0494 0.0425 0.01 0.04 0.22

Table 5.3: Univariate statistics by element for xanthorrhoea samples. 
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6.1. Introduction

This thesis aimed to bring together field observations, petrography, geochemistry and 

biogeochemistry to characterise the landscape evolution of  Kangaroo Island and further 

investigate the use of  regolith and biogeochemical systems for mineral exploration. 

The following interlinked interpretations are considered to be the primary findings and 

conclusions from these studies. 

1. Ferricrete and ferruginous materials on Kangaroo Island are the result of  an 

extended period of  formation, and have been largely in place since the Eocene.  

2. Identification of  in situ and transported ferricretes is best done through identifying 

different morphologies in hand specimen. 

3. The mobilisation of  major, trace and economic elements potentially limits the use 

of  many of  the weathered materials for mineral exploration. 

4. The interaction of  biogeochemical systems with the regolith and landscape mean 

they are a suitable sampling material for mineral exploration. 

Each of  these points will be further discussed below, bringing together ideas and concepts 

that have been raised and discussed separately in the individual chapters within the thesis. 
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6.2. Ferricrete on Kangaroo Island: the result of  continuous formation but 

largely in place since the Eocene 

The initiation of  ferricrete formation on Kangaroo Island, established through relative 

age constraints, occurred during the Eocene–Oligocene. This regolith system was possibly 

initiated by tectonic movement and uplift along the Cygnet–Snelling Fault Zone, as part of  

regional scale tectonic reactivation of  pre-existing structures. The establishment of  relative 

age constraints on ferricrete formation indicates they are long-lived within the landscape 

but have been continually reworked and reformed. 

One of  the striking aspects of  the landscape evolution on Kangaroo Island is the long-lived 

nature of  the ferricrete landscape surface. Arguably, science and general opinion regarding 

landscape evolution is still influenced heavily by the concepts taken from the Northern 

hemisphere, in which landforms and landscapes are young, due to widespread Quaternary 

glaciation. However, the semi-arid climates that operate in southern Australia, including on 

Kangaroo Island, typically have slow erosion rates helping to preserve landscape features 

such as the studied ferricrete. Similar weathering rates are widely acknowledged from 

elsewhere in the world but the lack of  widespread Quaternary glaciation makes this much 

more demonstrable in the Southern Hemisphere (Gale, 1992). The small and slow variation 

in climate in southeast Australia during the Mesozoic and Cenozoic, in contrast to the 

increase in denudation and abrupt climate shifts globally, also helps to maintain a near 

steady-state weathering system within these extremely long time scales (Bourman, 1989; 

Taylor et al., 1992).

The self-preserving nature of  the ferricretes, and thus the plateau, is also a major contributor 

to the long lived nature of  the landscape. Indurated iron oxides are significantly more 

robust than highly weathered saprolite or non-indurated soil profiles. This means they do 

not readily erode, and even when physically eroded will often be continually reworked, 

and remain as a primary part of  the landscape. This behavior also highlights the on-going 
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nature of  the regolith forming process, as exemplified by the vermiform ferricretes.

It is acknowledged that these conclusions have been reached through the relative dating of  

the landscape and landscape processes, rather than any absolute dating. At this point it is 

exceptionally difficult to date regolith materials, particularly as they are often continually 

reworked, so signatures of  formation are overprinted and become mixed. In addition, many 

of  the methods used for dating landscape evolution processes (e.g. optically stimulated 

luminescence (OSL)) are only able to constrain the age of  the last exposure at the land 

surface. Such approaches will not work for regolith materials formed in situ (i.e. the majority 

of  the ferricrete) but do hold potential to determine the most recent age of  mobilisation 

and reworking of  the vermiform ferricretes. The provision of  an absolute date for the 

initiation of  ferruginisation and the beginning of  that aspect of  landscape evolution would 

allow for improved correlation of  episodes of  ferricrete formation and reworking to global 

and local climate and sea-level changes. 

6.3.	 Identification	of 	in situ and transported ferricrete formation 

Petrography and micro-analytical geochemical data were able to demonstrate that 

ferruginous materials on Kangaroo Island formed from the weathering of  the underlying 

bedrock; the Cambrian Kanmantoo and the Kangaroo Island Group metasedimentary 

rocks. In the studied weathered bedrock and saprolite samples it was apparent that the 

preserved fabric and mineralogy indicated the protolith material was the Kanmantoo 

Group metasedimentary rocks. Field observations of  weathering profiles indicated that 

the complex ferricretes also had a direct relationship to the weathered bedrock, suggesting 

that the pisoliths are a direct relation of  the weathered bedrock. The rounded nature of  

the pisolith concretions are the result of  the repetition of  groundwater conditions causing 

cyclic deposition of  aluminium and iron around a central core of  highly weathered bedrock 

material. In contrast, the vermiform ferricretes are formed by reworking of  transported 

regolith and ferricrete materials. It is perhaps not surprising that a significant amount of  
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transported and reworked ferricrete material exists – the marble-like nature of  the pisoliths 

means they are easily transported. As a consequence the ferricrete materials can be actively 

redistributed and spread throughout the landscape during weathering and erosion after their 

initial formation. As will be discussed, correctly identifying transported versus ferricrete 

material has important ramifications for mineral exploration applications. 

As the ferruginous materials are dominantly formed from the underlying bedrock, there is 

the need to understand the bedrock as a starting point for the materials that follow. As a 

metasedimentary group comprised of  8 sub-units, the Kanmantoo Group is heterogeneous 

and so the likelihood of  derived regolith materials being homogenous is quite slim. A means 

by which this is described is by Phillips (2003), who uses the theories of  non-linearity and 

complexity to explain geomorphic systems. Through this, even very small changes can 

result in very large differences, i.e. small variations in bedrock mineralogy or fabric will 

result in significant differences in the regolith product. For regolith materials formed over 

extremely long time periods (e.g. the Kangaroo Island ferricretes) these differences are 

exacerbated to produce dramatically varying products (e.g. the in situ versus vermiform 

ferricretes). The lack of  easily discernible geochemical indicators between in situ and 

reworked ferricretes on Kangaroo Island highlights that more research is required in order 

to quantify means by which these changes can be measured. For regolith materials used as 

exploration media, the ability to adjust the geochemical baseline levels reflecting variation 

within the protolith material would greatly enhance the quality and reliability of  detectable 

geochemical anomalies.   
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6.4. The mobilisation of  major, trace and economic elements: A potentially 

limiting factor the use of  weathered materials in mineral exploration

Electron microprobe maps and geochemical analysis have highlighted the significant 

mobility of  the majority of  the elements within the landscape system on Kangaroo Island. 

The mobility of  elements is interpreted to be due to the acidic environment present within 

the subsurface, caused through the ferrolysis reactions and processes during weathering. 

The weathering of  sheet silicates and the introduction of  water into the system in the 

form of  groundwater leads to perfect conditions for ferrolysis, which then acidifies the 

subsurface environment. This acidic environment aids the further breakdown of  minerals 

and mobilisation of  their constituent elements out of  the protolith. The mobilised elements 

are then precipitated either when the local chemical conditions change or the elements are 

transported to a differing chemical environment (e.g. more or less oxidising, or differing 

pH levels). The mobility of  the elements in this system was particularly highlighted by 

major elements such as SiO2, Fe2O3 and Al2O3. The depletion of  numerous trace and 

economic elements from the protolith system was demonstrated to occur relatively early 

during the weathering process. However, economic elements such as Cu do show elevated 

levels proximal to mineralisation, indicating the continued movement and mobilisation of  

elements may still preserve some indicators of  anomalous values within the underlying 

bedrock, depending on the chemical conditions of  the system. 

Due to the early mobilisation of  economic elements during the weathering process, weathered 

bedrock and saprolite are not going to be useful for mineral exploration unless secondary 

enrichment occurs. The potential for some preservation of  initial chemical indicators is 

demonstrated by the presence of  native copper observed in KIFE019, this is likely to occur 

when the breakdown of  sulphide minerals releases more Cu than can be accommodated by 

the surrounding groundwater and it remains ‘in situ’. Where the leached economic elements 

are taken into solution in groundwater these elements will be transported to the discharge 

points of  the groundwater table, resulting in elevated levels of  an element, i.e. supergene 
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enrichement (Butt, 2005; Lowell and Guilbert, 1970; Mathur et al., 2005). This behaviour 

is also likely seen in the geochemical maps of  Mo and Co in Chapter 4. Both elements 

display elevated levels around the edges of  the plateau. These possible signals may be more 

apparent within a higher density, smaller survey. 

Another limiting factor on the use of  ferricretes as a sampling media for geochemical 

exploration is the survey size and sample density. As the ferricretes appear not to display 

any geochemical alteration halos or dispersion trends, samples need to be taken close to the 

source of  the mineral signature. This equates to requiring small, high density geochemical 

surveys, which are appropriate for prospect or local scale surveys, but less so to large scale, 

regional scale surveys at lower densities. 

The integration of  the geochemical results and a study of  the hydrogeology and 

hydrogeochemistry of  the area would allow for further improvement in understanding of  

the landscape and the landscape processes. A thorough knowledge of  the hydrogeology 

would allow for the direction of  groundwater flow and movement to be determined and 

this would enable the prediction of  any ‘downstream plumes’ of  economic elements from 

sites of  mineralisation and/or the back-projection of  mineralisation from groundwater 

discharge sites that are associated with enriched levels of  elements such as Cu or Pb. 

When coupled with higher sampling densities and hydrogeology studies there are multiple 

statistical methods which could be applied to the geochemical data in order to further 

elucidate any potential sites of  mineralisation. This includes partial least squares regression 

analysis (PLSR), (Lax and Selinus, 2005) and the MAD (Median absolute derivation) 

method, which results in the lowest threshold, i.e. most number of  samples that are elevated 

(Reimann et al., 2005).  
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6.5. The interaction of  biogeochemical systems with the regolith and 

landscape: A suitable sampling material for mineral exploration

The biogeochemical surveys were successful in highlighting areas of  mineralisation, with 

a greater dispersion halo than observed in the ferruginous materials. The biogeochemical 

surveys also helped to provide further information into the processes involved in the 

landscape.

Of  the two biogeochemical surveys, if  the aim is to conduct a mineral exploration survey then 

the eucalypts returned the best results. The eucalypts are interpreted to source groundwater 

from the weathering zone in the bedrock and effectively pick up elements as they are leached, 

which accounts for the greater dispersion halo observed within the biogeochemical results. 

While displaying a high degree of  variability, even over areas of  known mineralisation, this 

dataset was better for picking up signals at a larger scale than the ferricrete. However, there 

can also be difficulties in biogeochemical surveys, particularly when it comes to inter-species 

variations, which can be quite marked. This makes large, regional scale surveys difficult, as 

there is a high possibility that there will not be a consistent vegetation species available for 

sampling across the entire area. This results in a data set in which different species need to 

be compared and potentially excluded in order to correctly identify meaningful chemical 

anomalies. The xanthorrhoea, overall, was less successful in taking up elements of  interest, 

most likely to do with its shallower root system. The shallower root system is likely to tap 

into the already leached saprolite or groundwater that has only been recently recharged by 

rainwater (diluting any chemical signature of  the underlying bedrock). 

The shallower root system of  the xanthorrhoea allows for the investigation of  the mobility 

of  certain elements in the subsurface. The increased uptake of  Ba, K, Sr and Na, in 

the xanthorrhoea is consistent with the release of  these elements during weathering of  

feldspars and clays in the upper subsurface. These elements are also likely to be mobile in 

the environments created by the ferrolysis process on the island. Further research could be 
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conducted to see if  xanthorrhoea surveys at high sampling density are able to characterise 

the variation within subsurface environments related to seasonal variation in groundwater 

levels and recharge and/or the spatial variation in subsurface chemical conditions (e.g. stage 

of  weathering). An interesting aspect to consider is the use plants such as xanthorrhoea for 

environmental contamination monitoring. As it has a shallow root system it will be much 

more sensitive to human-induced contamination of  groundwater and may therefore be 

better suited to biogeochemical surveys targeting environmental contamination mapping 

rather than economic mineralisation.

6.6.  Final Remarks

This work provides a landscape context and framework for the use of  regolith and plant 

materials in exploration on Kangaroo Island. Regolith field observations and the production 

of  the regolith–landform map have placed more constraints on the ferricrete and plateau 

formation and also on the formation of  the landscape and the landscape history of  the 

island. 

This work has demonstrated the complex and interlinked nature of  the controls that impact 

on weathering processes and the formation of  the regolith. Ferricretes and ferruginous 

materials are an exceedingly complex materials with both in situ and transported materials 

present on Kangaroo Island. Despite this complexity the ferricrete materials have 

been demonstrated to be useful for mineral exploration, and although potentially only 

providing small target areas, they do highlight areas of  mineralisation. Conversely, and 

maybe surprisingly, the underlying weathered bedrock potentially has less use for mineral 

exploration as the economic metals have been readily mobilised out of  the bedrock during 

the weathering processes on Kangaroo Island. 

The biogeochemical surveys proved to be successful exploration techniques. Of  the 



Chapter 6 The Landscape Evolution of Kangaroo Island

-193-

two surveys, the eucalypts were the most successful in regards to displaying economic 

mineralisation signatures of  the underlying bedrock. However, inter-species variations 

with the eucalypts makes large scale surveys difficult as further filtering or consideration 

is required to compare different species within the data set. The xanthorrhoea data are 

interpreted to provide information on processes and subsurface chemistry in the upper part 

of  the subsurface. This means they can be highly influenced by rainfall events and climactic 

variation potentially requiring sampling within short time periods to ensure comparability 

of  data across the entire survey region.

This thesis has been able to demonstrate the potential usefulness as well as challenges 

associated with ferricrete and vegetation for biogeochemical and geochemical sampling for 

mineral exploration. In further examining these materials a contribution has been made to 

furthering the understanding of  the landscape evolution of  Kangaroo Island, building on 

previous work, and providing a basis for future work. 
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Sample Fe % V ppm U ppm Sb ppm Tl ppm In ppm Be ppm Nb ppm Ga ppm Pd ppb W ppm Re ppb Pt ppb

Dect. Limit 0.001 2 0.01 0.02 0.02 0.02 0.1 0.01 0.1 2 0.1 1 1

Method 1VE 1VE 1VE 1VE 1VE 1VE 1VE 1VE 1VE 1VE 1VE 1VE 1VE
KIXAN001 0.008 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN002 0.007 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN003 0.01 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN004 0.005 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN005 0.004 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 1
KIXAN006 0.006 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN007 0.007 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN008 0.004 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 2
KIXAN009 0.004 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN010 0.004 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 2
KIXAN011 0.004 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 1
KIXAN012 0.004 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 2
KIXAN013 0.007 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN014 0.007 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN015 0.012 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN016 0.003 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN017 0.004 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 1 <1
KIXAN018 0.003 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 2 <1
KIXAN019 0.008 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN020 0.005 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN021 0.004 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN022 0.003 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN023 0.006 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN024 0.013 2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN025 0.005 2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 1 <1
KIXAN026 0.007 3 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN027 0.005 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN028 0.004 3 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN029 0.009 3 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN030 0.009 3 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN031 0.005 4 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN032 0.01 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 1
KIXAN033 0.003 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN034 0.004 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN035 0.004 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN036 0.003 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN037 0.004 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN038 0.003 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN039 0.004 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 1 <1
KIXAN040 0.003 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN041 0.003 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 1 <1Sample Fe % V ppm U ppm Sb ppm Tl ppm In ppm Be ppm Nb ppm Ga ppm Pd ppb W ppm Re ppb Pt ppb

KIXAN042 0.004 3 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 2
KIXAN043 0.005 3 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN044 0.008 4 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN045 0.002 3 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN046 0.003 3 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN047 0.003 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN048 0.003 3 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN049 0.004 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN050 0.016 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN051 0.02 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN052 0.016 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN053 0.007 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN054 0.003 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN055 0.005 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 1
KIXAN056 0.007 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 1
KIXAN080 0.01 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN081 0.008 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN082 0.004 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN083 0.004 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN084 0.004 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN085 0.009 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN086 0.006 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 1
KIXAN087 0.003 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN088 0.01 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN089 0.006 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN090 0.005 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN091 0.022 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN092 0.019 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN093 0.022 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN094 0.017 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN095 0.017 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN096 0.008 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN097 0.006 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN098 0.004 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN099 0.007 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN100 0.005 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN101 0.002 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN102 0.003 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN103 0.004 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN104 0.002 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN105 0.003 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN106 0.003 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN107 0.005 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN108 0.02 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN109 0.017 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN110 0.004 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
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Sample Fe % V ppm U ppm Sb ppm Tl ppm In ppm Be ppm Nb ppm Ga ppm Pd ppb W ppm Re ppb Pt ppb

KIXAN042 0.004 3 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 2
KIXAN043 0.005 3 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN044 0.008 4 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN045 0.002 3 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN046 0.003 3 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN047 0.003 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN048 0.003 3 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN049 0.004 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN050 0.016 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN051 0.02 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN052 0.016 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN053 0.007 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN054 0.003 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN055 0.005 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 1
KIXAN056 0.007 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 1
KIXAN080 0.01 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN081 0.008 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN082 0.004 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN083 0.004 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN084 0.004 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN085 0.009 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN086 0.006 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 1
KIXAN087 0.003 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN088 0.01 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN089 0.006 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN090 0.005 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN091 0.022 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN092 0.019 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN093 0.022 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN094 0.017 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN095 0.017 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN096 0.008 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN097 0.006 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN098 0.004 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN099 0.007 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN100 0.005 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN101 0.002 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN102 0.003 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN103 0.004 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN104 0.002 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN105 0.003 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN106 0.003 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN107 0.005 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN108 0.02 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN109 0.017 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN110 0.004 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1

Sample Fe % V ppm U ppm Sb ppm Tl ppm In ppm Be ppm Nb ppm Ga ppm Pd ppb W ppm Re ppb Pt ppb

KIXAN042 0.004 3 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 2
KIXAN043 0.005 3 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN044 0.008 4 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN045 0.002 3 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN046 0.003 3 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN047 0.003 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN048 0.003 3 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN049 0.004 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN050 0.016 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN051 0.02 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN052 0.016 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN053 0.007 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN054 0.003 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN055 0.005 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 1
KIXAN056 0.007 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 1
KIXAN080 0.01 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN081 0.008 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN082 0.004 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN083 0.004 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN084 0.004 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN085 0.009 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN086 0.006 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 1
KIXAN087 0.003 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN088 0.01 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN089 0.006 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN090 0.005 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN091 0.022 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN092 0.019 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN093 0.022 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN094 0.017 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN095 0.017 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN096 0.008 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN097 0.006 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN098 0.004 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN099 0.007 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN100 0.005 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN101 0.002 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN102 0.003 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN103 0.004 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN104 0.002 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN105 0.003 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN106 0.003 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN107 0.005 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN108 0.02 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN109 0.017 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN110 0.004 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1

Sample Fe % V ppm U ppm Sb ppm Tl ppm In ppm Be ppm Nb ppm Ga ppm Pd ppb W ppm Re ppb Pt ppb

KIXAN111 0.006 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN112 0.003 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN113 0.004 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN114 0.011 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN115 0.004 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN116 0.005 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN117 0.004 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN118 0.003 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN119 0.005 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN120 0.001 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN121 0.004 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN122 0.003 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN123 0.004 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN124 0.006 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN125 0.011 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN126 0.009 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN127 0.014 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN128 0.003 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN129 0.003 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN130 0.008 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN131 0.009 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN132 0.022 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN133 0.007 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN134 0.034 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN135 0.016 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN136 0.022 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN137 0.014 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN138 0.012 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN139 0.027 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN140 0.017 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN141 0.012 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN142 0.009 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN143 0.007 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN144 0.004 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN145 0.008 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN146 0.003 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN147 0.015 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN148 0.009 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN149 0.016 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN150 0.015 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN151 0.011 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN152 0.016 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN153 0.015 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN154 0.016 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN155 0.027 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
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Sample Fe % V ppm U ppm Sb ppm Tl ppm In ppm Be ppm Nb ppm Ga ppm Pd ppb W ppm Re ppb Pt ppb

KIXAN156 0.006 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN157 0.02 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN158 0.005 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN159 0.005 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN160 0.02 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN161 0.007 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN162 0.012 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN163 0.013 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN164 0.011 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN165 0.005 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 1
KIXAN166 0.004 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN200 0.027 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 1
KIXAN201 0.021 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 1
KIXAN202 0.023 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN203 0.015 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 1
KIXAN204 0.015 2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 1 <1
KIXAN205 0.014 3 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN206 0.007 7 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN207 0.007 7 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN208 0.007 10 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN209 0.005 7 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN210 0.011 6 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN211 0.027 9 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN212 0.014 12 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 1
KIXAN213 0.015 8 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN214 0.008 9 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN215 0.009 9 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 25 <1
KIXAN216 0.012 9 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 2 <1
KIXAN217 0.021 13 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN218 0.01 13 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN219 0.016 16 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN220 0.025 10 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN221 0.014 8 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN222 0.017 6 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN223 0.008 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN224 0.009 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN225 0.03 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN226 0.021 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN227 0.008 5 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN228 0.006 6 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 1 <1
KIXAN229 0.008 10 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN230 0.021 11 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN231 0.004 12 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN232 0.005 9 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN233 0.003 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1Sample Fe % V ppm U ppm Sb ppm Tl ppm In ppm Be ppm Nb ppm Ga ppm Pd ppb W ppm Re ppb Pt ppb

KIXAN234 0.004 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN235 0.006 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN236 0.004 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN237 0.006 3 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN238 0.006 4 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN239 0.006 4 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN240 0.007 14 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN241 0.006 11 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN242 0.005 11 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN243 0.006 13 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN244 0.006 11 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN245 0.006 12 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN246 0.007 13 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN247 0.007 10 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN248 0.008 12 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 1 <1
KIXAN249 0.006 10 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN250 0.005 12 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN251 0.007 12 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN252 0.013 12 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN253 0.045 14 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN254 0.016 11 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 1 <1
KIXAN255 0.024 8 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN256 0.017 12 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN257 0.025 13 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN258 0.024 11 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN259 0.021 15 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 1 <1
KIXAN260 0.01 13 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN261 0.01 15 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN262 0.013 12 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN263 0.016 12 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN264 0.007 14 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 1 <1
KIXAN265 0.018 17 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN266 0.009 16 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN267 0.015 16 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN268 0.006 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN269 0.01 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN270 0.015 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN271 0.009 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN272 0.011 4 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN273 0.029 8 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN274 0.007 6 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN275 0.03 5 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN276 0.021 3 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 1
KIXAN277 0.022 3 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN278 0.022 3 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1



References 

-277-

Sample Fe % V ppm U ppm Sb ppm Tl ppm In ppm Be ppm Nb ppm Ga ppm Pd ppb W ppm Re ppb Pt ppb

KIXAN279 0.017 8 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN281 0.021 8 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN282 0.015 9 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN283 0.007 9 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN284 0.016 13 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN285 0.008 12 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN286 0.01 9 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN287 0.009 8 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN288 0.008 9 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN289 0.01 7 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN290 0.009 8 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 1
KIXAN291 0.006 10 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN292 0.008 9 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN293 0.014 8 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN294 0.009 10 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN295 0.036 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN296 0.006 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN297 0.006 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN298 0.01 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN299 0.009 3 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN300 0.022 4 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN301 0.007 6 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 1 1
KIXAN302 0.014 7 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN303 0.022 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 1
KIXAN304 0.029 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN305 0.017 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN306 0.013 2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN307 0.011 3 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN308 0.01 7 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN309 0.009 8 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN310 0.04 7 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN311 0.01 5 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN312 0.015 6 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN313 0.008 9 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN314 0.023 10 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 1
KIXAN315 0.009 10 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN316 0.021 9 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN317 0.015 9 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN318 0.022 10 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN319 0.013 15 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN320 0.013 12 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1

Fe % V ppm U ppm Sb ppm Tl ppm In ppm Be ppm Nb ppm Ga ppm Pd ppb W ppm Re ppb Pt ppb

Mean 0.61684 0.031 0.20261 #DIV/0! 1.67481 0.18203 22.6544 2.01099 5.98859 0.17708 1.12148 0.25251 0.1047
Median 0.58 0.029 0.11 #NUM! 1.6 0.17 17.1 2 5 0.121 1.17 0.2 0.1

Std Dev. 0.22153 0.011 0.34259 #DIV/0! 0.39498 0.06294 20.7325 0.90777 3.10829 0.17621 0.35962 0.0742 0.0508

Sample Fe % V ppm U ppm Sb ppm Tl ppm In ppm Be ppm Nb ppm Ga ppm Pd ppb W ppm Re ppb Pt ppb

KIXAN234 0.004 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN235 0.006 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN236 0.004 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN237 0.006 3 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN238 0.006 4 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN239 0.006 4 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN240 0.007 14 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN241 0.006 11 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN242 0.005 11 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN243 0.006 13 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN244 0.006 11 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN245 0.006 12 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN246 0.007 13 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN247 0.007 10 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN248 0.008 12 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 1 <1
KIXAN249 0.006 10 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN250 0.005 12 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN251 0.007 12 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN252 0.013 12 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN253 0.045 14 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN254 0.016 11 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 1 <1
KIXAN255 0.024 8 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN256 0.017 12 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN257 0.025 13 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN258 0.024 11 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN259 0.021 15 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 1 <1
KIXAN260 0.01 13 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN261 0.01 15 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN262 0.013 12 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN263 0.016 12 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN264 0.007 14 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 1 <1
KIXAN265 0.018 17 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN266 0.009 16 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN267 0.015 16 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN268 0.006 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN269 0.01 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN270 0.015 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN271 0.009 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN272 0.011 4 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN273 0.029 8 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN274 0.007 6 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN275 0.03 5 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN276 0.021 3 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 1
KIXAN277 0.022 3 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN278 0.022 3 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1

Sample Fe % V ppm U ppm Sb ppm Tl ppm In ppm Be ppm Nb ppm Ga ppm Pd ppb W ppm Re ppb Pt ppb

KIXAN234 0.004 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN235 0.006 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN236 0.004 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN237 0.006 3 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN238 0.006 4 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN239 0.006 4 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN240 0.007 14 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN241 0.006 11 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN242 0.005 11 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN243 0.006 13 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN244 0.006 11 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN245 0.006 12 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN246 0.007 13 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN247 0.007 10 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN248 0.008 12 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 1 <1
KIXAN249 0.006 10 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN250 0.005 12 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN251 0.007 12 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN252 0.013 12 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN253 0.045 14 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN254 0.016 11 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 1 <1
KIXAN255 0.024 8 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN256 0.017 12 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN257 0.025 13 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN258 0.024 11 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN259 0.021 15 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 1 <1
KIXAN260 0.01 13 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN261 0.01 15 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN262 0.013 12 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN263 0.016 12 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN264 0.007 14 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 1 <1
KIXAN265 0.018 17 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN266 0.009 16 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN267 0.015 16 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN268 0.006 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN269 0.01 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN270 0.015 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN271 0.009 <2 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN272 0.011 4 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN273 0.029 8 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN274 0.007 6 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN275 0.03 5 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN276 0.021 3 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 1
KIXAN277 0.022 3 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
KIXAN278 0.022 3 <0.01 <0.02 <0.02 <0.02 <0.1 <0.01 <0.1 <2 <0.1 <1 <1
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Appendix B:
Ferricrete Maps 

and Graphs 
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