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Properties and Dating of Silica Skins associated with Rock Art 

Summary 

Hydrated amorphous silicon dioxide (SiO2.nH2O), or opal-A, is deposited naturally 

from seepage and runoff water as white or brown rock surface coatings, called 'skins', 

that often partly obscure rock paintings and engravings, but occasionally, a thin 

translucent silica skin can form a protective film over rock art. White lustrous silica 

skins, less than 1 mm thick, occur where seepage water regularly flows from bedding 

and joint planes, whereas much thinner brown skins form on the sides of boulders and 

cliffs where runoff water periodically flows. To find the degree of silica skin variability 

and to determine how climate and rock type affect the properties of silica skins I 
collected samples at seven Australian and two Canadian rock painting sites that were 

located in temperate, tropical and sub-arctic regions. The skins had developed on 

sandstone, quartzite, schist, gneiss and migmatite. I studied the effects of the skins on 

rock art stability, documented their compositions, textures and structures to establish 

their common properties, and searched for a way to date the silica which would provide 

an indication of the minimum age of the underlying art. I also made replication 

experiments to determine factors that influence the properties of artificial silica skins 

and the rates of their precipitation so that I could propose a mechanism for natural silica 

skin formation, and ascertain whether an artificial silica skin could act as a protective 

rock art conservation measure. 

I was able to subdivide the analysed samples into silica skin Type's I, II and III on the 

basis of their colour (translucent, white or brovm), composition (SiO2, Al2O3 and 

absorbed water contents) and texture (smooth vitreous or vermiform). I propose that 

silica skins initially begin to fonn on stable rock surfaces by a process involving a 

combination of evaporation- and ionic-induced polymerisation of silicic acid in seepage 

and runoff water. Condensation reactions, random clustering of small silica spheres 

and deposition of the resulting aggregates eventually produce a thin surficial silica film. 

Deposition of silica often traps micro-organisms that live in the damp seepage and 

runoff water zones, and these fossils in finely laminated skins enable the radiocarbon 

dating of silica deposition, and therefore the dating of rock paintings enclosed by silica. 

Micro-excavation of silica layers associated with rock art combined with accelerator 

mass spectrometry gave preliminary radiocarbon determinations that were either 

consistent with, or contradicted, prevailing opinions about the antiquity of the rock art 

at selected sites. Experiments using a laser technique for combusting fossilised micro

organisms in finely laminated skins were unable to generate sufficient carbon for 

dating. Catalysis of a mixture of equal proportions of methyl-trimethoxy silane and 

water produces a translucent stable film that may be suitable as a consolidant, whereas 

other artificial silica skins made from silica glass and tetra-ethoxy silane develop micro

fractures on drying, and these are unsuitable as rock art consolidants. 
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Chapter 1. INTRODUCTION 

1.1 Defining the problem 

Silica skins are associated with rock art in Australia (Chaloupka 1985; Dolanski, 1978; 

Hughes and Watchman 1983; Lambert 1979; Rosenfeld 1988; Walston and Dolanski 

1976; Watchman 1985, 1987b), New Zealand (Allingham 1987), Scandinavia 

(Lounema 1988), North America (Farr 1981; Myers and Taylor 1974;Wainwright and 

Taylor 1978) and Hawaii (Farr and Adams 1984), but little information is known about 

their formation, compositio°' durability and antiquity. Theories proposed for silica skin 

formation include their precipitation from solutions moving out of rocks (Dolanski 

1978), deposition from fluids flowing across rock surfaces (Wainwright and Taylor 

1978; Watchman 1992), and slow evaporation of silica-rich solutions on the surface of 

rocks in hot arid climatic regions (Watchman 1982). 

The major component in coatings covering rock paintings is silica (Dolanski, 1978; 

Hughes and Watchman 1983; Lambert 1979; Lounema 1988; Myers and Taylor 1974; 

Wainwright and Taylor 1978; Watchman 1985, 1987b, 1990, 1992), but the quantities 

of minor and trace inorganic components are unknown. I found microorganic remains 

and small particles of plant and charcoal in some silica skins (Watchman 1990, 1992). 

Silica skin development over rock paintings is significant in rock art conservation and 

management because the opaque coatings obscure many details, leaving the art with a 

faded appearance. They can also exfoliate, taking small flakes of art in the process. 

However, I thought that by determining the properties of silica skins and by 

understanding their formation I might be able to determine the factors controlling 

opaque skin formation and exfoliation. I also thought artificial coatings of similar 

composition to natural translucent ski~ could be used to mitigate against granular 

disintegration of painted rock surfaces (Watchman 1987a). 

Until I carried out this research no-one really knew the age of silica skins covering rock 

paintings. Early estimates for when silica skins formed over rock paintings focused on 

great antiquity, with Chaloupka (1984, 1985) proposing a time frame of at least 18,000 

years for some northern Australian paintings. 

What other components occur in silica skins? How does a skin form? What factors 

control skin formation? How stable is a silica skin? How old are silica skins? These 

questions provide the basis for this research. 
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1.2 Hypotheses and Aims 

In the eight years before commencing this research I had observed transparent silica 

skins protecting rock paintings and white opaque skins obscuring others, and I 

wondered what factors controlled these optical silica skin properties. My field 

observations and preliminary mineralogical and chemical examinations of silica skins 

(Hughes and Watchman 1983; Watchman 1982, 1985), combined with the conclusions 

reached by other researchers (Dolanski 1978, Wainwright and Taylor 1978), led me to 

propose the following hypotheses: 

a). Silica skins are surficial secondary deposits formed by accumulation of 

amorphous silica that is transported in solution from nearby rocks and minerals that are 

undergoing chemical weathering. 

b). The composition and structure of silica skins essentially reflect the 

chemistry of the solutions from which the skins were formed and the rates and 

mechanisms by which silica was deposited. 

c ). The extent and frequency of wetting of rock surfaces by seepage and 

runoff waters influence the distribution and thickness of silica skins. 

d). Microorganisms inhabiting damp rock surfaces on which silica skins are 

deposited provide a source of fossil carbon for dating silica skin formation by 

accelerator mass spectrometry (AMS 14C). 

e). Transparent siliceous1 films with properties similar to natural silica skins 

can be made artificially. 

In this pioneering research work the approach I took to understand how silica skins 

form was to document their various physical and chemical properties on different rock 

types in distinct environments, and then to compare their attributes with skins at other 

sites and those described in the literature. I selected rock painting sites to sample 

primarily on the basis of silica skin thickness, host rock type and environmental setting. 

I wanted to determine how compositions, textures and structures of silica skins varied 

from place to place, influenced by local environmental factors, because I felt that site 

specific conditions might play important roles in affecting silica skin properties. I also 

sampled sites in collaboration with archaeologists to find out how silica skins were 

affecting rock painting stability and, ifl could develop a silica skin dating technique, 

1 Siliceous refers to very high levels of silicon (Si), usually in minerals such as quartz, feldspar and mica. 
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then I could assist the archaeological study by determining the age of a particular rock 

painting masked by a silica skin. 

The report of my investigation of silica skins is divided into three parts: background 

information, analytical studies, and the discussion of field observations and laboratory 

analyses. In this study I document the appearances, textures, compositions and 

structures of nine silica skins collected from seven geographical regions. I examine 

their general features and occurrences in relation to the supporting rock types and to 

environmental factors (Chapter 2), and describe their inorganic and organic 

compositions (Chapter 3) and structures (Chapter 4). I then explain the problems of 

dating the formation of silica skins and describe methods for extracting carbon-bearing 

substances for use by AMS 14C (Chapter 5). 

Theoretical aspects of the weathering, transport and precipitation of silicon relating to 

the geological silica cycle are used as the basis for discussing silica skin genesis. I 

discuss the formation of silica skins using data presented in Chapters 2 to 5, and after 

reviewing the literature on the dissolution of silicate minerals, the polymerisation of 

silicic acid and the precipitation of silica, I use the results of my artificial silica skin 

replication experiments (Chapter 6), to explain the mechanisms, factors controlling 

silica precipitation and the structure of silica skins (Chapter 7). I then discuss 

conservation, geological and archaeological implications of the research results 

(Chapter 8) before drawing conclusions (Chapter 9), and making recommendations for 

future studies (Chapter 10). All references cited in this thesis are listed in the 

Bibliography, Appendix 1 contains details of the analytical equipment, experimental 

aims, and methods of laboratory analyses, while the results are tabulated in Appendix 2. 

1.3 Previous studies 

Calcite, gypsum and oxalate minerals and silicon, iroq, manganese and aluminium-rich 

layers without crystalline structures (amorphous) form thin deposits (usually called 

crusts, varnishes and accretions2) on stable rock surfaces under different conditions 

(Butt 1983; Dom and Oberlander 1982; Dragovich 1987; Soleilhavoup 1986; 

Watchman 1987, 1990, 1992; Webb and Finlayson 1984). I am particularly interested 

in the role played by a special group of silicon-rich (Si) coatings, that I call silica3 

skins, formed on exposed rock surfaces4, because they provide natural protective cover 

2The tenns veneer, film and cortex are also used to describe these thin accumulations. 
3silica describes silicon dioxide, SiO2 (Dictionary of Geological Terms 1962, 453). 
4Exposed rock surfaces (cliff faces, rock shelter walls and large exfoliated slabs and rocky pavements, but 
not the walls and ceilings of limestone and other caves), are open to the full range of environmental factors 
and deposits that accumulate on these exposed surfaces are called surficial accretions. 
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for some prehistoric rock art, and as their carbon-bearing components may be useful for 

dating rock paintings with which they are associated. 

The chemical behaviour of silicon under variable environmental conditions, especially 

its dissolution from siliceous rocks, is essentially controlled by the solubility of silica 

(Iler 1955, 1979). To understand how and why silica skins form on some rock surfaces, 

and not on others, I have collected and examined samples of silica skins from 

sandstone5, quartzite, ferruginised schist and gneiss from cliffs and rock shelter walls in 

temperate, tropical and sub-arctic climatic regions. These samples form the primary 

source of information for this research. Relevant geoscientific literature is used as the 

secondary source of textural, compositional and genetic data. 

Siliceous coatings associated with prehistoric rock paintings have been reported in 

Finland, Canada and Australasia (Table 1). In Finland, in 1911, the composer Jean 

Sibelius, as reported by Lounema (1988), observed rock paintings coated by a siliceous 
1glaze16 on a granite cliff overlooking Lake Vittrask. The paintings were preserved 

because 'the paint has acquired a protective glaze from a quartz solution deposited by 

rain water' (Lounema 1988, 11 ). Other 'glazed' paintings were subsequently found in 

the same region with most occurring on cliffs adjacent to lakes, usually several metres 

above water level. 

At Mootwingee and Mount Grenfell in western New South Wales, Australia, thin silica 

accumulations, or 'silcrete skin', less than 0.5 mm thick have formed by deposition of 

silica from evaporating solutions that have percolated out of the rock (Walston and 

Dolanski 1976). 

5Sandstone is a cemented or otherwise compacted detrital sediment composed predominantly of sand
sized quartz (Si02) grains (Dictionary of Geological Terms 1962, 435). Quartzite is used here to describe 
a sandstone cemented by silica which has grown in optical continuity around each fragment (Dictionary of 
Geological Terms 1962, 408). Schist and gneiss refer to medium and coarse-grained metamorphic rocks, 
respectively, with sub-parallel orientation of platy minerals in the former and alternating bands of granular 
minerals and schist in the latter (Dictionary of Geological Terms 1962, 438; 212, respectively). 
Ferruginised refers to cementation of weathered minerals by iron. 
6The term 'glaze' has been used to describe thin transparent to translucent coatings on rocks and pebbles in 
Finland and the Sahara Desert. 
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Table 1. Summary of the locations, rock types, environments and brief descriptions of 
siliceous rock surface coatings described in the literature (* indicates those that are 
regarded sensu stricto as silica skins; ka = xl000 years B.P.7). 

Location I Rock T2_e.e Coatinc_ ld. Climate tyl!_e AG_e Re[!rences 
Finland granite glaze cold desert 5 ka Lounema 1988 

sediments opal precipitate cold desert unknown Kinnunen & Ikonen 1991 

Sahara pebbles glaze hot desert unknown Fisk 1971 
Egypt sand grains silica coating hot desert unknown EI-Baz & Prestel 1980 
Canada gneiss* layered coating cold desert unknown Myers & Taylor 1974 

gneiss* silcrete skin cold desert unknown Wainwright & Taylor 1977 

Hawaii basalt layered coating hot desert 1.8 ka Farr& Adams 1984 
basalt layered coating hot desert modern Farr& Adams 1984 

Idaho basalt Si-Al coating cold semi-arid unknown Farr 1981 
Oregon basalt Si-Al coating cold semi-arid unknown Farr 1981 
Australia sandstone silcrete skin hot desert unknown Walston & Dolan ski 1976 

sandstone * silcrete skin cool temperate unknown Lambert 1979 

sand grains skin hot desert unknown Folk 1978 

sandstone * silica skin hot tropical unknown Hughes & Watchman 1983 
quartzite* silica skin hot tropical unknown Hughes & Watchman 1983 

New Zealand sandstone coating cool temperate unknown Allingham 1987 

Figure 1 Two eel-tailed catfish painted on sandstone at the Giant Horse site, Laura, 
North Queensland. Paint on the centre of the narrow bodied catfish is preserved better 
than on the head and tail not only because it is presumably younger than the larger 
catfish, but also as the middle is protected by a thin transparent silica skin, derived from 
seepage water emanating from a diagonal fissure and a small hole. The prominent 
narrow body is approximately 10 cm across (Photograph by author). 

7Before present (BP.) is used to designate radiocarbon ages taking the year AD 1950 as zero years B.P. 
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Following publication of the article by Walston and Dolanski, Wainwright and Taylor 

(1977) realised that the siliceous coatings that they had observed over painted 

metamorphic and migmatitic rocks in the Shield and Similkameen Valley areas in 

Canada were also silcrete skins. They saw, in cross-sections of more than thirty 

samples of siliceous coatings, a regular sequence consisting of base rock, base layer of 

silica, paint layer and a surface siliceous layer. Similar coatings over Ab_original rock 

paintings at Walga Rock, Western Australia, had been observed by Pearson in 1974 

(pers. comm. 1994), who thought that the silica had been deposited from seepage8 

water. 

Figure 2 The curved shoulders and head of a painted human figure are barely visible 
through the overlying white opaque silica skin, Red Lady site, Laura. Horizontal field 
of view is 45 cm (Photograph by author). 

-------·--- --

8seepage water is sub-surface or groundwater that emanates from bedding, joint and fracture planes It is 
contrasted to runoff water derived from rain water that has run across rock surfaces without penetrating 

. through the rocks themselves 
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Lambert (1979) briefly described his discovery of'pure silica' acting as a natural rock 

consolidant over Aboriginal charcoal drawings in a sandstone shelter near Gosford, 

New South Wales. The coatings he saw included glossy transparent and milky-white 

opaque types. A similar range of coatings was discovered by Hughes and Watchman 

(1983) on sandstone and quartzite in Kakadu National Park, Northern Territory. I 

subsequently made scanning electron microscopic observations of these coatings and 

confirmed the presence of very thin surficial films composed of hydrated amorphous 

silica, between 15 pm and 130 pm thick (Watchman 1985). Allingham (1987) also 

observed white siliceous coatings overlying painted sandstone at Cave Rock, Otago, 

New Zealand. 

My curiosity about the formation of silica skins developed _after I had observed several 

Australian Aboriginal rock paintings where thin, transparent coatings seemed to protect 

some portions of the painting from deteriorating (Fig. 1) whereas other parts of the 

same figure and rock surface had exfoliated. Why did this happen? What property did 

the clear coating have which improved bonding between paint and the supporting rock? 

I also noticed that some paintings were either partly or completely masked by opaque 

milk-white silica skins (Fig. 2). Why are some skins white and opaque while others are 

clear and transparent? Is the transparent property of silica skins simply a matter of 

thickness, for white skins are generally thicker than transparent ones? Does the 

thickness indicate the approximate age of a silica skin? 

The term 'silcrete skin' has been used to describe siliceous rock surface coatings 

(Lambert 1979; Wainwright and Taylor 1977; Walston and Dolanski 1976), but it is not 

used here because 'silcrete' applies to silicified rocks that form prominent geological 

and geomorphological deposits in the landscape, particularly as duricrust ( see 

descriptions in Langford-Smith 1978). I prefer to use the terms hydrated amorphous 

silica skin, or simply silica skin, to describe extremely thin rock surface coatings 

(skins9) composed essentially of hydrated amorphous silica that are associated with 

zones of seepage and runoff water (Watchman 1990, 1992). This study documents 

silica skin textures, compositions, appearances and formational processes that clearly 

differentiate them from silcretes (sensu stricto) and other geological siliceous deposits 

(such as chert and opal). 

9Skin is the preferred descriptive term because it signifies a covering less than 1 mm thick. Crust, another 
term used for rock surface accretions, implies a thicker coating, more than 1 mm thick (Watchman 1994). 
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1.4 Problems of sampling 

Most people regard paintings and engravings on rock (rock art) as expressions of past 

and present human cultural activity worthy of preserving either for aesthetic pleasure, 

for its archaeological and scientific values or for its unique symbolism and social links 

with existing and previous cultural traditions (Ford and Watchman 1990). Many First 

Nations Peoples regard painted and engraved rock pictures as direct expressions of their 

cultures with the images often being highly significant, having been placed in specific 

locations for special, secret or sacred activities. It was considered inappropriate and 

unethical to take paint samples and fragments of silica covered paintings for scientific 

study without permission from the traditional owners and site managers. In addition, 

the aesthetic damage would have been obvious, and the spiritual impact immense. In 

this research, and in collaboration with archaeologists who were undertaking studies of 

their own in relation to rock art (Dr Daniel Arsenault, Noelene Cole, Dr Michael 

Morwood and Dr Kelvin Officer), I therefore obtained permission from traditional 

owners and site managers to take samples of painted and unpainted rock surfaces in 

Australia and Canada. Paintings10 covered by silica skins were collected primarily to 

determine their ages, whereas silica skins without obvious signs of paint were sampled 

to obtain geological information for interpreting their genesis, rates of formation and 

ages. 

An additional sample collection problem is caused by the hard host rocks on which 

skins have formed, requiring either chiselling or drilling to remove pieces large enough 

to study. As these methods make unsightly and unacceptable scars I therefore carefully 

considered the potential visual impact to the painted figures before choosing partly 

detached flakes of silica covered rock. For example, the eel•tailed catfish painting at 

the Giant Horse site (Fig.1) was not sampled because partly detached flakes had not 

developed by natural forces, whereas silica skins over the human figure at the Red Lady 

site (Fig. 2) were collected because sub•surface gypsum crystallisation had partly 

detached small areas of the painted surface. I collected silica skin covered flakes that 

would have eventually fallen off the painted surfaces at rock art sites with the approval 

of the indigenous owners. Only minimal damage was done to the paintings. 

1 OThis research focuses solely on rock paintings because silica covered engravings were unknown until 
they were discovered in Portugal in 1995. 



2. SITE DESCRIPTIONS AND SAMPLE LOCATIONS 

2.1 Introduction 

The silica skins that were collected from nine rock faces in Australia and Canada 

(Table 2, Fig. 3), have a range of colours and opacities and come from various 

supporting rock types located in different contemporary climatic zones 11. They were 

either directly associated with prehistoric rock paintings or taken from rock faces where 

no paintings were apparent. I set out to select both sorts of samples at each site so that I 

could determine differences between silica skins formed across short distances on the 

same rock face, to determine the role that silica skins play in providing natural 

protection for rock art, and to ensure that any dates I obtained for rock paintings were 

consistent with the age of adjacent rock surfaces. 

In order to determine the textures, compositions and structures of silica skins, to 

understand how silica skins form and the factors controlling their stabilities, samples of 

silica skins were studied using the following methods: petrographic microscopy, X~ray 

diffraction (XRD), scanning electron microscopy energy dispersive X-ray analysis 

(SEM/EDXA), transmission electron microscopy (TEM), scanning transmission 

electron microscopy (STEM), proton induced X-ray emission (PIXE), electron 

microprobe, Fourier transform infrared spectroscopy (FTIR), and gas chromatography 

mass spectroscopy (GCMS). The ages of selected layers in silica skins were determined 

by accelerator mass spectrometry radiocarbon (AMS 14C) dating small amounts of 

carbon-bearing substances encapsulated in the skins (see Chapter 5). 

This chapter documents the general geographical locations from where silica skins were 

sampled, the regional climate and site specific information including the rock surface 

dimensions, characteristics, geology, hydrology, distribution of skins across the rock 

face, relationship to rock art, conservation problems and sampling points. I also 

describe the host rock lithology12 and the surficial and cross-sectional features of each 

silica skin sample. Systematic compilation of this regional, local and site specific 

information for each site provides the framework and basis for understanding how 

environmental factors affect silica skin formation. Silica skins are then compared and 

contrasted with their counterparts formed under similar and different conditions in other 

areas. 

11 A future research project could examine how changes in climate have affected silica skin accumulation, 
but as detailed local environmental information is unavailable I can only speculate about the long-term 
climatic influences that have affected silica skins. 
12The physical character of a rock including the size, shape, texture and composition of the grains. 
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Figure 3 Silica skin sampling sites (1 Gnatilia Creek, New South Wales; 2 = Red 
Lady, Laura, North Queensland; 3 = Long Quinkan Figures, Split Rock, Laura; 4 = 
Brockman Panel, Kakadu National Park, Northern Territory; 5 = Jim Jim, Kakadu 
National Park; 6 Keech Figure site, Kimberley, Western Australia; 7 = Wax Creek 
East, Kimberley; 8 = Nisula, Quebec, Canada; 9 Crowrock Inlet, Ontario, Canada). 

Huwaii 

Mootwingee 

Ota o 

Silica skins at the Gnatilia Creek site, coastal New South Wales, provide an opportunity 

for determining compositional and structural differences between translucent13 and 

opaque white coatings fonned on the same rock type under similar environmental 

conditions. Similarly, the skins at Nisula and Crowrock Inlet should allow comparisons 

to be made between translucent and white coatings developed on gneiss in sub-arctic 

regions. Samples of white silica skins at three tropical locations in northern Australia 

should provide insights into how chemical weathering of sandstone, quartzite and schist 

affects silica skin composition. Comparisons between white skins in different climatic 

zones and on different rock types should also be possible, permitting discussion about 

the factors controlling silica skin formation (see Chapter 7). 

13Translucent material allows the diffuse transmission of light, but it cannot be seen through clearly. 
Transparent substances allow light to pass without being scattered and therefore can be seen through 
(Dictionary of Geological Terms 1962: 510). Opaque substances cannot be seen through and do not allow 
light to pass. 
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Table 2. Summary of silica skin sampling sites, local environments, climatic settings, 
host rock types, relationships to water sources, and colours and thicknesses (Sites 1 - 7 
are in Australia and 8 ~ 9 are in Canada). 

PRESENT PRESENT HOST WATER SKIN SKIN 

SITE E'EATilll CLIMATE RAINFALL RQCKTYPE SOURCE COLOUR THICKNESS 

I.Gnatilia Creek Shelter Warm wet 1250mm sandstone seepage variable <2mm 

2.RedLady Cliff Hot, wet-dry 935mm sandstone seepage white < Imm 

3.Long Quinkan Shelter Hot, wet-dry 935mm sandstone runoff white <2mm 

4.Brockman Panel Cliff Hot, wet-dry 1350mm quartzite runoff red brown <0.2mm 

5.Jim Jim Shelter Hot, wet-dry 1300mm quartz schist runoff white <lmm 

6.Keech Figure Shelter Hot, wet-dry 800mm sandstone runoff brown <0.4mm 

?.Wax Creek East Shelter Hot, wet-dry 700mm sandstone runoff brown <0.2mm 

8.Nisula Cliff Cold wet 600mm gneiss runoff translucent <0.lmm 

9.Crowrock Cliff Cold wet 600mm gneiss seepage white < 1 mm 

In Canada, a thin translucent silica skin has formed on migmatite14 at Nisula, but a 

white skin has developed on gneiss at Crowrock Inlet. Why are silica skins different at 

the two Canadian sites when, except for runoff and seepage water differences, they have 

formed under similar lacustrine, environmental, climatic and geological conditions? 

How are they different from Australian silica skins? These questions will be answered 

in Chapter 7 (Genesis) after petrographic15 observations (sections 2.2 and 2.3), 

analytical data (Chapter 3), and electron microscopic examinations (Chapter 4) have 

been documented. 

At each site I recorded the dimensions and aspect16, general geology, structural and 

hydrological features, and the conditions of the site and rock art (sections 2.2 and 2.3). 

I took photographs, sampled the painted and unpainted surfaces17, recorded the 

sampling locations and sketched plan and elevation drawings to show the area covered 

by paintings and silica skins, and the locations of the dripline and seepage and runoff 

zones. I collected partly detached flakes of painted and unpainted rock bearing silica 

skins, labelled them and placed them in plastic bags for examination in the laboratory. I 

noted the direct associations between silica skin samples and rock paintings at the Red 

Lady, Long Quinkan, Keech Figure, Wax Creek East, Nisula and Crowrock Inlet sites. 

Paint was not associated with silica skin samples collected at Gnatilia Creek, the 

Brockman Panel and at Jim Jim. 

14Migrnatite is a metamorphic rock consisting of alternating layers or lenses of granite-like components 
and schist (Dictionary of Geological Terms 1962, 321). 
15Petrographic descriptions are those obtained using a polarising microscope to observe the grain sizes, 
textures and compositions of rock components at low and high magnification (less than 400 x). Electron 
microscopes enable observations to be made at much greater magnifications. 
16The aspect of a rock face is its orientation with respect to North and the direction that it faces. 
17No silica skin covered engravings were sampled for this study, but some Portuguese engravings were 
analysed and dated in one of the author's consultancy projects (Fischman 1995; Watchman 1995b,c). 
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2.2 Australian Sites and Sampling Locations 

2.2.1 Gnatilia Creek, New South Wales. 

This site is located about 20 km from the Pacific Ocean near the small village of 

Wandanian in New South Wales (Fig. 4). It is a large sandstone rock shelter measuring 

approximately 28 m long, 8 m deep and 4 m high 18, situated on the steep, southern 

flank of the valley formed by Gnatilia Creek, after which the site was named (Ulladulla 

1:250,000 Topographic Map19). Runoff water26 is channelled naturally onto the soil 

and vegetated 'roof of the shelter before it cascades in a small waterfall to the creek 

below (Fig. 5). Although seepage water21 flows throughout the year from the junction 

between beds of sandstone and conglomerate22 along the shelter's back wall, its volume 

and rate of flow vary from season to season according to. the amount of regional rainfall 

(pers. obs.). 

The climate of the region is warm and wet ( warm temperate; Young 1978, 197), with an 

average annual rainfall of 1250 mm at Ulladulla (Bureau of Meteorology Records 

1994), mainly accumulating during Winter (June-August). Average annual temperature 

is approximately l 8°C (Bowman 1971 ), with maximum monthly values ranging from 

16°C in July to 27°C in February, and minimum monthly temperatures ranging from 

8°C in July to l8°C in February. Winter winds generally blow from the west and south

west, whereas the prevailing Summer winds come from the south or north-east. Fogs 

are prevalent during Winter. 

The junction between a massive cross-bedded sandstone and an overlying thin 

conglomerate forms the seepage outlet for groundwater discharge. A set of intersecting 

joints23 transect the horizontal bedding planes and the relative weaknesses and 

strengths of bedding planes and cross-joints control the physical failure of rocks in the 

shelter's ceiling and back wall. 

18Dimensions of rock shelters are consistently reported using length (maximum distance between the two 
extremities that define a shelter's horizontal limits), depth (the maximum horizontal distance between the 
dripline (where water naturally falls from the upper part of the shelter) and the shelter's back wall), and 
height (maximum vertical distance from the shelter's floor to its ceiling). 
19The site is also known as Gnatalia Creek (McDonald et al. 1990), but the Ulladulla map sheet gives the 
name of the creek as Gnatilia Creek, and this is the spelling used here. 
20Rain water that falls on impermeable rocks and soils, and runs across them is called runoff water. 
21Groundwater (sub-surface) that flows from fissures, joints and bedding planes is called seepage water. 
22conglomerate is a cemented sedimentary rock containing rounded water-worn fragments of rock or 
~ebbles. · 
3 A joint is usually a planar fracture in a rock generally more or less vertical to the sedimentary layering 

(bedding), along which no appreciable movement has occurred (Dictionary of Geological Terms 1962, 
269). 
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Figure 4 Location map of the Gnatilia Creek site, coastal New South Wales, Australia. 

Other silica skins occur in rock shelters along Coles Creek, south of Gnatilia Creek, but 

these were not sampled for detailed examination because t_hey are extremely thin. 
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Figure 5 The front of the Gnatilia Creek rock shelter showing the location of a small 

waterfall which develops after heavy rain. Silica skins are developed across the back 

wall of this large sandstone shelter (see Fig. 6; photograph by the author). 
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Figure 6 A net-like painting in hematite and charcoal on the silica skin covered back 

wall of the Gnatilia Creek shelter. Note the dark algal growth (upper left) surrounded 

by grey damp and white, dry, silica covered sandstone (scale is 10 cm, photograph by 

the author). 

The Gnatilia Creek shelter has formed by erosion of the weakly cemented sediments 

along the junction between the impermeable conglomerate and the overlying porous 

sandstone of the Permian Conjola Formation (BovJman 1971; McElroy et al. 1969). 

Unsupported sandstone slabs in the ceiling have collapsed, enlarging the shelter. 

Cavernous weathering of the sandstone, evidenced by curved depressions in the side 

and back walls, has also contributed to the shelter's formation. 

The sandstone consists of fine- to coarse-grained, well sorted, angular to sub-angular 

and poorly cemented sand grains. Even though a small amount of clay occurs between 

the grains the generally open texture provides reasonably high porosity and 

permeability. The relatively non-porous conglomerate consists of sub-rounded granules 

and cobbles of milky quartz (2 mm up to 3 cm in diameter), cemented by coarse, 

angular quartz grains and clay. 
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Although the walls of the shelter appear stable today they have been subjected to 

granular disintegration ( cavernous weathering24), in the past presumably by 

crystallisation of sodium chloride and other salts just beneath the surface (pers. obs.). 

Shallow scalloped surfaces attest to the earlier development of slow undercutting of the 

back wall and these curved surfaces have been hardened by deposition of silica in pores 

close to the surface (casehardened). Other Aboriginal painting sites in the region show 

similar granular disintegration, cavernous weathering, deep and shallow scalloped 

surfaces, case hardening and massive ceiling slab fall (Young 1987). 

Figure 7 Sketches of the Gnatilia Creek rock shelter sections and plan showing 
sampling locations (GCl-5), major zones of seepage and water sampling points (T-Z). 
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24Granular disintegration of sandstones by formation of sodium chloride salts and the hydration of clays in 
the matrix between quartz grains leads to formation of scalloped or cavernous hollows in exposed rock 
faces, and this typical sandstone weathering pattern is referred to as cavernous weathering (Hughes 1978; 
Johnson 1974; Lawrence 1964; Young 1987). 



18 

Table 3 Analyses of seepage water collected from location T at the Gnatilia Creek site 

(see Fig. 7 for location; n.d. = not detected). 

27/11/89 27/01/90 27/03/91 13/08/94 
Autumn Summer Spring Winter Average 

pH 3.6 3.9 3.8 4.2 3.9 
(mg/L) 

Silica (SiO2) 37.0 23.0 21.0 12.0 23.0 
Phosphorus (P) 0.2 0.1 n.d. 0.3 0.2 
Calcium (Ca) 1.6 0.5 0.5 5.5 2.0 
Magnesium (Mg) n.d. 5.8 2.5 9.8 6.0 
Sodium (Na) 101.0 59.0 45.0 72.0 71.0 
Potassium (K) 7.3 4.7 3.2 1.8 4.3 
Chloride (Cl) 170.0 52.0 35.0 52.0 77.0 
Sulphate (SO4) 21.0 2.4 2.0 28.0 13.4 
Carbonate (CO3) n.d. n.d. n.d. n.d. n.d. 
Nitrate (NO3) 0.2 0,2 n.d. 0.4 0.3 

Seepage water flows from the junction between the sandstone and conglomerate at rates 

of up to 1. 8 litre/hour ( measured at location see Fig. 7). The rate of flow at dripping 

points on the ceiling and at other places along the aquifer outlet ranges from 0.44 

litre/hour (at locations X and Y; Fig. 7) to 0.9 litre/hour (near location V; Fig. 7). 

Mineral stains on the ceiling indicate that the distribution of water that flows across the 

ceiling changes during the year, depending on the flow volume. In Summer, 

groundwater flows from distinct seepage points along the disconformity, but in Winter 

water runs across the whole back wall and the front of the shelter becomes a waterfall. 

Seven main seepage zones, characterised by damp rock surfaces rimmed by grey to 

white silica margins, and accumulations of bright green algae and moss, are developed 

across the shelter's back wall in Summer (Longitudinal section Fig. 7). Seepage water 

pH varies from 3.6 to 4.2 between the exit points above these zones suggesting that the 

silica is deposited when the acidic groundwater rapidly loses insoluble components on 

reaching the air. Silica may be deposited during loss of dissolved carbon dioxide 

( outgasing) rather than deposition from suspension because salt and mineral 

accumulations are not formed around the openings, and silica skins are only found on 

the back and side walls below the seepage outlets. An alternative mechanism for silica 

formation is by rapid polymerisation25 of dissolved acid molecules on evaporation of 

25Polymerisation is the joining together of identical molecules to form larger ones of higher molecular 
weight without altering the total chemical composition (Dictionary of Geological Terms 1962, 392). 
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the water (in particular, the formation of silicic acid dimers, polymers and gels from 

monomers26, see discussion on Genesis in Chapter 7). 

Table 4 Analyses of groundwater at the sandstone-conglomerate junction (U) and at 

the base of the back waU27 to show how pH and water composition changes after 

flowing across the back wall (Z; total dissolved solids 530 mg/1; n.d. = not detected; see . . 

Fig. 7 for locations). 

location U location Z 
top of back wall base of back wall 

pH 3.9 42 
(mg/1) 

Silica (SiO2) 23.0 21.0 
Phosphorus (Total P) 0.1 n.d. 
Calcium (Ca) 0.5 0.5 
Magnesium (Mg) 3,8 2.5 
Sodium (Na) 50.0 45.0 
Potassium (K) 4.7 4.5 
Chloride (Cl) 42.0 35.0 
Sulphate (S04) 2.1 2.0 
Nitrate (N03) 0.2 0.1 
Carbonate (C03) n.d. n.d. 
Water temperature oc 24.0 24.0 
Air temperature oc 21.9 27.0 
Relative humidity % 62.2 60.2 
Rock temperature oc 24.8 24.3 

Water flowing through large algal growths near seepage outlets at T and Uhas the same 

pH (3.9) as water discharged directly from the bedding plane, indicating that these 

micro-organisms do not significantly affect the seepage water acidity. Seepage water 

pH increases by 0.3 between the outlet (at location U, Fig. 7) and a point 2 m down the 

back wall (location Z, Fig. 7), suggesting that outgasing or polymerisation of silicic acid 

molecules takes place while the water flows across the rock face. Polymerisation of 

silicic acid followed by precipitation of silica is the most likely explanation because 

water analyses at locations U and Z ind_icate that some silica is lost from solution during 

seepage across the back wall (Table 4). It is therefore thought that evaporation induces 

silica precipitation during seepage flow when the air temperature is high and relative 

humidity is low, decreasing the solubility of silicic acid and enhancing polymerisation 

and precipitation of silica from solution. This process is therefore likely to happen 

more frequently during Summer. 

26The soluble form of silica in acidic natural waters is silicic acid monomer, Si(OH)4, but a dimer 
~Si2O(OH)6) can form when two monomers combine or polymerise (Applin 1987). 
7 pH measurements in the field using a portable pH meter may account for part of the discrepancy 

between readings, but repetitive measurements over an hour confirmed only a marginal difference in 
groundwater acidity between the two points. 
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The back wall of the shelter is aligned approximately 060° and the site faces north-west 

(Fig. 7), so that late afternoon sun only occasionally reaches the back wall and directly 

influences evaporation of seepage water, by warming and drying the moist rock 

surfaces. Ambient air temperature and relative humidity, together with the drying 

effects of wind, are the primary factors controlling seepage water evaporation, but 

generally most of the rocks remain continually damp. Mosses, algae ( Chlorophyta 

oocystis, Bacillariophycae navicula and Euglenophyta euglena; identified by P. Laver, 

pers. comm. 1990) and abundant fungi (Phycomycetes rhizophlyctis and Phycomycetes 

zoophagus; P. Laver, pers. comm. 1990) inhabit the cool damp back and side walls. 

McDonald and others (1990) have described the Gnatilia Creek rock paintings as 

representing a regionally important art assemblage of more than 200 motifs; or motif 

relics, in black and red pigments. A large, curvilinear, non-figurative drawing (a grid or 

net-like structure, Fig. 6) is the dominant motif in the shelter, and it represents the 

largest example of that motif type in the region. Examples of that motif and other 

figures drawn and painted on the back wall of the shelter have been interpreted as 

occurring midway, or late, within the relative art sequence for the region, so it was 

surprising when a date of 29,795 ± 420 years BP was measured for charcoal taken from 

that figure (McDonald et al. 1990). This preliminary result was highly ambiguous 

because another charcoal sample, collected only centimetres away, gave an AMS 14C 

determination of 6,085 ± 60 years (McDonald et al. 1990, 89). These results are 

compared with radiocarbon measurements obtained in this study for other samples 

collected from elsewhere on the back wall (Chapter 5). 

Silica skins are found on the back walls and ceilings of other rock shelters in the region, 

for example at Tianjarra Creek, Coles Creek, Native Animals and Waterfall Cave rock 

shelters (sites mentioned by McDonald et al. 1990). Silica deposits at Tianjarra Creek 

and Coles Creek are unsuitable for detailed analyses because they are very thin (pers. 

obs. )28. On the other hand, at Gnatilia Creek, the thick silica skins occur across the 

entire back wall, increasing the opportunity for sampling (see Fig. 7 for locations). The 

samples collected range in size from a few flakes measuring 1 mm in diameter to a 

piece of silica-covered rock about 5 x 6 x 1 cm. They were collected to determine the 

range of compositions, textures and thicknesses29 of silica skins across the back wall. 

281 did not inspect the Native Animals and Waterfall Cave silica skins. 
29Compositions were determined using scanning electron microscopy energy dispersive spectra, electron 
microprobe, X-ray diffraction, Fourier transform infrared spectroscopy, proton induced X-ray emission 
and gas chromatography ( methods are described in Appendix 1 ), textures were observed using binocular, 
petrological and scanning electron microscopes, and thicknesses were measured by micrometer gauge and 
from photographs taken under binocular and scanning electron microscopy. Textures and thicknesses for 
each silica skin sample are described in this Chapter. 
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To measure silica skin thicknesses and observe textures cross-sections were made by 

mounting small sub-sample flakes in rapidly setting epoxy resin, and then grinding and 

polishing the hardened blocks at right angles to the layers. A binocular microscope was 

used initially to observe the gross textural features and to measure thickness, and then 

polished and unpolished broken pieces were examined using a scanning electron 

microscope (SEM) to look for fine structural and textural details. Thicknesses of thin 

silica skins were also measured using the SEM. 

The sample, Gnatilia Creek 1 (GCl 30), is a 2.1 mm thick coating, consisting essentially 

of five distinct layers (Fig. 12). The basal layer, directly on the sandstone, is a finely 

laminated, relatively pure translucent amorphous silica about 0.1 mm thick. The series 

of cross-laminations suggests accumulation in a sequence of thin .silica films deposited 

across an irregular surface showing signs of micro-erosion. A thin reddish brown layer 

is developed above this basal silica, followed by another grey translucent layer, 1 mm 

thick, containing abundant charcoal flecks, and fine laminations in the upper parts. 

White, homogeneous opaque silica with a few flecks of charcoal form a layer about 0.3 

mm thick over the laminated grey silica. Translucent silica containing a few large 

pieces of charcoal and small patches of white silica make up the near surface layer. 

Features on the present surface are illustrated in Figure 8. 

Sample GC2 is a finely laminated, white silica skin, about 1 mm thick, consisting of 

small 'scabs' or 'pimples' which have coalesced to form an extremely homogeneous 

continuous white coating. Two features characterise this coating: the absence of 

impurities and the large number of surficial micro-cracks. Why the white layers are so 

homogeneous and devoid of impurities requires investigation (see Chapters 3 and 4). 

The extent of micro-cracking is also of interest because it suggests high stresses in the 

'pure' silica skin, and perhaps this explains why silica skin micro-exfoliation is taking 

place at this location on the rock face. Observations about silica skin micro-structures 

are presented in Chapter 4. 

30The sample numbering system uses the first letters of the site name followed by consecutive numbers. 
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Figure 8 Translucent silica skin, GCI, showing fine micro-cracking, fossilised brown 
algal filaments and black charcoal inclusions (scale bar is 0.2 mm, author's photograph). 
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Figure 9 Surface of GC4 showing fossilised algal filaments, particles of black charcoal 
and brown detritus cemented by white opaque silica (scale bar is 0.075 mm, photograph 
by the author). · 
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Apart from a few flecks of charcoal, sample GC3 consists almost entirely of white 

homogeneous amorphous silica, measuring 1.1 mm thick (see Fig. 7 for sampling 

location). Few textural features are obvious under binocular microscope ( 40X 

magnification), and only extremely thin laminations are visible near the base of the skin 

under petrographic microscope (200X). The present surface has only a few micro

cracks compared with GC However, SEM observations ·of the rapidly etched white 

opaque silica skin surface (3 seconds in 48% v/v31 hydrofluoric acid) revealed diatom 

frustules32 (Navicula sp.; Fig. 10; identified by R. Pienitz 1994, pers. comm.), and 

unidentified freshwater sponge spicules (Fig. 11 ). These observations were repeated on 

other skins from this site with similar results, confirming that micro-organisms living on 

the moist rock surfaces are preserved as fossils in the silica skins. 

Figure 10 Scanning electron microscope photograph of the rapidly etched surface of 
GC3 showing fossilised Navicula sp. frustules encapsulated by amorphous silica (scale 
bar is 0.001 mm, author's photograph). 

31v/v = volume per volume. 
32Frustules are the silica-rich shells of diatoms, the single-celled, microscopic phytoplanktonic organisms 
found in fresh and marine waters (R Pienitz 1994 pers. comm. Centre d'Etudes Nordiques, Laval 
University). 
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Sample GC4 comes from near the junction of the sandstone and conglomerate at the 

edge of a zone of seepage, near GC3 (Fig. 7). The rock surface coating looks like a 

piece of dark siltstone, but under magnification the 3 .3 mm thick coating consists 

essentially of two parts: a lower band of multiply layered silty quartz and clay, and an 

upper band of mainly grey amorphous silica. In the basal layers grey silty quartz 

alternates with yellow and white clay bands. Charcoal particles are mixed with the 

abundant fine-grained angular quartz, whereas the clay laminae are generally devoid of 

impurities. This repetitive, cyclical deposition of clay and fine-grained quartz and 

charcoal components, about 1.5 mm thick, suggests that fluctuating conditions have 

affected the degree with wl:lich nearby source rocks have been physically eroded. Small 

particles of c~arcoal, either carried by wind from fires in the local area or washed in 

with other fine sediment, have settled at the same time as silt was being deposited from 

seepage water. The amount of fine particulate charcoal and fine-grained silt deposited 

together on rock surfaces is speculatively related to physical erosion following the 

widespread burning of vegetation in the water catchment area. 

The sharp boundary between the basal silts and clays, and the upper silica skin is 

interpreted as a significant break in the depositional record at that location on the rock 

face. An erosional period, or minor unconformity, separates the physically derived silty 

basal unit from the overlying silt-free silica skin (presumably deposited as a chemical 

precipitate), indicating that the processes of weathering have drastically changed. The 

upper 1.6 mm consists primarily of grey translucent silica with abundant large and 

small charcoal flecks, but near the base of this silica skin two thin white clay laminae 

sandwich a vecy fine reddish brown silty layer (interpreted as representing a brief return 

to the earlier physical weathering conditions). 

The grey structureless translucent silica skin changes abruptly into a series of fine 

laminations containing a few charcoal fragments. Over the top of this band is a thin 

white opaque silica skin and then another translucent skin with a small amount of 

charcoal. The present surface contains abundant fossilised fungal mycelium, brown 

algal remains and pollen grains (Fig. 9). 
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Figure 11 Fresh water sponge spicules encapsulated in GC3. Scale bar in the SEM 
photograph is 0.01 mm (author's photograph). 
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Figure 12 Micro-stratigraphic correlations across the silica skin-covered rock face at 
Gnatilia Creek showing silica skin thickness variations between GC 1, 4 and 5. 
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The surface of sample GC5 contains smooth, shiny white silica, small amounts of 

elongate charcoal particles ( 1 mm long), brown algal filaments, small plant stems, tiny 

round pellets of insect excrement, insect exoskeletal parts and other unidentified 

organic debris. In addition, there are granular aggregates of quartz grains, yellow brown 

clay, and red and black iron oxides. The 1 mm thick silica skin consists of a translucent 

surface layer containing a few large charcoal fragments, an underlying lens of white 

homogeneous silica and a basal layer of finely laminated silica (Fig. 12). The lower 

portions of the silica skin micro-stratigraphy are missing as the basement rock was not 

removed during sampling. 

Rock art conservation problems at the site that need controlling are the micro

exfoliation of silica skins associated with paintings, the fo~ation of dark organic-rich 

deposits and opaque white silica skins that cover paintings, and structural weakness in 

the ceiling. Reducing access to the site by goats is necessary to control the damage they 

cause not only by rubbing along the painted back wall, loosening rocks and scraping 

against the paintings, but also in accelerating erosion of the shallow shelter floor 

deposits. 
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2.2.2 Red Lady, Laura, North Queensland. 

The Red Lady site derives its name from the large red, female figure which has been 

painted on a vertical rock face nearby. This Aboriginal painting site is on a prominent 

sandstone bluff located about 6 km south-west of the 'Jowalbinna' homestead, near 

Laura (Fig. 13). It is situated at the base of a 30 m sandstone cliff at an elevation of 

approximately 300 m. The cliff face is a regional geomorphological feature, an 

escarpment, marking the edge of a deeply dissected sandstone plateau. 

Erosion of the weathered Proterozoic schists beneath the sandstone and subsequent 

massive rock slab fall leads to slow retreat of the cliff face. At the Red Lady site the 

cliff appears stable and silica-rich coatings are developed across the lower parts of the 

near-vertical rock face (Fig. 14). A three to four metre wide rock ledge juts out near the 

base of the cliff and from this ledge a steep scree slope abruptly leads down into the 

valley. 

The climate of the Laura region is strongly seasonal with distinct wet (October to 

April), and dry periods. During the wet season an average of approximately 935 mm of 

rain falls, mainly in thunderstorms (Bureau of Meteorology 1994 records for Laura). 

The temperature ranges from a minimum of 14°C in July to a maximum of35°C in 

October, and the relative humidity varies considerably, from a maximum of 65% in 

February to a dry-season minimum of 32% (Morgan 1984). During the dry months the 

winds are generally from the east and south-east, but with the onset of the monsoonal 

wet season the winds shift to the north-east. In the late wet season the wind is 

predominantly from the north-west 

The geology of the region consists of a dissected plateau of non-marine Jurassic and 

marine Cretaceous sediments resting ~conform.ably on a basement of intensively 

folded Devonian and Silurian metasediments (Smart and Senior 1980). In the area near 

Laura the major rock types are interbedded conglomerates and fine- to medium-grained 

sandstones overlying quartz-veined green and brown phyllites33. Near the headwaters 

of streams, where the plateau is deeply incised, an abrupt cliff line is developed above 

steep scree slopes. Aboriginal rock painting shelters occur on large blocks of sandstone 

on the scree slope and at the base of the scarp. 

33:Phyllite is a fine-grained metamorphic rock, intermediate between slate and schist, in which the platy 
mica minerals impart a silky sheen to the surface (Dictionary of Geological Terms 1962, 379). 
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Figure 13 Map of North Queensland showing the locations of Red Lady and the Long 
Quinkan (Split Rock) sites. 
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The hydrology of the region is strongly controlled by the fluctuating climate, so the 

quantities of surface and runoff water are affected by both the amount of rain and the 

underlying rock strata. On the extensive sandstone plateau wet season discharges peak 

quickly and decline gradually (Morgan 1984). Where the catchment area of sandstone 

is large enough and the basement rocks provide an impermeable barrier, the resulting 

permanent springs create a flow that is maintained throughout the year. Seepage outlets 

develop along bedding planes near the base of the sandstone scarp where overlying 

porous strata rest on impermeable, well-cemented sandstone layers, as at the Red Lady 

site, and it is in these zones of intermittent seepage that silica skins are formed. The 

Red Lady site, south-west of Laura was chosen for study because an extensive wall of 

white silica skins is covered by Aboriginal rock paintings. 
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Figure 14 Looking south from the ledge extremity at the base of the cliff towards the 
Red Lady painting site. White silica skins have formed over the sandstone by 
deposition out of seepage water that periodically flows from the bedding plane 3 m 
above the rock platform. A series of human figures painted in red hematite are visible 
on the silica covered sandstone, and samples were collected from about half way along 
the vertical face near the figure with extraordinarily long fingers (author's photograph). 
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Figure 15 The author shown levering a partly detached rock surface flake onto a piece 
of aluminium foil at the Red Lady site. The sample, RL5, makes up part of the 
collection of samples used to determine the micro•stratigraphic positions of previous 
painting episodes (see cross•sections Fig. 19; photograph courtesy of Noelene Cole). 
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Other sites with white, surficial silica skins were also visited in the region, but only 

small silica skin samples could be collected from them because partly detached flakes 

were either not present or were not covered by silica. In contrast to these sites the panel 

of paintings known as the "Long Quinkan Figures" at Split Rock is covered by white 

silica skins and samples from that site are described in the following section (2.2.3 ). 

At the Red Lady site, paintings and white silica skins occur on a thick, horizontally 

bedded sandstone unit measuring about 3 m high and 10 m long, situated at the base of 

an unprotected 30 m high cliff 34(Figs 15 and 4). A panel35 of hematite paintings is 

confined to this distinct sedimentary band which is separated from underlying and 

overlying sandstone units by a thinly bedded siltstone horizon at the top, and a 

ferruginised clay layer at the base. Seepage waters, derived from the catchment area on 

top of the cliff, periodically flow from the siltstone-sandstone junction above the panel 

of rock paintings. 

The painted rock surface strikes 055° and faces north-west. During the afternoon the 

sun heats the rocks to more than 30°C causing significant thermal expansion and rapid 

evaporation of seepage water. These hot conditions make the location most unpleasant 

for human visitation during the afternoon. The site was not used for habitation, but was 

most probably visited during the morning, for creating and inspecting the paintings and 

for surveying the surrounding landscape. 

Samples of partly detached rock were collected from five places on the painted surface 

(RLl-5, see Fig. 16). Two samples of rock art were collected with permission from the 

Ang-Gnarra Aboriginal Corporation ( traditional custodians of the paintings), and the 

Queensland Department of Environment and Heritage (the government agency with 

responsibility for protecting rock art in that State). Two partly detached flakes (RL 1 

and RL5), were taken from the silica-covered body and shoulder of a 'human' figure 

partly obscured by white silica to determine the thickness, composition and age of the 

painting. RL2, RL3 and RL4 were removed from partly detached unpainted rock 

between the two major 'human' figures to find out if earlier, and now invisible, paintings 

were concealed by opaque white silica (see Fig. 16 for locations). 

34The back walls of rock shelters are protected from direct rain, and often direct sunlight, and some cliffs 
may have protruding ledges that prevent runoff water flowing across the surfaces below them, thereby 
providing protection for rock paintings beneath a ledge. There is no protective overhanging ledge at the 
Red Lady site. 
35 A panel of rock paintings can be delimited by geological features such as bedding planes, cracks and 
joints, so that an area of painted rock is 'framed' by the intersection of these geologically recognisable 
features (see Steinbring 1988; Steinbring and Lanteigne 1994). 
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Figure 16 Section drawings of the Red Lady site, showing the distribution of thick 
white silica skins, rock paintings and sampling points on the silica covered sandstone. 
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The sandstone at Red Lady is essentially composed of medium- to coarse-grained, 

subrounded to angular sand grains inconsistently cemented by yellow-brown amorphous 

iron oxides and clay. Some parts of the rock near the surface are very porous whereas a 

few centimetres away amorphous iron and clay strongly cement the grains together. 

White gypsum and silica that have been deposited in pores and along micro-fissures in a 

thin layer about 1 mm behind the rock face, may have created thermal and 

crystallisation forces leading to partial detachment of the overlying rock. A thin 

conglomeratic band above the sandstone consists of large shale and quartzite pebbles, 

up to 7 mm in diameter, and angular quartz grains, all cemented by amorphous iron 

oxide and clay. 

The silica skin at Red Lady is generally less than 1 mm thick, with the thickest parts 

occurring in depressions between quartz grains. Micro-sedimentary structures of cross

bedding, cut and fill 'channel' deposits and sequential layering are observed in cross

sections of the finely laminated silica skins. The. skins consist of a basal layer of white 

homogeneous amorphous silica and an upper, finely laminated translucent to white 

layer, both devoid of visible charcoal impurities, but occasionally with remnant red 

hematite paint (Fig. 17). Transmitted light microscopy of the skins reveals a uniform 

accumulation of fine silica laminae with small lenses and discontinuous layers of brown 

to dark opaque material (Fig. 18). 

Sample RLl, from the white silica-covered body of one of the human figures (see Fig. 

16 for sample locations), ranges from 0.45 mm to 0.60 mm thick. The silica skin 

consists of finely laminated translucent to white amorphous silica draped over angular 

to sub-rounded quartz grains strongly cemented by yellow-brown amorphous iron oxide 

and clay. The upper 0.18 mm of the skin is slightly more translucent than the lower 

part, but it is still finely laminated. Two distinct paint 'layers'36 are recognised in the 

silica skin: the first at a depth of0.08 mm and the second 0.05 mm beneath the present 

surface. The lower 'layer' occurs as several solid lenses of hematite in micro

depressions in the silica and as a discontinuous scatter of red paint particles, whereas 

only a fine scatter of particles remain in the upper 'layer'. This superimposition of paint 

layers indicates that the large red human figure was repainted after silica, which 

continued to accumulate, had partly obscured the first painting, (see Chapter 8 for 

discussion of an alternative explanation for two paint layers in silica skins). 

36'Layer' is used in this context as a general description for remnant red hematite paint. It does not 
necessarily mean that a solid band of paint is actually preserved in the silica skin. I qualify the description 
of a paint 'layer' by using terms such as discontinuous, lens, scatter of particles etc, to describe how the 
remnant paint appears in cross-section under magnification. A solid continuous line of red hematite 
observed in cross-section is a layer of paint 
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Figure 17 Reflected light view of a cross-section of RL 1 showing the red paint 'layers' 
in the centre of the translucent to white silica skin. Yellow-brown amorphous iron 
oxide cements the thin flake of sandstone above a band of white gypsum (Scale bar is 
0.1 mm; author's photograph). 

Figure 18 Plane polarised view ofRL4 showing the accumulation of finely laminated 
silica skin with small lenses and discontinuous laminae of brown algal and other 
organic matter (27 X magnified; scale bar is 0.65 mm; author's photograph). 

Figure 19 Micro-stratigraphic correlations across the silica covered sandstone surface 

showing the position of dispersed and continuous red hematite paint particles in the 

finely laminated silica. 
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Sample RL2, 0.35 mm thick, was collected from an apparently unpainted area of rock 

above the two red human figures (Fig. 16), but in cross•section two red paint 'layers' are 

seen near the centre of the translucent to white silica skin (Fig. 19). One discontinuous 

paint 'layer' lies at a depth of0.23 mm, and another branches out from the first 'layer' 

and extends upwards to form a separate layer about 0.02 mm subparallel to the 

underlying 'layer'. This distribution of paint suggests that silica skin deposition was 

uneven across the surface, because it seems likely that the image was repainted after a 

thin film of silica had obscured part of the figure. Application of hematite to the 

exposed surface during repainting made a solid continuous layer, but hematite was not 

strongly bonded to the silica covered part of the image and only a thin spread of 

dispersed pa~nt particles was retained. The identity of the painted image at this 

sampling spot is unknown because the 0.23 mm thick covering of white silica now 

completely obscures it. 

Sample RL3 was collected from just under the arm of the second large human figure 

(Fig. 16). The finely laminated translucent to white silica skin ranges in thickness from 

0.2 mm to 0.65 mm, with the thickest accumulations occurring in natural depressions in 

the ferruginised sandstone surface. Remnant red paint occurs in a thin discontinuous 

'layer' of finely dispersed particles at a depth of 0.06 mm below the present surface (Fig. 

19). A band of white gypsum is developed about 1 mm below the rock surface along a 

micro.fissure in the yellow-brown ferruginised sandstone. 

Sample RL4 was collected from an unpainted area between the two large human 

figures. The silica skin is homogeneous, finely laminated and 0.52 mm thick and there 

are no traces of paint as expected from this unpainted rock surface (Fig. 18 and 7). 

The finely laminated translucent to white silica skin in sample RL5 ranges from 0.34 

mm to 0.68 mm in thickness. A solid layer of hematite paint lies near the middle of the 

skin in a zone of finely laminated silica, and a very thin accumulation of white opaque 

silica is developed near the present surface (Fig. 19). 

All the skins sampled at this site are uniform in appearance, but highly variable in 

thickness, even over a few centimetres. RL5 and RL2 contain paint layers in the middle 

of similar looking skins (Fig. 19), but their thicknesses are considerably different, 0.68 

mm and 0.35 mm respectively. This could imply that the images were painted at the 

same time, with RL2 being repainted after it was partly obscured by white silica. No 

paint was expected in RL2 because there is no visible evidence of a painting at that 

sampling location on the present surface, but finding paint 11ayers' in cross-section may 

indicate that appendages or other figures were painted contemporaneously with the two 
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human figures. The different thicknesses of silica across the surface also indicate 

variable deposition of silica from place to place on the surface. 

RL 1 and RL3 were taken from partly detached flakes on the two human figures and 

expectedly contain hematite paint at approximately the same depths in the silica skins, 

confirming the belief that the images were painted at the same time. As RL3 contains a 

single paint 'layer' and RLl has two sub-parallel paint 'layers' it suggests that only RLI 

was repainted or the second image exfoliated before more silica was deposited. 

Repainting may have taken place because only parts of the human figure near RL 1, and 

not the figure near RL3, were masked by new silica skin formations. 

If the large human figures and their accompanying appendages and complementary 

figures were painted together as an associated group, then remnant paint in RL5, RL I 

(the lower 'layer'), RL2 (lower 'layer') and RL3 can be correlated in time, for they would 

all be part of the same painting episode. As remnant paint is much closer to the present 

surface in RLl and RL3 than in RL5 and RL2, it is therefore concluded that the net rate 

of silica skin accumulation (taking erosion and exfoliation into account) varies from 

place to place across this rock panel. While an approximate age for the human figure 

paintings can possibly be estimated based on silica skin thickness and a general rate of 

silica accretion (less than about 4000 years old), their absolute antiquity can only be 

accurately determined by radiocarbon or other scientific means (see Chapter 5). 

Representations of two human figures jointly holding an elongate object are not 

restricted to Red Lady, but are also found at the Red Bluff site, an outlier of sandstone 

about 10 km to the north-east. A small anthropomorphic figure drawn with 

extraordinarily large hands and with 6 and 7 fingers, is painted just below and to the 

left-hand side of the two human figures. It seems younger than the two large human 

figures because less silica has been deposited over it, but this may be a misleading 

observation because a lower silica deposition rate may have occurred. Other paintings 

nearby include kangaroos, more human figures and birds. 

The two major conservation problems are exfoliation of rock surface flakes and 

formation of thick white silica skins that obscure the paintings. Crystallisation of 

gypsum in sub-surface zones about 1 to 2 mm behind the rock face cause flaking of the 

silica skin covered sandstone and paintings. Exfoliation scars, about 5 cm x 2 cm, that 

are covered by silica skins provide evidence that surface flaking has been going on for a 

long period of time. The cliff appears structurally stable, and granular disintegration 

leading to cavernous weathering is not active because the silica skins form strong 

surficial films. Though lichen are well established on other rock surfaces nearby they 

have not colonised the painted panel. Dust is also not a problem. · 
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2.2.3 Long Quinkan Figure site, Split Rock, Laura, North Queensland. 

The Split Rock complex of Aboriginal rock paintings is located about 13 km south of 

Laura near the Cape York Peninsula Developmental Road (Fig. 13). The Split Rock, 

Flying Fox and Long Quinkan Figure sites (Fig. 20), and another extensive gallery of 

paintings, the Guguyalangi Complex, about a kilometre west of Split Rock, make up 

one of the major tourist attractions for people travelling by road between Cairns and 

towns on Cape York Peninsula. 

The Long Quinkan Figure, or 'Ancestral Figure' site, the third major art panel in the 

Split Rock complex is situated about 100 m up-slope from the main Split Rock gallery. 

It is a narrow rock shelter formed on the sloping northern side of an enormous residual 

sandstone boulder left behind as the sandstone scarp retreated southwards in response to 

erosion by the Kennedy River drainage. 

Climate and hydrology of the area are similar to that described for the Red Lady site 

(2.2.2). The movement of water across the rock face at the Long Quinkan Figure site is 

limited to rain water runoff from the catchment area on top of the massive boulder. The 

water drains across the sloping top of the boulder towards the northern rock face and 

then it either cascades directly to the ground or runs down the steeply inclined boulder 

side to the ground. There it forms a stream along the base of the boulder and finally 

runs away down the scree slope. Runoff water that flows across the rock face is 

therefore the agent that transports silica in solution and deposits it as a white siliceous 

film on the northern, painted rock face. 

The boulder is composed of feldspathic sandstone consisting of subrounded quartz 

grains, 0.3 to 0.5 mm in diameter, white to pale brown clay (0.3 mm across) and 

accessory iron oxide. Kaolinite-type clay is present in near-surface parts of the rock 

whereas relict potash feldspar grains are preserved in relatively unweathered parts. The 

rock has a high porosity even though clay and silica cements are poorly distributed 

through the pores. Yell ow-green and brown lichen and dark micro-colonial fungi 

inhabit the surface of the boulder. 
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Figure 20 Plan and section sketches showing the sampling points (SRI-6) and major 

hematite rock paintings at the Long Quinkan site, Split Rock, Laura, Australia. 
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Figure 21 Photograph of one of the four large human figures painted on the rock face 

at the Long Quinkan site. Note the areas of white gypsum from where flakes have 

fallen (arrows), the dark red-brown staining produced by hydrated iron oxides and 

organic matter and the old flake scars across the surface (scale bar is 1 m; photograph 

by the author). 
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Rock paintings at this site have been recorded by Trezise ( 1971 ). The large, well 

known painted images form a composition comprising four, tall, slender 'human' figures 

and several smaller, and less distinct, 'human' figures. All the large figures are in red 

and each arm is vertically striped. A characteristic feature of the figures is their 

elongate ear lobes or 'Quinkan' shaped head. The painted figure without internal 

markings on the eastern side ( called figure I) has an outline with breasts suggesting that 

it is a woman, whereas the other figures decorated with cross-hatched, closely spaced 

vertical and horizontal lines are clearly masculine ( obvious penises). 

White silica skin covers the entire northern rock face and samples of partly detached 

flakes were collected from painted figures I (SR2 and SR3), II (SRI and SR4) and IV 

(SR5). These were collected to provide information about the extent of silica 

deposition over the paint, compositional and textural data, and to find out if the 

paintings could be dated. SR6 was taken from the lower side of a fissure on an 

unpainted area between figures I and II to determine silica thickness from an unpainted 

area of rock, and to establish a baseline for interpreting information about silica 

coatings on painted portions of the panel. 

In samples SRI-5, taken from painted figures, the red hematite paint forms 

discontinuous lenses and spot accumulations on the surface and it is rarely only covered 

by silica skin (1 - 5 µm). Silica skins beneath the paints have smooth vitreous lustres 

developed across highly uneven white feldspathic sandstone surfaces (Figs. 22 to 25). 

Finely laminated translucent to opaque white silica drapes across individual quartz 

grains, fills depressions between grains, forms small mounds and concentrates along 

sinuous ridges. Consistent observations of paint on the surface of silica skins in figures 

I, II and IV suggests that they were painted at approximately the same time, probably 

during the last millennium (see Chapter 5 for rates of silica skin deposition). 

Silica skin samples SR2 and SR3, from the side of figure I, are extremely thin (0.02 to 

0.2 mm in SR2 and from 0.01 to 0.05 mm in SR3), and pale yellow brown, possibly 

reflecting weak iron staining and inclusions of algal and other organic remains (Fig. 

24 ). The skins are developed on very uneven surfaces of yellow brown ferruginised 

quartz sandstone (1 to 2 mm thick) that overlies al mm thick layer of white feldspathic 

sandstone and an underlying gypsum band. 
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Figure 22 Binocular microscope view of the surface of an unpainted part of silica skin 
SR5 showing the highly irregular surface of white vitreous silica skin developed over 
individual and clusters of raised quartz grains (magnified 10.5 X, scale bar is in mm 
intervals; author's photograph). 

Figure 23 Reflected light cross-section view of SR4 showing the finely laminated 
translucent to white silica draped across a small topographic high spot over a white 
gypsum band in the sandstone. Note the two small dark elongate quartz grain 
impurities (scale bar is 0.3 mm, author's photograph). 
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silica skin with algal lenses 

Figure 24 Plane polarised transmitted light view through a cross-section of SR2 
showing the fine silica laminations, thin discontinuous algal laminae and lenses, and 
angular quartz grains cemented by dark amorphous iron oxide in the sandstone ( scale 
bar is 0.05 mm; author's photograph). 

Figure 25 Plane polarised transmitted light view through the cross-section of SR5 
showing the fine laminations and sparse accumulations of organic matter. Amorphous 
iron oxide (black) forms the cement around quartz grains (white) in the underlying 
sandstone (scale bar is 0.1 mm; author's photograph). 

fine(v laminated silica 
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The surfaces and cross-sections of SR 1, SR4, SR5 and SR6 are similar because they 

have fine laminations, few obvious impurities (tiny quartz grains) and apparently 

homogeneous compositions (Fig. 26). While silica skin thicknesses range from a 

minimum of0.2 mm in SRl up to 1.3 mm in SR6 there is considerable range across a 

few grains, from 0.3 mm to 1.1 mm in SR4, 0.2 mm to 0.6 mm in SR5 and between 0.2 

mm and 1.3 mm in SR6 (Fig. 26). 

The Long Quinkan Figure rock surface is relatively stable, despite a seemingly contrary 

outward appearance created by the visual appearance of white silica and gypsum 

accumulations, dark hydrated iron oxide staining and exfoliation scars. Major flaking 

has already removed the unstable surface across most of the rock face and there is no 

evidence that gypsum is crystallising behind figures II and IV. A problem of exfoliation 

may arise with figure I because gypsum and iron-rich cement make crystallisation and 

thermal stresses likely in that area. Formation of gypsum behind the rock surface near 

figure I suggests that water may percolate periodically through the sandstone there, but 

not near the other figures. While dust settles on the rock face it is not bonded to the 

silica skin because particles are rarely observed - they are presumably washed away by 

runoff water. Minor conservation problems are the presence of termite trails, growth of 

algae and water erosion of the rock surface and shelter floor. 

Figure 26 Micro-stratigraphic correlations across the Long Quinkan panel showing the 
variable silica skin thicknesses and the surface layers of paint. 
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2.2.4 Brockman panel, Kakadu National Park, Northern Territory. 

The Brockman panel of rock paintings is located within Kakadu National Park in the 

centre of a massive, rugged outlier of Arnhem Land Plateau sandstone, about 20 km 

south-east of Jabiru (Fig. 27). This site is well known because of a widely available 

poster showing an Aboriginal painting which depicts a man spearing an emu (Australian 

National Parks & Wildlife Service poster; see also Figs 28 and 29). 

The climate ofKakadu National Park is variable and seasonal, with a wet season 

extending from November to March, and a dry season from May to September 

(Christian and Aldrick 1977). Rainfall is highly reliable reaching 1343 mm (annual 

average total) at Oenpelli (65 km to the north-east of the Brockman panel, Bureau of 

Meteorology records 1994 ). Tropical cyclones produce localised high rainfall in the 

early part of the wet season and steady monsoonal rain falls in January and February. 

Virtually no rain falls in the dry season which is a period of intense annual drought. 

Temperatures are high for most of the year with mean monthly maximum temperatures 

ranging from 31 °C in June and July to more than 35°C in October and November 

(Oenpelli records). Mean monthly minimum temperatures range from 19°C to 23°C. 

The average relative humidity index varies from 54% in July to 80% in January while 

the estimated mean monthly evaporation ranges from 100 mm in February to 260 mm in 

October, giving a mean annual evaporation of2200 mm (Christian and Aldrick 1977). 

The concentration of silica (SiO2) in standing water in Kakadu National Park ranges 

from 0.25 mg/I to 16 mg/1 (Water Division of the Department of Transport and Works, 

Northern Territory). At the Nanguluwurr painting site, 10 km south-west of the 

Brockman panel, Clarke and North ( 1991) collected and analysed a source of semi

permanent seepage water with a pH of 4.6 (see Table 5). As the silica concentration in 

that groundwater seepage ( 10.3 mg/1) is very similar to values determined for standing 

water analysed elsewhere in the Park one can presume that these levels represent typical 

seepage and runoff water concentrations of silica in this region. No other groundwater 

seepages are known near the Brockman panel and the site was not visited when water 

was flowing across the surface. 
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Figure 27 Location map showing the approximate positions of the Mount Brockman 
panel and Jim Jim sites, Kakadu National Park, Northern Territo:ry, Australia from 
where silica skins were collected. 
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Table 5. Analyses of groundwater seepage at Nanguluwurr, Kakadu National Park 

(n.m. = not measured; Clarke and North 1991). 

Element Dry Season Wet Season 
(August 1987) (April 1986) 

pH (mg/I) n.m. 4.6 

Silica (SiO2) 25.7 18.4 
Aluminium (Al) 0.8 < 0.1 
Calcium (Ca) 7.0 L3 
Magnesium (Mg) 4.0 0.3 
Sodium (Na) 84.0 12.8 
Potassium (K) 0.6 < 0.1 
Chloride (Cl) 110.0 17.0 

The Brockman site is situated on one side of a massive block of fallen quartzite that 

forms a 60 m long and 13 m high cliff with a slight overhang. On the south-east comer 

of the block is a planar, south-west facing panel about 4 m x 3 m containing rock 

paintings. A possible reason for selecting that part of the rock face for painting is that 

the rock is relatively smooth and a narrow overhanging rock ledge provides some 

protection against runoff water. The paintings occur on a portion of quartzite bearing a 

microscopically thin, transparent silica skin, but around the painted panel is an 

unpainted, opaque, red-brown silica skin. 

The transparent silica skin is extremely thin and almost impossible to remove from the 

extremely hard, impermeable quartzite composed of fine-grained ( < 0.2 mm), closely 

packed, well sorted, subrounded to rounded quartz grains. A silica cement containing 

fine granules of iron oxide binds the grains. 

Only two partly detached flakes of rock surface were collected from unpainted areas 

adjacent to the painted panel, so as not to damage the paintings (MB 1 and MB2, Fig. 

29). MBl was collected to find out about red-brown silica skins formed on surfaces 

only affected by runoff water, whereas MB2 was taken to determine how thin red

brown silica skins form on quartzite subjected to periodic seepage. 
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Figure 28 Composite photographs of the Brockman panel showing the major water 
wash zone (left), and the position of the paintings under the small overhanging rock 

· ledge (author's photograph). 

Figure 29 Plan and section sketches showing the main features of the Brockman panel 
and the two sampling points, MBl and MB2, not associated with paintings . 
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Figure 30 Binocular microscope plan view of the surface of the irregularly developed 
· red-brown silica skin on MB 1 (scale is 1 mm long~ author's photograph). 

Figure 31 SEM photograph of the silica skin surface of MB 1 showing a gypsum crystal 

formed over a calcium phosphate salt (probably taranakite) lying on the dimpled silica 

skin surface (scale bar is 0.01 mm~ author's photograph). 
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Figure 32 Micro-exfoliation of the MB 1 surface. Note the network of fine capillary 
fractures across the silica skin and the new dimpled texture of silica deposited in the 
exfoliation scar (scale bar is 0.01 mm; author's photograph). 

Figure 33 SEM photograph of MB2 showing the vermiculated surface consisting of 
hemi-spherical particles and filamentous strands of fossilised algae and fungi (scale bar 
is 0.2 mm; author's photograph). 
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Sample MB 1 was taken from the right-hand side of the painted rock face in a zone of 

opaque, reddish surficial deposit. Under a binocular microscope the surface has a 

patchy lustrous appearance with grey quartz grains standing out above the red-brown 

silica skin which is confined to depressions between the grains (Fig. 30). The 

discontinuous coating therefore has a 'chain-link' pattern with the skin forming the solid 

'chain' and the holes represented by quartz grains. Detailed observations by scanning 

electron microscope (SEM) reveal an undulating dimpled surface containing occasional 

gypsum and calcium phosphate salts (Fig. 31 ). Micro-exfoliation of the thin, 0.1 mm 

thick, silica skin is also observed (Fig. 32). 

Sample MB2 was removed from near the edge of a dark water-wash zone just to the left 

of the painted area. Detailed examination of the skin reveals a thin veneer of red 

hydrous iron oxide over the vermiculated surface (Fig. 33). It may therefore not be the 

same as the translucent to white silica skins described at Gnatilia Creek, Red Lady and 

Split Rock, but its high silicon content and relationship to adjacent translucent coatings 

makes it worthy of study (see the chemical analyses in Chapter 3). The coating consists 

of a mixture of grey salts, clay, silica, red iron oxide, inorganic particulate matter and 

algal filaments. The surface accretion on MB2 is softer and more easily removed than 

the translucent and white silica skins described at other sites. 

Rock art at the Brockman panel has been recorded by Lewis ( 1988), Chippindale and 

Ta~on (1992), and Chaloupka (1993). Chippindale and Ta~on (1992) recorded 137 

distinct figures on the panel associated with a major scene depicting a man, wearing a 

long headdress and carrying a bundle of camouflaging grass, spearing an emu ( the 'Emu 

hunt', Chaloupka 1993, 108-109). The painting style, and the decorations and material 

culture items carried by the man conform to the dynamic figures style, considered by 

Chaloupka (1993, 89, 91) to be at least 8,000 years old. Chippindale and T~on (1992, 

37) have also recorded two parallel lines of eleven beeswax dots, paintings of 

kangaroos, human stick figures, various birds, emus and kangaroo tracks, a crocodile, a 

goanna, fish, lines and other abstract shapes. 

The main conservation problem relating to the paintings is the crystallisation of sub

surface gypsum that causes slow micro-exfoliation of thin flakes of quartzite and loss of 

the thin, transparent silica film. 
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2.2.5 Jim Jim, Kakadu National Park, Northern Territory. 

This site, located about 30 km north-west of Gimbat Homestead (Fig. 27), is in a rugged 

area near the south-western extremity of the Arnhem Land Plateau in the southern part 

ofKakadu National Park. Unlike the Brockman site, the Jim Jim site occurs in the 

Proterozoic schist underlying quartzites of the Kombolgie Sandstone Formation 

(Needham et al. 1973). The quartzite formation is several hundred metres thick, well 

bedded, strongly jointed and unconformably overlies weathered ferruginised schists and 

other intensely foliated metamorphic rocks of Proterozoic age. Painted rock shelters, 

like the Jim Jim site, develop at the junction between ferruginised schist and quartzite 

because the schist erodes readily undercutting the resistant quartzite. A fissure related 

to a minor fault runs across the back wall of the Jim Jim rock shelter and intermittent 

seepage flows from it. 

The climate in the Gimbat Station area parallels that in the Oenpelli region, except that 

the average annual rainfall is 1297 mm at Gimbat compared with 1343 mm at Oenpelli 

(Christian and Aldrick 1977). Rain water in the region has a very low acidity 

(attributed to the high concentrations of organic acids37), that changes from 2.8 in the 

early November storms to 5.4 in the monsoonal February rains (Noller et al. 1985). 

Filtered and unfiltered rain water collected from early storms in 1989 and 1990 had 

silica concentrations below the detection limit of silica ( < 0.2 mgll SiO2 measured by 

the NightcliffEnvironmental Laboratory using the molybdate-reactive silica method, 

Watchman 1990). The very low silica content of rain water38, possibly derived from 

the volatilisation of phytoliths during the burning of tropical plants and from cloudwater 

acid attack on quartz dust particles, is therefore insignificant in silica skin formation. 

The Jim Jim rock shelter is in ferruginised quartz mica schist near the junction of 

basement rocks and silicified conglomerate and quartzite. It measures about 4 m long, 

2 m deep and 2 m high (Fig. 34). Large blocks of quartzite that have fallen from the 

cliff above the site almost block the entrance to the shelter. Paintings are present on 

schist composing the back wall and the silica covered ceiling. Most white silica skins 

are formed on the sloping ceiling, but some also occur on part of the back wall 

associated with the water-wash zone related to the fissure. The back wall strikes at an 

angle of 070° and the shelter opens to the south-east. 

37Formic, propionic and other organic acids in rain water are thought to be produced by the natural 
degradation of swamp vegetation and photochemical oxidation of the resulting isoprene gas (Noller et al. 
1985). . 
38smca concentration in "average" rain is about 0.15 mg/I and dose to the equilibrium activity between 
cryptocrystalline gibbsite and kaolinite (Bolt 1979, 444). 
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Figure 34 General site plan, section and sketch showing the main rock paintings on the 
silica covered surface at the Jim Jim site, Kakadu National Park, Northern Territory, 
Australia. 
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Water that seeps intermittently from the unconformity and crevice at the back of the 

shelter presumably comes from rain that falls on top of the quartzite plateau and 

percolates along joints and fractures. Some of the runoff water from the cliff face does 

not fall at the dripline, but flows through the weathered schist in the gently sloping 

ceiling and then down the back wall Silica skins formed on the ceiling are white, 

whereas the dark algal and mineral stained skins on the back wall are restricted to the 

areas over which seepage water regularly flows. 

The conglomeratic quartzite, consisting of large pebbles and cobbles of quartz, quartzite 

and quartz-mica schist up to 1.5 cm in diameter and cemented by clay and minor quartz, 

immediately overlies the weathered schist. Smaller clasts consists essentially of 

rounded to subrounded quartz, angular quartzite fragments and minor biotite flakes set 

in the quartz-clay matrix. The ferruginised (heavily enriched in iron oxides) quartz

mica schist is composed of quartz grains about I mm across, foliated ferruginised mica 

and relict biotite flakes (Fig. 35). Parts of the schist are quartz-rich and the grains seem 

to be 'floating in a mass of fme-grained ferruginised mica and clay. In quartz deficient 

parts of the schist the foliation is strongly preserved, despite the ferruginisation. 

One sample, JJI, of relatively thick white silica skin was collected from the painted, 

ferruginised quartz schist ceiling about half way between the drip line and the back wall 

The homogeneous, finely laminated silica skin, about 0.8 mm wide, has a smooth 

lustrous appearance despite its slightly undulating contours, and is formed over a thin 

layer of red iron oxide (Fig. 36). The iron-rich $urface layer is not silicified and the 

white silica skin is not discoloured by iron oxide, indicating that these two 

compositional layers have formed separately at different times. 

Formation of white silica skin on ferruginised quartz schist is intriguing because iron 

and not silica is immediately abundant in the surrounding rocks, although quartzites are 

a few metres distant. Weathering of quartzite therefore seems the most likely source of 

silica rather than the ferruginised schist immediately beneath the coatings because there 

is no evidence to suggest that silica-rich solutions have migrated outwards along micro

fissures and cracks in the schist. 
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Figure 35 Plane polarised transmitted light view of the ferruginised quartz schist in JJl 
(scale bar is 1 mm; author's photograph). 

Figure 36 Reflected light view of a cross-section of JJ 1, showing white silica formed 
over ferruginised quartz schist containing transparent quartz grains and red iron oxide 
cement. Note that the finely laminated silica is devoid of iron oxide impurities and that 
silica has been precipitated over the schist (scale bar is 1 mm; author's photograph). 
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Figure 37 Binocular microscope photograph of the surface of JJl showing the uneven 
srnca skin development and crystallisation of fine white gypsum (lower cenlre; scale 
bar is 0.5 cm; author's photograph). 

Figure 38 SEM photograph of the fine venniculated texture on the surface of JJl, 
characterised by a network of sinuous ridges and small depressions partly filled with 
organic debris, gypsum and other salt crystals. This texture retains moisture favouring 
the gro\vth of micro-organisms and slow salt crystallisation (scale bar is 0.05 mm~ 
author's photograph). 
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The JJl silica skin surface is white, lustrous and characterised by a worm-like 

(vermiculated) texture of sinuous low ridges and shallow depressions (Fig. 37 and 38) 

that retain surface water in small 'pools'. Algae and other micro-organisms survive in 

these restricted pools longer than on flat surfaces, but they are likely to become 

encapsulated in skin when silica is deposited. Evidence of these organic accumulations 

exists in the form of small lenses and discontinuous laminae that are readily observed in 

· thin sections under high power magnification. 

The red paintings on the ceiling are an assortment of superimposed animal and spiritual 

motifs (Fig. 34). A long slender, line drawing of a spiritual figure has been repainted 

because part of the drawing has been covered by a white silica skin. Both images have 

been painted over a large kangaroo outlined in red. The paintings have not been 

recorded in detail, but the site has been registered in the Kakadu National Park site 

register (Site 253). No paintings are obvious on the low backwall. 

Conservation problems at the site include intermittent water flow across the painted 

surface leading to formation of opaque silica skins that obscure the paintings, micro

exfoliation of paint covered by white silica and crystallization of sub-surface gypsum 

causing rock surface spalling. 
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2.2.6 Keech Figure Site, Drysdale River National Park, Western Australia 

Two Aboriginal rock painting sites were sampled in the Kimberley area of Western 

Australia: the Keech Figure and the Wax Creek East sites (see 2.2.7). The Keech Figure 

site is located in the Drysdale River National Park about 55 km south-east of 

Kalumburu Mission (Fig. 39). The site is one of many situated in an area known locally 

as Bradshaw Alley, named after the Bradshaw39 style of rock paintings, one of the two 

. principal rock painting styles in the Kimberley region (the other one is the Wandjina 

style). 

The region's tropical climate is similar to that experienced in the Kakadu National Park 

and Laura areas, with seasonal and highly variable rainfall falling during the monsoonal 

wet season between November and February (average a~ual rainfall at Kalumburu 

Mission is .1192 mm; Bureau of Meteorology records 1994, 21 ). At Kalumburu Mission 

the average daily maximum temperature is 34.5°C, with the hottest days occurring in 

November (37.5°C), while the average daily minimum temperature is 20.5°C with the 

coldest days in July (13.3°C). 

Rock shelters have naturally formed throughout the Kimberley uplands by weathering 

of white to pale brown, coarse-grained, thickly bedded quartz sandstones of the 

Proterozoic King Leopold Formation (Gelatley and Sofoulis 1969). Thin interbeds, 

ranging from a few millimetres to centimetres thick, and composed of minor 

conglomerate, arkose and purple, fine-grained, silty sandstone have eroded much more 

easily than the thicker sandstones leading to block collapse, undercutting and formation 

of wide and deep rock shelters. The back walls and wide ceilings of these large 

shelters, as well as the tops and sides of massive fallen sandstone slabs, have provided 

'canvasses' suitable for portraying Bradshaw and other Aboriginal rock paintings. 

The Keech Figure site is on the eastern side of a large mushroom-shaped block of 

sandstone at the top of the plateau near a narrow rocky stream bed. The paintings are 

on a vertical rock face, approximately 1.5 m long and between 2.5 m and 3 m high, that 

strikes 165° and faces east. A 6 metre wide ledge of sandstone protrudes over the 

painted panel, protecting most of the art from direct rain (Figs 40 and 41 ). 

39 A style of rock art found in the Kimberley region of Western Australia consisting entirely of solid colour 
paintings generally depicting elaborately ornamented humans in movement, dance or ritual (The 
Encyclopaedia of Aboriginal Australia 1994, 149). 
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Figure 39 Generalised map of the East Kimberley region of Western Australia, 

showing the locations of the Keech Figure and Wax Creek East sites. 
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Figure 40 Photograph showing the painted panel at the Keech Figure site viewed from 

the east (scale bar is 0.25 m~ author's photograph). 

Figure 41 Plan, sections and sampling point location at the Keech Figure site (arrows 
indicate water runoff direction). 
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Water periodically flows across the painted panel during heavy rain because it runs 

across the relatively flat shelter roof, down the flank of the mushroom-shaped boulder 

and seeps out at the junction between the back wall and ceiling, along the bedding plane 

between two thin sandstone units. Most of this runoff drops directly down a well 

defined water-wash zone on which no paintings have been applied, but presumably 

when there is a lot of rain some excess water trickles slowly across the painted surface. 

A yellow-brown deposit has accumulated on the rock face and over the paintings. One 

sample (KFl) was collected from the partly obscured Bradshaw Figure near the water

wash zone on the northern side of the panel (see Fig. 41 for location). The main reason 

for collecting the sample was to determine if the paint contained carbon-bearing binder 

or organic substances were fossilised in the silica skin, so ~at the age of the painting 

could be determined by the radiocarbon method. 

The uneven yellow-brown surface bears no obvious resemblance to the white silica 

skins at Gnatilia Creek, Red Lady, Split Rock and Jim Jim, but is more like the thin 

brown coating at the Brockman panel (Fig. 42). KFl comprises four rock surface flakes 

about 2 mm thick. Two pieces are 2 x 2 cm square, the third is 2 x 1.3 cm and the last 

measures 1.5 x 1.4 cm. Observations and analyses of cross-sections through the brown 

coating reveal that the surficial yellow-brown deposit is not a silica skin (sensu stricto), 

but a surface concentration of clay and phosphate salts overlying an opaque white silica 

skin (Fig. 43~ see analyses in Chapter 3). The surface deposit is therefore not a uniform 

feature, but a relatively recent accumulation of compositionally different material to 

that of the underlying silica. Conditions leading to the deposition of silica have 

therefore changed in relatively recent times. 

While the total thickness of the KFl silica skin is only about 0.4 mm its accumulation 

has been relatively complex (Fig. 44). An orange-brown layer, between 0.05 mm and 

0.1 mm thick, was deposited initially on the sandstone host rock surface. This was 

followed by 0.18 mm to 0.2 mm of finely laminated translucent to white silica. The 

upper third of the silica skin is composed of a sequence consisting of an undulating thin 

red layer of paint (part of an ·obscured Bradshaw painting), a thin white silica lens 

surrounded by orange brown silica (0.02 mm to 0.05 mm thick), an undulating layer of 

dark brown silica and algal matter, and then an upper layer consisting of honey-brown 

clay, silica and phosphate salts approximately 0.07 mm thick. The position of the red 

paint layer in the silica skin suggests that the Bradshaw painting was applied to a white 

silica skin, presumably making a white 'canvas' for a bright red painting. 
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Figure 42 Surface of the yellow-brown silica skin that covers Bradshaw paintings at 
the Keech Figure site, Kimberley region, Western Australia (scale bar is l mm; author's 
photograph). 

Figure 43 SEM photograph of the K.Fl surface showing clusters of very small 
taranakite crystals (K3Al5H6(PO4)8. l 8H20), and a few curved clay platelets (scale bar is 
0.001 mm; author's photograph). 
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Figure 44 Photographic and sketched micro-stratigraphy of the KFl silica skin 

showing the series of compositional layers, including the paint and dark organic-rich 

laminations (scale bar is 0.5 mm; author's photograph). 
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It is difficult to see more than five individual large paintings on the Keech Figure panel 

because of the thin, coloured surface deposit formed by accumulation of insoluble 

components and fine sediment precipitated from runoff water. Walsh (1994) has 

recorded the five large paintings on this panel, and classified them as either Tassel40 or 

Sash41 Bradshaw Figures. They comprise one very large Tassel Bradshaw, another 

smaller Tassel Bradshaw partly obscured by the dark water-wash mineral deposits, and 

a Sash Bradshaw Figure. Two human figures with Bradshaw-like features are 

incomplete, being either partly obscured by a dark silica skin or lost by exfoliation of 

the rock face. The paintings were probably applied to the white silica skin covered rock 

face between about 1500 and 2000 years ago (see Chapter 5 for discussion on dating). 

The main conservation problem at the Keech Figure site is the masking of the paintings 

by minerals and suspended matter deposited from water that flows intermittently across 

the surface. The upper part of the panel is exfoliating because of pressures created 

during crystallisation of sub-surface gypsum. Although an old wasp nest covers the 

painted feet of one Bradshaw Figure new wasp nests are not being made. The large 

ledge that overhangs the painted panel has a mass of roots from a tree that is growing on 

top of the sandstone block and growth of the roots could destabilise the protective 

ledge. 

40 A distinctive decorative feature of this group of Bradshaw (human) Figures is a triple tassel-tipped cord 
(with pompons or fluffy balls as the tassel) suspended from a waist belt with two outer cords 
approximately twice the length of the centre cord. Many additional objects of personal decoration appear 
oftional, and include a range of bangles, anklets, and elbow, arm and chest bands (Walsh 1994, 42-43). 
4 Two features of the Sash Bradshaw group of painted humans are their bulky three pointed sash or apron 
which replaces the triple tassel of the Tassel Bradshaws, and their tufted armbands (Walsh I 994, 45). 
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2.2.7 Wax Creek East, Kimberley, Western Australia 

Wax Creek East is located in a cluster of sites about 30 km west of the Drysdale River 

Station, in the Kimberley area of Western Australia (Fig. 39). The main river drainage 

runs in a north-easterly direction and Wax Creek has cut deeply into a sandstone plateau 

to form a cliff about 50 m high. Large boulders of sandstone have toppled from the cliff 

and lie randomly across the scree slope. At the cliff base, about 20 m above the 

lowlands surrounding the creek, there is either a sheer rock wall or a series of large 

steps about l m to 1.5 m high and several metres long, created by erosion along the 

intersection between vertical joint and horizontal bedding planes. 

Wax Creek East is located at a place where massive blocks, up to 6 m high and 20 m 

long, at the base of the cliff have crept downslope away from the main mass of the cliff 

leaving a 1 m to 7 metre wide gap between them and the cliff. A smooth 4 m vertical 

rock face forms a continuous curve along the length of the shelter (Fig. 45). This 

protected surface has provided an excellent canvas for Aboriginal painters, and many 

figures have been superimposed over other paintings. The shelter1s ceiling, about 12 m 

tol5 m above the floor, is covered by hundreds of hard white wasp nests (Sceliphron 

formosum42, Ian Naumann pers. comm. 1994). 

The painted panel strikes approximately 040° and faces west, but the afternoon sun 

does not reach the painted surface for very long because several huge slabs of sandstone 

in front of the panel block the light (Fig. 46). Paintings are located on a curvilinear rock 

face about 8 m inside the dripline, and wind-driven rain splash and spray are blown into 

the shelter. The climate of the region is slightly drier than at the Keech Figure site 

(2.2.6) because the average annual rainfall at the nearest recording location, Drysdale 

River Station, is 824 mm (the range is 633 mm to 981 mm; Bureau of Meteorology 

records 1994, 41 - temperature records are unavailable). 

The geology at the site is similar to that at Keech Figure with thick, well bedded 

sandstone units predominating. The main features of the consistent mineralogy and 

texture between the two sites are the fine-grain size(< 0.3 mm), well sorted subrounded 

quartz grains and the extremely strong, compact silica cement. Trace amounts of white 

clay have developed in the sandstone from weathering of small feldspar grains. 

42The same species is the major nest building wasp in Kakadu National Park, Northern Territory 
(Naumann 1987, 134). 
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Figure 45 Plan and section drawings of the Wax Creek East site showing the location 
of sampling point WCE3. 1. 
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Figure 46 Photograph of the Wax Creek East site showing the curvilinear painted rock 
face, high ceiling and deeply penetrating cleft between sandstone beds along the back 
wall ( author's photograph). 
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Figure 47 Surface of WCE3 .1 showing the orange-brown venniculation network of the 

silica skin and microexfoliation scars (scale bar is 1 mm~ author's photograph). 

Figure 48 SEM photograph of the venniculated surface of WCE3.1 highlighting the 
network of interconnected narrow ridges of silica and other chemical precipitates ( scale 
bar is 0.1 mm~ author's photograph). 
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Figure 49 SEM photograph of a broken cross-section through WCE3. l showing the 
four compositional layers (A-D) and micro-stratigraphic position of the Bradshaw 
Figure paint (scale bar is 0.01 mm; authors photograph). 
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No seepage stained rocks are obvious at Wax Creek East, and the only apparent source 

of water which could run across the painted surface is wind driven rain. Minor 

moisture may also flow as sporadic seepage from porous bedding planes. Erosion of a 

thin silty bedding plane between two massive sandstone units along the back wall may 

also provide soluble and insoluble materials that are deposited on the vertical painted 

panel. Although minor water-wash may occur during extended periods of heavy rain, 

this has not been observed and there is no obvious stains to support this theory. The 

surface of the reddish brown panel is similar to rock surface coatings observed at other 

sites in the Kimberley region and at the Brockman panel, Kakadu National Park. 

A piece of rock surface, about 14 x 5 cm, and containing a brown surficial deposit was 

taken from near an area of natural exfoliation adjacent to, and including, part of a 

Sideways Bradshaw Figure43 at the northern end of the painted panel (WCE3.1; Fig. 

50). The orange-brown surface coating is only 0.12 mm thick and shows well 

developed venniculation textures and micro-exfoliation scars that expose the 

underlying sandstone (Figs 47 and 48). 

43Bradshaw Figures depicted lying on their sides rather than standing or sitting, and fitting the Stylised 
Bradshaw Group description (Walsh 1994, 47). 
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Binocular microscopic examination of a cross-section of WCE3. l reveals a coating 

essentially consisting of four distinct layers: a pale brown translucent surface (A), 

orange-brown second layer (B), translucent to transparent middle layer (C) and an 

orange brown clay-rich basal layer (D) lying on corroded quartz sandstone. The red 

hematite paint of the Bradshaw Figure lies between A and B, between the orange-brown 

upper layer, above the translucent to transparent middle layer (Fig. 49). 

Paintings at the Wax Creek East site include red and mulberry Sideways, Acom44, 

Tassel and Sash Bradshaw Figures and retouched Bradshaw Figures (Walsh 1994, 268, 

270). Superimposed on these motifs are large human and anthropomorphic figures 

painted in white, red human stick figures and various abstract designs. 

The risk of massive rock slab fall from the back wall and ceiling is a major 

conservation concern. Exfoliation of bedding and joint plane edges has been 

accentuated by Aboriginal 'mining' of the hard sandstone, presumably for making stone 

tools. Sub-surface salt crystallization is not a problem because the sandstones are well 

cemented by silica and porosity is very low. Dust is generated by the movement of 

animals across the floor of the shelter and this is gradually accumulating on the rock 

face. 

· Figure 50 Details of the sampling location of WCE3 .1 near the exfoliating edge of a 
vertical joint face adjacent to the remains of a Sideways Bradshaw painting. 
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44Acom Bradshaw Figures have heads and head-dresses resembling acorns (Walsh pers. comm. 1994; 
Walsh 1994, 47). 
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2.3 Canadian Sites and Sampling Locations 

2.3.1 Nisula, Quebec. 

Nisula, is situated in the 'Zone d'Exploitation Controllee' (ZEC), or a controlled zone of 

exploitation in a Provincial Park45 near the town of Forestville in the Upper North 

Shore of Quebec (Fig. 51). It lies at an elevation of 150 metres above sea level, in a 

region belonging to the Laurentian Shield, and to the Grenville geological province 

(Gray et al. 1987). A series of lakes and rivers link the network of interconnected deep 

valleys in this rugged, heavily forested terrain. 

The painted rock face at Nisula measures 2.01 m high x 6.75 m long, and lies at the 

base of a cliff about 20 m high, situated on the south-eastern comer of a narrow passage 

between two arms of Lake (Lac) Cassette (Fig. 52). During the last ice age glaciers 

polished the exposed rocks along the cliff producing a smooth vertical surface. 

Subsequent climatic, geotectonic and weathering processes have caused parts of the 

original cliff to exfoliate as small flakes and to collapse as large blocks into the lake. 

As a consequence only a small part of the cliff face shows signs of the original glacial 

polish and only a portion of that surface has been painted. 

Figure 51 Location of the Nisula site on the Upper North Shore of the Saint Lawrence 
River, Quebec, Canada. 

45 A ZEC is essentially part of a Provincial Park designated for recreation activities including hunting and 
fishing that are controlled through a system of permits. 
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The climate of the region is marked by long cold Winters during which surface water 

freezes, including the lake. Temperatures frequently fall below-30°C during Winter 

whereas in July the average temperature reaches+ 15°C (Plourde 1993). The average 

annual rainfall is about 600 mm (Department of Environment, Canada 1994). 

During Winter surface water is frozen and it cannot flow across the cliff face. At other 

times of the year, the water which falls as rain on top of the cliff passes through leaf and 

bush litter and thin soil before it moves into the rock mass itself along joints and 

fractures, and then exits from cracks, fissures and small holes on the cliff face. A series 

of joint planes, dipping at a low angle to the horizontal, direct some of the water 

towards the cliff. 

The rock type on which paintings were made is a migmatite containing xenoblasts46 of 

dark sub-rounded blocks and large inclusions of pre-existing igneous and sedimentary 

rocks. Quartz and feldspar veins traverse the migmatite and these have been 

structurally deformed, during late-stage migmatisation. The painted panel strikes l 05°, 

faces south-west, and is between 2.5 m and 4.5 m above the present lake level. 

The principal minerals in the migmatite are quartz, feldspar and biotite. Frost action, 

release of stress and expansion and contraction forces lead to surface exfoliation of the 

polished rock. Feldspars in the migmatite are susceptible to chemical weathering and 

silica is mobilised in solution while clay is either left behind or transported short 

distances and deposited as white water-wash zones on the cliff. These surface textural 

features indicate that silica deposition is controlled by the amount, duration and 

frequency of wetting. Regular wetting across a large surface area leads to formation of 

a uniformly continuous siliceous film, whereas irregular seepage from small holes or 

fissures only leads to concentration of silica at spots and streaks where the water has 

wet the surface. In the cold, damp environment at Nisula these chemical weathering 

processes are very slow in comparison to physical disruption of the rock surfaces. Dark 

staining on the cliff face is attributed to accumulation of algal and other biological 

matter in the frequently damp seepage zones. 

46 A xenolith is a rock fragment that is foreign to the body of the igneous rock in which it occurs and a 
xenoblast is a foreign rock included in a metamorphic rock (Dictionary of Geological Terms 1962, 542). 
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Figure 52 Location of Nisula on Lac Cassette, photograph showing the cliff face and 
painted panel, and a sketch of the main painted images and sampling locations (author's 
photograph). 
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The most obvious structural property of the cliff face is the series of sub-parallel joint 

planes sloping at 10-15° to the horizontal. A subordinate set of vertical joints is also 

present. Minor structural elements include transverse joints at steep angles, 

discontinuous fissures and short, deep fractures. Previous structural instability is 

indicated by large scars left by fallen rock slabs. The long-term stability of the painted 

rock face is threatened by structural weakness associated with two major vertical 

fissures. These splits in the rock are located adjacent to, and behind, the painted panel 

and an area from where a huge slab has already fallen. As the Nisula site is in a zone of 

high earthquake activity it seems highly likely that geodynamic forces will eventually 

lead to massive rock slab fall along areas of cliff affected by vertical fissures and weak 

joints. 

For this research two samples of the thin rock surface coating were collected with the 

aims of identifying the nature of the rock surface coating and determining the age of the 

paintings. Both samples, N 1 and N2, come from the edges of naturally exfoliated zones 

on the western side of the painted panel. Nl is from near an anthropomorphic figure 

(Fig. 52 and 53) and N2 comes from the edge of a spalled area on which solid red lines 

were painted (Fig. 52). The host rock under each sample consists of migmatite with a 

very thin veneer of translucent to transparent silica containing relict spots and smears of 

bright orange-red paint, on and just beneath the present surface (Fig. 54 ). 

The translucent to transparent silica skin is spread discontinuously and unevenly across 

the surface, having been deposited non-uniformly in thin layers and undulating mounds 

or 'pimples' across the polished rock surface (Fig. 55). In cross-section the silica skin 

consists essentially of three parts: a basal finely laminated unit, a compact central unit 

and a micro-globular upper unit. The basal unit, 0.05 mm thick, is composed of a series 

of fine wavy laminations that rest on a remarkably flat, glacially polished gneissic 

substrate. Above the basal zone is a thin unit, 0.014 to 0.02 mm thick, composed of 

homogeneous unlaminated amorphous silica. A sharp boundary separates this compact 

zone of silica from the top unit which is characterised by a micro-globular texture of 

spherical and hemispherical particles (possibly micro-organic in origin). The top unit 

with an irregular pimply surface measures only approximately 0.001 mm to 0.0015 mm 

thick. Paint is visible as a very thin red layer on the surface and it is also partly covered 

by an exceedingly thin film of translucent silica, less than 0.006 mm thick. 
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Figure 53 The author shown collecting sample Nl from near a very faint red 
anthropomorphic figure. The existing exfoliation scar was enlarged to almost h_alf way 
to the diagonal fissure (photograph courtesy of Daniel Arsenault). 

Figure 54 Binocular microscope photograph of the orange-red paint and glossy silica 
skin on N2 (scale bar is 1 mm; author's photograph). 
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Figure 55 Cross-sectional features in a SEM photograph showing the polished rock 
surface, homogeneous basal silica unit, compact and unlaminated central unit, and the 
micro-globular surface layer. The present surface consists of uneven concentrations of 
silica in 'pimples' and small mounds (scale bar is 0.01 mm; author's photograph). 

~- ·,. 
( ' -
. i 

,, 

Indications of previous, higher lake levels are observed at the Nisula site and on other 

cliff faces around Lac Cassette. A major high-stand lake phase, about 5m to 6 m above 

the present lake level, is marked by a sharp break in the growth oflichen. The Nisula 

paintings are found below this high water mark, but above a second prominent old lake 

level. The lower line, about 2 m above the present lake level, is marked by a band of 

brown staining along the cliff face. The present lake level is about 2 m to 2.5 m below 

the bottom of the painted panel, and out of reach for a person standing in a canoe or on 

the frozen lake. Paintings were therefore made on the rock face during a period when 

the lake level was falling from the high-stand to the intermediate level, and above its 

present level. 

Arsenault and Gagnon (1993, 89) have identified the major problems causing 

deterioration at the Nisula site. These problems include the growth of algae, fungi and 

lichen, various erosional processes, insect and bird activities, water infiltrations and 

freeze-thaw exfoliation stresses. Other potential negative impacts on the rock face are 

fires, avalanches, landslides and earthquakes, with the latter being controlled by the 
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relative structural weakness of the cliff face. Interferences by humans were also 

considered to be potential threats to the site. 

Exfoliation takes place through the combined actions of chemical weathering and 

freeze-thaw forces leading to wedging and lifting of rock surface flakes. These natural 

forces acting on the rock surface in a cyclical manner gradually raise a small piece of 

the surface until it is no longer supported, and it falls off. About 5% of the painted rock 

face has exfoliated, mainly around micro-fissures and small seepage holes where frost 

action is strongest. Extensively spalled surfaces on nearby rock faces indicate that 

small areas of exfoliation gradually coalesce as this pattern of deterioration spreads 

across the polished surface. 
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2.3.2 Crowrock Inlet, Lake of the Woods, Ontario 

The site is located south-south-east of Kenora, in the western region of Ontario, known 

as the Lake of the Woods (Fig. 56). It lies on the northern shore of Crowrock [nlet 

about 3 km from the Nickle Lake Road landing (Molyneaux 1975). The northern shore 

of the inlet is characterised by a series of extensively jointed and fractured cliffs and the 

site occurs at the base of the cliff near a partly submerged rock ledge. Smeared 

paintings appear on the lower part of the cliff and some fragmentary painting remains 

near the water's edge. Only the left-hand portion of the painted rock face has been 

recorded and sampled (Dewdney and Kidd 1967, Molyneaux 1975). Access to the site 

is by canoe in Summer and snowmobile in Winter. 

Figure 56 Location maps of Crowrock Inlet, western Ontario, Canada. 

Crowrock Inlet 
Ontario 

Manitoba 

20Km 

Ontario 



79 

The geology of the area is characterised by coarse-grained gneiss which forms part of 

the Canadian Shield. The gneiss is essentially composed of large domains of 

interlocking quartz grains (2 cm in diameter), plagioclase and orthoclase crystals, small 

patches ofrose quartz, large hornblende crystals (also 2 mm across) and biotite. 

Horizontal cleavage and foliation planes intersect with vertical joint planes at the cliff 

line resulting in a structurally unstable bluff. The highly fractured rocks also have 

numerous local breaks and extensive small patches of local exfoliation. Collapse of 

large slabs of precariously situated gneiss seems imminent. A lateral protrusion from 

the cliff provides some protection to the left-hand side of the site from the prevailing 

winds and wave splas,h. The main painted face strikes 080° and faces south. 

The climate is cold and wet. Kenora, the nearest major town, has minimum Winter 

temperatures below -l 0°C and Summer maximum temperatures of about 20°C 

(Department of Environment, Canada 1994 ). Average annual rainfall is approximately 

600 mm. Although the rock paintings (pictographs47) are well above contact with high 

lake level the site receives variable amounts of moisture depending on proximity to 

seepage outlets, rock face orientation and height above water. Seepage water flows 

regularly from horizontal joints in the gneiss in the upper part of the cliff and dark algal 

stains and white silica deposits have formed across the rock face (Fig. 57). 

Figure 57 Photograph showing the extensive development of dark algal stains and 
white silica skins formed across the cliff face at Crowrock Inlet (colour scale bar in 
upper left corner is 10 cm; photograph courtesy of Ian Wainwright). 

471n North America rock paintings are often called pictographs and engravings, petroglyphs. The 
paintings at Nisula have also been called pictogrammes, but these terms are not used here. 
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Direct rain and surface water run over the painted rock face and the lower parts of the 

cliff also receive intermittent splash and spray from waves during periods of strong 

winds and storms. In Winter the seepage and runoff water on the rock face freezes, and 

the lake surface turns to ice. Drifting snow builds up around the base of the cliff and 

blows onto the painted surface. Seepage deposits varying from brownish yellow to 

white are formed across the whole rock face. 

One sample, Cll, a strongly vermiculated white silica skin developed over gneiss, was 

collected from near the hind leg of a deer painted on the panel (Fig. 58). The rock 

surface flake measures 4 x 3 cm and is 0.5 cm thick. A discontinuous layer of red 

hematite paint is exposed where the upper part of the coating has exfoliated (Fig. 59). 

In cross-section the red hematite layer is about 1.2 mm below the present surface, above 

another layer of silica about 0.8 mm thick (Fig. 60). The average total thickness of the 

silica skin is 2.0 mm and it comprises a thin basal white silica layer resting directly on 

the gneiss and a series of overlying lenses of very thin translucent and white silica. The 

paint layer occurs between the translucent and white silica lenses. 

Figure 58 Sketch of the major painted figures on one panel at the Crowrock Inlet site 

showing the location from where Cil was collected (modified from Molyneaux 1975). 
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Figure 59 Binocular microscope view of the surface of CRJ showing an area of micro
exfoliation of paint and silica, and revealing the underlying white silica skin (scale bar 
is 1 mm; author's photograph). 

Figure 60 Cross-section of Cll showing a red paint layer buried beneath a white silica 
skin (scale bar is 0.5 mm;. author's photograph). 
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SEM observations of the silica skin surface revealed a large nwnber of freshwater 

diatoms (Achnanthes minutissima and Gomphonema sp., R Pienitz pers. comfft 1995; 

Fig. 61 ). The diatom frustules are mostly intact and well preserved, but some have been 

broken and still others appear as though they have been partly covered by the silica 

skin. Although freshwater diatoms inhabiting rock surfaces can withstand long dry 

periods the large nwnbers that are present on the Crowrock Inlet silica skin indicates a 

consistently moist environment. This sample is the only one collected bearing a high 

density of diatoms. 

Figure 61 SEM photograph of freshwater diatoms Achnanthes minutissima ( curved 
frustule on right) and Gomphonema sp. (three in the centre) on the surface of CII (scale 
bar is 0.001 mm; author's photograph). 
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Only two painted figures, a deer and wolf facing one another, are clearly discernible on 

a heavily encrusted off-white to white silica skin (Fig. 58), on one panel of paintings 

recorded at the site by Dewdney and Kidd (1967) and Molyneaux (1975). A small turtle 

and a smeared mass of red paint also occur above the wolf 

Major conservation problems are the structural instability of the cliff, continual wetting 

of the surface by seepage, runoff, rain and wave splash and extensive rock surface 

exfoliation. Other problems include masking of the paintings by the white siliceous 

coating, salt induced spalling of the rock face, micro-spalling of the white deposit and 

frost leverage action. The greatest destruction is taking place along the·lower margins 

of the site, with much exfoliated debris accumulating on the ledge at the cliff base. 

Blue-green algae inhabit areas of regular seepage. Lichen colonies, particularly 

Xanthoria elegans, are well established along moist fractures and joints (Molyneaux 

1975). 
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2.4SUMMARY 

2.4.1 Numbers of samples 

Twenty four silica skin samples have been examined in this study with the majority 

coming from the Gnatilia Creek (5), Red Lady (5) and Split Rock (6) sites. Fourteen 

were collected from painted surfaces at the Red Lady (4), Split Rock (5), Keech Figure 

(1 ), Wax Creek East (1 ), Nisula (2) and Crowrock Inlet (1) sites. This skewed sampling 

is caused by the natural availability of partly detached flakes at some sites but not at 

others, because opportunities for removing suitable flakes on hard quartzite, sandstone, 

gneiss and migmatite are limited not only by the effects of physical weathering, but also 

by the desire not to damage paintings. 

2.4.2 Sampling locations and rock types 

Silica skins were collected from relatively stable rock surfaces at five Australian rock 

shelters and from two cliffs in northern Australia and two cliffs in North America. 

With the exception of the Jim Jim site, which is in ferruginised quartz schist, the 

Australian shelters have all formed in sandstones. Cliff compositions range from 

sandstone at Red Lady, quartzite at the Mount Brockman panel, migmatite at Nisula and 

gneiss at Crowrock Inlet. 

2.4.3 Climatic conditions 

Gnatilia Creek is in a warm temperate climatic zone with rainfall all the year round. 

Red Lady, Long Quinkan Figure, Mount Brockman panel, Jim Jim, Keech Figure and 

Wax Creek East are in hot-tropical regions where rain usually falls in a 'wet' season 

lasting five or six months. The Nisula and Crowrock Inlet sites are in cold damp 

districts and they only become wet after the snow and ice melt in Spring, and during 

Summer and Autumn rains. 

While climatic factors directly influence the amount and frequency of rain that falls at a 

site the location of seepage outlet planes and points, the runoff catchment area and 

hydrological regime, and the presence of protective ledges and driplines strongly 

control the extent and nature of wetting of exposed rock surfaces. All surfaces on 

which silica skins form are intermittently wet by seepage, runoff, rain, wave splash or a 

combination of these factors. Volumes of seepage and runoff water that trickle across a 

rock face change through time allowing some zones to dry out while other surfaces 

remain wet for long periods. 
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Textural evidence in all skins reveal changes in the nature of silica skin deposition 

through time, and these changes could be directly related to fluctuations in the 

prevailing environmental conditions. A major change in environmental and 

geomorphological conditions at Gnatilia Creek is recognised based on the transition 

from very wet and physically unstable conditions during which silt and clay were 

deposited to damp, chemically unstable circumstances when silica skins were 

deposited. Rates of skin formation as well as compositional and textural differences 

with increasing skin thickness may also be correlated with climatic changes through 

time, and these points will be examined in Chapters 3 to 5. 

2.4.4 Association with water 

The abundance of silica in seepage waters at Gnatilia Creek and in Kakadu National 

Park is approximately 22 mg/I SiO2 which is in the middle of the range for silica in 

natural waters (7 to 43 mg/I, Davis 1964). Most natural waters therefore not only 

contain sufficient dissolved silica to support diatom populations, but they are also 

capable of precipitating silica on rocks over which they flow. 

Two coloured silica skins, Mount Brockman panel (MBl) and Wax Creek East 

(WCE3. l ), are not directly associated with seepage zones, but receive moisture only as 

rain water runoff from the cliff face itself and from water droplets splashed or blown 

onto the surface. These thin skins appear dissimilar to the translucent and white silica 

skins at the other sites, and their compositions may reflect differences in their 

formations. 

2.4.5 Sources of silica 

Textural evidence of finely laminated silica skins formed on different supporting rock 

types indicates that the silica is not derived from the underlying silicate minerals or 

from siliceous cement in the supporting rock, but that it is deposited from solutions 

flowing over the exposed surfaces (the Jim Jim silica skin on ferruginised schist is a 

very good example). 

In contrast, the components incorporated in the Mount Brockman panel and Wax Creek 

East silica skins come mainly from weathering of siliceous substances higher up the 

rock face, and from wet and dry aerosols that settle on the surface, because seepage 

water does not regularly flow across these surfaces. The limited range and quantities of 

components in these situations leads to extremely thin silica skins whose compositions 
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are different from those associated with seepage zones. Two compositional types of 

skins are therefore considered likely (see Chapter 3). 

2.4.6 Thickness variations 

Silica skin thickness varies considerably across each of the surfaces from where 

multiple samples were collected, from 0.01 mm to 1.3 mm at Long Quinkan, 0.2 mm to 

0.68 mm at Red Lady, and the froml mm up to 1.7 mm at Gnatilia Creek. These micro

site differences reflect non-uniform depositional processes and indicate that seepage 

waters do not always deposit consistent films of silica across an entire surface in a 

single wetting event. This phenomenon has implications for dating rock surfaces, 

because silica laminae cannot be correlated across wide distances. 

Differences in skin thickness between sites reflect the frequency, intensity and 

efficiency of local depositional processes as well as the duration over which the skins 

have been formed. The thickest skins come from the Gnatilia Creek and Ctowrock 

Inlet sites where regular seepage takes place. The thinnest silica skin, Nisula (0.05 mm 

thick), occurs on a vertical rock face which is subjected to infrequent wetting for less 

than six months. 

2.4. 7 Charcoal particles 

Charcoal flecks have been deposited throughout the entire rock surface depositional 

sequence at Gnatilia Creek indicating that fires have regularly burnt the surrounding 

vegetation. The charcoal particles are presumably brought into the site as wet and dry 

fallout soon after a fire, and they therefore provide a means for dating silica skin 

formation. Unfortunately the other silica skins sampled for this study do not contain 

noticeable quantities of charcoal. 

2.4.8 Micro-organisms 

Micro-organisms inhabit the damp, nutrient-rich surfaces on which silica skins form, 

and they are encapsulated ( fossilised) in a skin during deposition of silica. For 

example, diatoms were found either living on, or fossilised in, Gnatilia Creek, Keech 

Figure and Crowrock Inlet silica skins. 

Well developed vermiculation structures are observed on every silica skin surface in 

response to colonisation by various micro-organisms. The movement of surface water 

is restricted by these small undulations providing nutrients and moisture for bacteria, 
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fungi and algae. As these 1pools1 slowly dry out the micro-organic habitat is replaced by 

a miniature evaporation basin in which salts, silica and suspended matter precipitate. 

2.4.9 Micro-stratigraphic textures and correlations 

Silica skins are generally white, but translucent layers are observed at Nisula and in 

parts of Gnatilia Creek skins, whereas coloured skins occur at the Brockman panel and 

Wax Creek East. Cross-sections reveal extremely fine-scale micro-stratigraphic 

layering in the skins with sharp boundaries separating visually distinct layers. Except 

for coloured skins (MB and WCE) and the skins at Gnatilia Creek (containing abundant 

detrital and aerosol particulate matter), silica skins are generally devoid of visible 

contaminants and they appear compositionally homogeneous. Correlations can be 

made between compositionally and texturally distinct layers in silica skins at Gnatilia 

Creek, but they are not possible across other silica skin covered surfaces because 

discrete (marker) horizons are not present. 

2.4.10 Comparisons between silica skins 

Red Lady and Long Quinkan silica skins are formed on sandstones under similar 

climatic conditions from seepage and runoff water respectively, and they share similar 

surface textural features, thicknesses, colours and micro-stratigraphies. They are also 

very similar in appearance to the white homogeneous silica skin formed out of seepage 

waters flowing across ferruginised schist at the Jim Jim site in another tropical location 

in northern Australia. The white silica skin at the Keech Figure site may also be similar 

to the other tropical skins. 

As the white silica skin developed on gneiss at the sub-arctic Crowrock Inlet site has 

textural and thickness features resembling those at these tropical Australian sites it 

suggests that white homogeneous silica skins can form on various supporting rock types 

under significantly different environmental conditions. Compositional similarities 

between these white silica skins are described in Chapter 3. 

The Mount Brockman pane!' and Wax Creek East sites provide evidence suggesting that 

thin coloured silica skins can form even where seepage and runoff waters do not flow 

regularly. Translucent silica skins on the surfaces at Gnatilia Creek and Nisula may 

indicate that recently deposited silica may have a slightly different structure to older 

skins, perhaps suggesting dehydration or structural reorganisation with aging. On the 

other hand, different precipitation mechanisms may.lead to the formation of white or 

translucent skins. This aspect will be considered in more detail in Chapter 4. 
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2.4.11 Associations with paintings 

Red hematite paint is associated with silica skins at the Red Lady, Long Quinkan 

Figure, Keech Figure, Wax Creek East, Nisula and the Crowrock Inlet sites. Paint lies 

on the surface of the Long Quinkan Figure and Nisula skins, but is buried beneath 

different thicknesses of white opaque silica at the other sites, suggesting that the Long 

Quinkan Figure and Nisula paintings are either more recent, or that silica skins form 

more slowly there, than at the other sites. On the other hand, if all silica skins form .at 

roughly the same rate, then depth of burial of paint layers could be used for estimating 

the approximate antiquity of rock paintings. 

2.4.12 Conservation benefits 

Deposition of transparent to translucent silica skins at Gnatilia Creek and Nisula may 

hold the key to finding a way to artificially protect rock paintings at other sites where 

deterioration is advanced, by providing a clear surficial film that strongly bonds friable 

paint and rock together. Experiments using synthetic siliceous substances to make 

artificial silica films are described in Chapter 6, primarily with the view to 

understanding the processes of silica skin precipitation, but they could also be seen as 

preliminary trials to find a silica skin consolidant. 

2.4.13 Conservation problems 

Masking of rock paintings by deposition of opaque white silica skin, and micro

fissuring and micro-exfoliation of silica skins at all sites are the most significant 

problems affecting rock paintings. Sub-surface crystallisation of gypsum also causes 

spalling of rock surfaces at Red Lady, Long Quinkans, Wax Creek East and the 

Brockman panel. Major jointing and fracturing of cliff faces and rock shelter ceilings 

and back walls are major conservation problems at the Gnatilia Creek, Keech Figure, 

Nisula and Crowrock Inlet sites. 
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Part B: 

Analyses 
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3.0 COMPOSITIONS OF SILICA SKINS 

In the previous chapter, translucent, opaque white and red-brown silica skins were 

described, and except for these colour and opacity differences there are few indications 

of the range of silica skin chemical compositions. Knowing the compositions of silica 

skins is useful for assessing the likely sources of components making up the skins, and 

this helps understand how they form. For example, are the components derived from 

groundwater solutions, aeolian dust, micro-organisms, or from chemical weathering of 

the rocks on which the skins have formed? The compositional range is also important 

for assessing rock art conservation conditions, and in determining the potential for 

dating rock paintings covered by silica. Changes in the chemistry of silica skins 

through time may also indicate how fluctuating environmental conditions have 

influenced rock weathering processes and affected silica skin formation. 

In this chapter I look at how the major and minor elements vary through time by 

describing the chemistry of the present silica skin surfaces, and then I examine how the 

elemental abundances vary with depth. I describe the bulk inorganic chemistry of silica 

skins and then table their trace element analyses, before identifying the organic 

components. I discuss the geochemical data to compare compositional variations 

between silica skins formed on a range of rock types in different regions, and to 

speculate about how skins form. 

Scanning electron microscopy energy dispersive X-ray analysis {SEM/EDXA), electron 

microprobe {EM), proton induced X-ray emission {PIXE) and scanning transmission 

electron microscopy {STEM) methods were used to identify the inorganic components, 

while gas chromatography was used to determine organic components in silica skins. 

Details of these methods are presented in Appendix I {see also Jones et al. 1993; 

Rochow and Tucker 1994 ). 
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3.l Modern surface compositions 

3.l.l Scanning electron microscopy energy dispersive X-ray analyses (SEM/EDXA) 

The aim of using SEM/EDXA was to obtain a series of spot analyses from different 

textural features to gather information about components recently deposited on the 

present surface of each skin in order to understand what substances have been recently 

deposited under the prevailing environmental conditions. SEM/EDXA spectra (Figs 62 

and 63) were obtained to provide estimates of major element surface compositions 

because the uneven surfaces do not permit accurate analyses by EM48,49. The 

analytical m~thod used is described in Appendix 1. 

The surfaces of Gnatilia Creek silica skins produce ED;x:A spectra (Fig. 62), that are 

dominated by silicon (Si) and oxygen (0) with small and highly variable quantities of 

carbon (C). Silicon and Oare essentially contained within silica while C is.associated 

with encapsulated charcoal particles, algal filaments and plant remains (refer to 

photographs of the present surfaces, Figs 8 to 10). Spectra for all samples from this site 

are essentially the same (Appendix 2.1.) indicating consistent chemical homogeneity in 

modem silica skins. Carbon content varies across the surface depending on whether 

organic substances are present or absent (for example Fig. 9). 

Silica skin surfaces at the Red Lady site consist essentially of Si, 0, and Al (Fig. 62). 

Aluminium, probably in the form of fine clay particles, seems to be only a minor 

component of the present surface. Elemental variations in the spectra are thought to 

reflect the combination of random deposition and variable interactions between the 

electron beam and the highly undulating surface. Considerable variation in phosphorus 

occurs, from very low quantities on most surfaces to localised concentrations, possibly 

related to residual bird excrement50• The ledge above the site from where seepage 

water regularly flows is an ideal roosting place for birds so periodic leaching of 

phosphate from avian·guano may account for these high isolated occurrences. The very 

48EM analyses were obtained from polished sections cut through skins to determine chemical variations 
with depth; see section 3.2. 
49Wbile the height ofan elemental X-ray energy peak in a spectrum does not measure absolute abundance 
for the element it can be used to indicate the relative proportion of that element under the electron beam 
when surface effects and specimen orientation do not interfere with the generation and passage of X-rays 
towards the detector. Light elements with low X-ray energies, such as C, 0, Na and Mg, are likely to be 
affected more by surface topography than heavier elements, such as iron which has higher X-ray energy 
and therefore more penetrating power. 
56Phosphate residues associated with avian guano covering rock paintings occur at Walga Rock, Western 
Australia (Charton et al. no date). 
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low height of the C peak in the five spectra indicate that carbonate and organic matter 

are only present in small amounts. 

Figure 62 SEM/EDXA spectra of silica skin surfaces from the Gnatilia Creek, Red 
Lady, Long Quinkan Figure, and Mount Brockman sites (Peaks for Au and Pd come 
from the conducting gold-palladium film applied to the samples. X-ray energy 
increases from left to right and intensity increases vertically in each spectrum). 
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The silica skin surfaces at Long Quinkan Figure, Split Rock, are essentially the same 

as those at Gnatilia Creek and Red Lady. They consist essentially of Si and 0, with 

highly variable and sporadic accumulations of Al, Fe and P with very low C (Fig. 62). 

Aluminium is probably associated with fine clay particles transported from the 

weathering of feldspars in the feldspathic sandstone on which the skins have developed. 

Iron occurs in five spectra as expected b~ause hematite paint occurs as finely dispersed 

particles in silica covered paintings. This is confirmed by the absence of iron in the 

spectrum from the unpainted silica skin (Appendix 2.3). Carbon and phosphorus levels 

are extremely low in all six samples. 

Spectra obtained from the two Brockman panel silica skin surfaces consist of Si, Al, 0, 

P, Mg, Fe, Ca (calcium), K (potassium) and S (sulphur~ Fig. 62). MBl has significant 

Ca and P reflecting the crystallization of calcium phosphate salt, such as taranakite, 

whereas MB2 contains conspicuous amounts of Mg, Ca and S associated with gypsum 

(CaS04.2H20) and polyhalite (K2C~Mg(S04)4.2H20). Variations in silica skin 

surface chemistry are thought to reflect differences between components deposited in 

different ways: as wet and dry aerosols at MBl, and out of runoff water at MB2. While 

the spectra generally reveal low levels of C, localised concentrations of carbon are 

found in depressions within strongly vermiform textures linked to algal matter and 

sulphate salts (Fig. 30). 

The Jim Jim silica skin surface essentially contains Si, Al and 0, and minor C (Fig. 

63). The abundance of Al in the spectrum suggests that the silica skin either contains 

high levels of finely dispersed clay (or clay-like mineral), or that aluminium is bonded 

with silicon in the silica. Except for the higher Al content the spectrum resembles those 

obtained for Gnatilia Creek, Red Lady and Split Rock. The carbon content is slightly 

higher than in the other skins because organic matter is trapped in the fine vermiform 

structures that dominate the surface (see Fig. 38). 

The surface of the Keech Figure silica skin generally contains Ca, S, 0 as well as Si, 

Al, P and minor amounts ofC and Fe (Fig. 63). These elements are consistent with 

microscopic observations which reveal gypsum and clay-rich surface deposits in the 

· yellow-brown surficial layer overlying opaque white silica skin. Potassium 

concentrations revealed in some spectra are highly variable, and are generally 

associated with significant quantities of P, depending on the distribution of small 

taranakite crystals (see Fig. 43). 
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Figure 63 SEM/EDXA spectra for silica skin surfaces from the Jim Jim, Keech Figure, 
Wax Creek East, Nisula and Crowrock Inlet sites (X-ray energy increases along the 
horizontal axis from left to right and intensity increases vertically in each spectrum). 
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Silica skin surfaces at Wax Creek East contain a wide range of elements (Si, Al, 0, S, 

Ca, K, Mg, P and Fe; Fig. 63), that vary considerably across the surface. While sulphur 

is the most variable element occurring in complex hydrated salts phosphorus, 

aluminium and iron are uniformly spread across the red-brown vermiform surface. 

Carbon is present in trace amounts. 

At Nisula the present silica skin surface consists mainly of Si and O with minor Al and 

C (Fig. 63 ). The spectrum matches those obtained for skins from the Gnatilia Creek, 

Red Lady and Long Quinkan Figure sites. The low concentration of aluminium and the 

absence of other cations in the silica skin suggest that silicon is the major element 

liberated by chemical weathering of the migmatite, and that the other cations in feldspar 

and micaceous minerals are either much more soluble than silicon and have not been 

precipitated with the amorphous silica or have not transported in solution. 

The present silica skin surface at Crowrock Inlet consists of Si, Al and O with a trace 

of C (Fig. 63), closely resembling the Jim Jim silica skin, and having similar chemical 

traits to Gnatilia Creek, Red Lady, Long Quinkan Figure and the Nisula sites. Calcium 

and Fe occur in irregular concentrations in small depressions associated with degraded 

or partly cemented diatom frustules. These elements may therefore be related to in situ 

dissolution of diatom remains. Spectra from micro-exfoliation scars that expose the 

underlying hematite paint expectedly contain high levels of Fe. 

3.1.2 Discussion of surface chemistry 

Silicon and O are combined in the form of silica, and Al is most likely present as finely 

dispersed clay particles (see XRD spectra in section 4.3). Aluminium could also 

substitute for silicon and be bonded directly with oxygen during formation of silica. 

Small amounts of P, Ca, Kand Sare present in various calcium, aluminium and 

potassium phosphate and sulphate salts. For example, Hughes and Watchman (1983) 

and Watchman (1985, 1987) found polyhalite (K2C~Mg(SO4)4.2H2O), potassium 

darapskite (Na,K)J(SO4)(NO3).H2O) and gypsum (CaSO4.2H2O) associated with silica 

skins, and gorgeyite (K2Ca5(SO4)6.H2O), tinsleyite (KA12(PO4)z(OH).2H2O) and 

taranakite (K.3Al5H6(PO4)8. ISH2O) were identified in this study (Chapter 4). Fe and 

Mg are probably associated with small quantities of insoluble oxides and sulphate salts. 

Relatively high levels of C correspond to organic particles, such as traces of 

filamentous algae, diatoms, bacteria, charcoal and plant remains (refer to 2.4.8). Red

brown skins owe their colours to inclusions of these salts, inorganic impurities and 

carbon-bearing substances, whereas the white and translucent skins are devoid of these 

impurities. 
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The identity and occurrence of phosphate salts on exposed and sheltered damp rock 

faces are not well known, mainly because particle sizes are generally less than a few 

micrometers wide and enclosure by silica makes separation and characterisation 

extremely difficult. Chemical remobilisation of small anhedral phosphate grains in 

quartzites in Kakadu National Park (Hughes and Watchman 1983, 64) may explain the 

presence of phosphorus in silica skins at the Brockman panel. However, the 

significance of taranakite in the weathering of rock paintings and sandstone is not 

known (see Ford et al.1994; Weiss et al. 1993) .. While phosphate from avian guano is 

known to stabilise rock paintings at Walga Rock, Western Australia (Charton, et al., no 

date; Pearson, C. pers.comm., 1994), this source of phosphorus is not considered likely 

for all phosphate-bearing skins because bird droppings are not ubiquitous. Animal 

excreta and bat faeces often contain high percentages of phosphate and these can react 

with free cations in dust and surface water to form stable, low solubility phosphate salts 

(Clarke and North 1991, 91; Paine 1993, 6; Tazaki 1993; Tazaki and Fyfe 1993). 

Table 6 Summary of the SEM/EDXA spectral results indicating the relative amounts of 
major components (highest peaks) and minor elements (small, less significant peaks) in 
silica skin surfaces. 

Silica skin MajQI ~lement Minor 

TYPE I 
Gnatilia translucent Si, 0 C 

Gnatilia white Si, 0 C 

Red Lady white Si, 0, Al C 

Long Quinkan white Si, 0 C 

Jim Jim white Si, 0, Al Ca, S, C 

Nisula translucent Si, 0 Al, C 

Crowrock Inlet white Si, 0, Al C 

TYPE II 

Brockman panel MB 1 Si, 0, P, K, Al, Fe, C 

Brockman panel MB 2 Si, 0, P, K, Ca, S, Al, Fe, Mg C 

Keech Figure S, 0, Ca, Al, Si, P, C Fe 

Wax Creek East 0, S, Si, K, Al, Ca, P, Mg, Fe C 

It is readily apparent from the SEM/EDXA spectra of the present surface compositions 

that two basic chemically distinct silica skin groups (Types) exist (Table 6): skins 

essentially consisting of silicon and oxygen with minor amounts of aluminium, sulphate 

and carbon (Type I), and multi-compositional skins (Type II). Type I skin surfaces are 
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and carbon (Type I), and multi-compositional skins (Type II). Type I skin surfaces are 

almost pure silica, but quantities of Al reach measurable proportions, for example in the 

Red Lady, Jim Jim and Crowrock Inlet samples. Type II skin surfaces contain Si, 0 and 

much higher amounts of Al than Type I surfaces, and they also include significant 

quantities of P, K, S, and Ca with minor Mg, Fe and C. 

Silica skins from the Gnatilia Creek, Long Quinkan Figure, Red Lady, Jim Jim, Nisula 

and Crowrock Inlet sites share similar surface chemical properties, and belong to Type 

I. The white skins at the Red Lady, Long Quinkan Figure, Jim Jim and Crowrock Inlet 

sites also have similar physical properties, speculatively interpreted as having formed 

by the same process. Translucent skins at Nisula and Gnatilia Creek are similar in both 

their physical and chemical properties. Small quantities of Al in the skin surfaces are 

related to clay particle inclusions, and the low levels of carbon are associated with 

fossilised micro-organic remains. 

The surface chemistry of silica skins from the Brockman panel, Keech Figure and Wax 

Creek east sites are similar to each other, but different from skins at the other sites. 

These Type II skins have brown, strongly vermiform surface textures and consist of a 

wide range of elements in addition to silica. They have formed on cliff faces that 

receive moisture only as rain and runoff from the cliff face itself, and are not associated 

with seepage zones. 

The Type II silica skin surface compositions are very similar to rock surface coatings at 

Agawa Bay ( western Ontario, Canada), and to thin, dark siliceous coatings over 

Hawaiian basalts. Myers and Taylor (1974) found Si, Al, 0 and Ca as major 

components and Na and K as minor elements in their SEM/EDXA examinations of 

white Agawa Bay coatings. Farr and Adams (1984) and Curtiss and others (1985) 

identified Si, Al, 0, Fe, Mg, Ca and Ti in dark Hawaiian silica skins resembling Type II 

skins. However, as clear Hawaiian skins consist esse:p.tially of Si, 0 and Al with minor 

Fe, Mg and Ca, they are more typical of Type I surfaces, implying that both skin Types 

may form under similar climatic conditions on the same host rocks. 

The compositional and physical properties of silica skins may therefore be strongly 

related to their processes of deposition, influenced by local environmental factors. 

These observations will be examined further when considering the structure and genesis 

of silica skins (Chapters 4 and 7). 
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3.2 Compositional variations with depth 

3.2.1 Electron microprobe (EM) analyses 

EM analyses of polished thin sections of selected silica skins were used to measure the 

compositional changes in silica skins with depth, and across rock art panels ( and 

therefore through time and space; see Appendix 1 for method). The purpose of 

obtaining these analyses was to establish the geochemical trends through time and the 

extent of their variations across rock surfaces as a means of determining the influences 

of local environmental factors (that presumably have changed through time), on the 

composition~ of silica skins. 

Multiple silica skin samples were collected from the Gnatilia Creek, Red Lady and the 

Long Quinkan Figure sites, and the variations in major element compositions with depth 

in each skin and across their respective panels are presented below. For the other sites, 

where single samples were collected, only the compositional trends within each 

individual sample are shown. 

Compositional variations in skins from Gnatilia Creek are illustrated in Figure 64 ( data 

and plots for set of analyses are listed and charted in Appendix 2.1 ). Skins at this site 

contain silica in relatively high concentrations (between 75 weight percent and 90 

weight percent SiO2), and they show general trends reflecting gradual increase in SiO2 

with increasing thickness (upwards from the underlying rock). Grey, laminated basal 

layers and white middle parts of skins generally have less SiO2 than the translucent 

upper parts, especially in GCl, GC2, GC3 and GCS. Uniform values of SiO2 across 

GC4 do not reach the high levels near the modem surface that are found in the 

translucent upper parts of other samples at this site, possibly reflecting micro-site 

conditions within an almost permanently wet seepage zone. 

Quantities of Al2O3 are highly variable in each skin, but a consistent sudden decrease 

near the modem surface is observed in all skins, except in GC3, which shows only a 

slight gradual decline towards the surface. This may be an artefact of the spot sampling 

conditions if aluminium-depleted silica occurs as a very thin surficial film which was 

not analysed. Fe2O3 and SO3 gradually decrease across GC2, GC5 and GC3, but 

fluctuate significantly across GCl and GC4. The almost identical compositional 

variations for iron and sulphur in GCl and GC4 may be related to the close correlations 

in their micro-stratigraphic layering (refer to Fig. 12). Similar trends in Fe2O3 and SO3 

across all Gnatilia Creek skins analysed indicate parallel geochemical affinities between 

these two components, possibly related to their matching solubility. 
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Figure 64 Major and minor elemental variations with depth in silica skins across the 
Gnatilia Creek surface. The longitudinal section shows the relative positions of three 
U-shaped seepage zones and the five sampling locations. G4 comes from within a 
seepage area, whereas GC 1, GC2, GC5 and GC3 are marginal to the wet areas. 
Thickness(mm) increases from bottom to top along the Y-axis with the base of each 
skin at the bottom and the present surface at the top. Scale bars (in weight percent) for 
SiO2, Fe20 3 and NaiO are on the top of their respective chart, while scales for the other 
elements are along the chart bases. 
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Magnesium and CaO are extremely low and uniform across all Gnatilia Creek silica 

skins. Potassium varies considerably in GCl and GC4, but gradually declines across 

GC2 and GC3. Quantities ofK2O initially increase in GC5 before they fall away 

significantly towards the modem surface, following the trend for Al2O3. 

Other elements in the skins make up less than 0.5% by weight. Sodium abundances 

fluctuate strongly in GCl and GC4, but decline gradually in GC2 with increasing 

thickness. The levels of NaiO in GC5 and GC3 initially increase and then decrease 

sharply towards the top of each skin, in a similar way to K2O. 

Chloride concentrations decrease through most skins, with GC4 showing the greatest 

fluctuation. Levels of phosphorus vary through GCl and GC4, but they generally 

decrease as GC3 becomes thicker. Phosphorus increases and then decreases upwards 

through GC5. 

As the Red Lady silica skins become thicker their SiO2 contents gradually decrease 

(from above 80 weight percent SiO2), until just beneath the present surface when 

consistent slight increases occur in all skins, before values resume their gradual decline 

(Fig. 65; tables of analyses and individual charts are presented in Appendix 2.2). The 

consistent shift in SiO2 values just beneath the modem surface does not appear to 

correlate with any visible textural or structural layering. Aluminium contents increase 

initially in all samples analysed before the amount of AI2O3 either falls rapidly (in RLl 

and RL2) or gradually (in RL3, RL4 and RL5) as the skins thicken. In the upper 0.04 

mm of all samples the Al2O3 contents increase rapidly reaching almost twice their 

original values near the modem surfaces. 

For the most part, sulphate levels parallel those of Al2O3 except across RL5, where 

after an initial sudden increase the quantities of SO3 become relatively constant while 

the amounts of AI2O3 gradually decline. The contents ofMgO also follow those of 

Al2O3 and SO3, except in RL3 and RL5. In RL3 a systematic increase in magnesium 

takes place through the centre of the skin before the amount ofMgO falls drastically at 

about 0.04 mm beneath the modem surface. In RL5 a more substantial increase in MgO 

occurs through the central parts of the skin, but again there is a sudden decrease in MgO 

just below the modem surface. 

The contents of Fe2O3 remain relatively low across the skins, except for RL2 and the 

upper and lower margins ofRL3, RL4 and RL5, and the near surface areas ofRLl. In 

RL2 the central part of the skin contains significantly more iron than in any of the other 

skins. Quantities of CaO are very low across all skins. 
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Figure 65 Major and minor element variations with depth and through space in silica 
skins across the Red Lady site. Skin thicknesses are 0.65 mm in RL5, 0.6 mm in RLI, 
0.52 mm in RL4, 0.35 mm in RL2 and 0.2 mm in RL3. 
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Sodium concentrations fluctuate in a decreasing trend across all skins at the Red Lady 

site. While basal layers of silica contain up to 0.04 weight percent NaiO the modem 

surfaces do not contain detectable amounts of sodium. Chlorine and K20 contents are 

low and generally decrease across all skins. The trends for P20 5 are similar through all 

skins, and similar to those of Al20 3, showing sudden initial increases followed by 

gradual declines and then rapid increases near the modem surfaces. 

Silica concentrations are relatively constant across the Long Quinkan Figure skins 

(Fig. 66; detailed analyses and geochemical variation charts are presented in Appendix 

2.3). The initial high levels of Al20 3 (approximately 11.3 weight percent) at the onset 

of silica deposition decline rapidly across all skins as their thicknesses increase. Once 

the lowest values of around 4 weight percent Al20 3 are reached near the base of each 

skin the Al20 3 contents gradually increase, reaching more than half their original values 

at the present surface. 

Iron decreases substantially across the lower parts of all skins, and then maintains 

relatively low levels until near the modem surface, when values increase to about half 

their original contents. The trends for S03 are similar to those of Al20 3, but the 

quantities are much lower. Magnesium decreases rapidly as silica skin growth begins 

and then the contents ofMgO are maintained at relatively constant levels across the 

remainder of each skin. 

Potassium, Cl and P20 5 decrease at first, away from the substrate, as silica accumulates 

and then they slowly increase in concentration towards the surface. Similar patterns are 

observed in the contents ofK20, Cl, P20 5 and Al20 3 across the Long Quinkan Figure 

skins. In contrast, the quantities ofNa20 do not follow these elements, but generally 

increase across each of the skins, with more rapid increases occurring as the skins 

become thicker. 
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Figure 66 Plot of major and minor element variations with depth across silica skins at 
the Long Quink.an Figure site (SRl is 0.2 mm, SR4 is 1.1 mm, SR5 is 0.6 mm and SR6 

. is 1.2 mm thick). 
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At Jim Jim the concentration of SiO2 gradually decreases across the silica skin, 

maintains a relatively constant quantity in the middle part of the skin before it begins to 

increase in the top 0.1 mm (Fig. 67). In contrast, Al2O3 behaves inversely to SiO2 and 

increases rapidly once the skins start to form. Iron oxide and SO3 are low and variable 

across the skin. 

Except for MgO and K2O, the minor elements occur in very low amounts in the Jim Jim 

skin. Magnesium and K2O increase rapidly from the base of JJI towards its centre, 

before they both fall abruptly to below detection levels in the upper half of the skin 

(Fig. 68). The middle of the skin contains very few minor element components, 

reflecting its visual homogeneity, before both MgO and K2O reach detectable levels 

near the modem surface. 

Relatively uniform amounts ofSiO2 (approximately 70 weight percent) and AI2O3 

(about 10 weight percent) are present across MB2, from the Brockman panel (Fig. 69). 

A slight increase in SiO2 occurs initially followed by a gradual decline, and then a 

slight increase near the modem surface. Aluminium levels decrease slightly near the 

base and then slowly increase towards the present surface. Levels ofFe2O3 fluctuate. 

They decrease initially, then increase and decrease before increasing again near the top 

of the skin. Sulphate values generally parallel the trend for Fe2O3, but the scale of the 

fluctuations is less. Concentrations of MgO are low and highly variable across the skin 

(Fig. 70 ), reaching their highest value just below the centre of the skin. Quantities of 

CaO decrease as the skin thickens, becoming negligible close to the present surface. 

Potassium levels are also low and gradually decrease from bottom to top. The amount 

of P2O5 increases variably across the skin in a manner unrelated to the other oxides. 

Chlorine contents decrease, then increase and then begin to decline towards the present 

surface. 
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Figure 67 Plot of major elements SiO2, Al2O3, Fe2O3 and SO3 with increasing depth 
from the present surface across white silica skin, JJ 1. 
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Figure 69 Plot of major elements Si02, Al20 3, Fez03 and S03 with increasing depth 
from the present surface across MB2. 
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Silica abundances across the Keech Figure silica skin (KFI) increase upwards from the 

rock towards the centre of the skin and then gradually decline towards the present 

surface (Fig. 71). On the other hand, Al2O3 is present in low levels (about 3 weight 

percent) at the start of silica deposition and then it increases rapidly towards the present 

surface. Iron oxide and SO3 levels are less than 2 weight percent and vary slightly 

across the skin. 

Magnesium increases initially, but then it gradually decreases in the same way as SiO2 

(Fig. 72). Potassium decreases slowly across the skin until it increases slightly just 

beneath the present surface. Phosphorus decreases by about half its original value (to 2 

weight percent) near the centre of the skin before it increases to about 3 weight percent 

near the present surface. CaO occurs in negligible amounts for most of the skin 

formation and then it increases to about 0.5 weight percent just beneath the modem 

surface. 

At Crowrock Inlet the quantity of SiO2 stays relatively uniform across the skin (Fig. 

73 ). Aluminium oxide gradually decreases near the middle of the white skin and then it 

increases towards the present surface. The lowest value for Al2O3 corresponds to the 

highest SiO2 content, following an inverse relationship across the skin. Iron and SO3 

levels are low, less than 3 weight percent and 1 weight percent respectively, and they 

vary across the skin. While Fe2O3 gradually increases towards the surface, SO3 slowly 

decreases. 

Magnesium gradually decreases from about I weight percent to 0.8 weight percent as 

the silica thickens (Fig. 74). The pattern for CaO is similar to that of Al2O3, initially 

decreasing before increasing towards the surface. Potassium varies in a para1lel way to 

Fe2O3 by increasing slowly across the thickening skin. Sodium, P2O5 and Cl are very 

low and generally decrease from bottom to top through the skin. 
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Figure 71 Plot of SiO2, Al2O3, Fe2O3 and SO3 abundances with increasing depth in 

the Keech Figure silica skin. 
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Figure 73 Major element variations across the Crowrock Inlet silica skin. 
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3.2.2 Discussion of compositional variations with depth 

The EM compositional analyses through silica skins reveal several differences as well 

as a few similar trends within and between sites. For example, the percentage of SiO2 

is relatively uniform across all skins, except for the white Jim Jim skin whose initial 

silica content begins at approximately the same value as the other skins (about 80 

weight percent), but then the SiO2 content falls to about 55 weight percent in the 

middle and upper parts of the skin (Fig. 75). The consistently high quantities of SiO2 in 

most skins suggests that supply of silica for inclusion in these skins is maintained 

throughout silica skin deposition (presumably over a long period of time), irrespective 

of geographi~ location and climate. At Gnatilia Creek the slight increase in SiO2 

content with skin thickening can be interpreted as either an improvement in the 

efficiency of silica deposition compared with other ions or a product of higher 

weathering effectiveness of vulnerable minerals in the source rocks that liberates more 

silica relative to other cations. 

The consistent high levels of SiO2 in skins at Gnatilia Creek and Crowrock Inlet, where 

diatoms presently live on the moist rock surfaces, suggest that if siliceous 

phytoplankton take up silica from solutions, then they have being doing that in a regular 

way since the skins started to form because there are no major variations in silica 

contents across these skins. While fossilised diatoms occur in Gnatilia Creek, Keech 

Figure and Crowrock Inlet skins their frustules appear intact, without dissolution 

structures (refer to Chapter 2), implying that silica is not transferred from the micro

organisms to the skins by in situ dissolution of frustules. On the contrary, the high 

number of diatoms living on the rocks at Crowrock Inlet (Fig. 61 and Appendix 2. 9) 

appear to depress the SiO2 content of silica skins formed on that gneiss by about 10 

weight percent compared with the average SiO2 contents of other skins (refer to Fig. 

73). This suggests that these siliceous phytoplankton (Acnanthes minutissima and 

Gomphonema sp.) remove silica from solution before it can be deposited on rock 

surfaces as a silica skin. A similar situation is observed in EM analyses of the GC4 

skin, located in an almost continually damp seepage zone, where lower SiO2 contents 

through the skin possibly reflect the influences of abundant diatom and algal 

populations living there ( supported by evidence of fossilised micro-organic remains, 

section 2.2.1 ). 

The unusual case of much lower SiO2 in the Jim Jim skins (an average of 45 weight 

percent), compared with an average of 80 weight percent in the other skins is tentatively 

attributed to two factors: chemical weathering of silica deficient minerals and site · 

specific influences on the precipitation of silica. 
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Figure 75 Variations in major and minor elements with depth across silica skins. 
Analytical spot locations have been converted to percentage depth using zero percent 
for the surface and one hundred percent for the bottom. Lines link parts of skins 
containing measurable amounts of the respective elements, whereas gaps indicate 
quantities below the detection limit of the EM apparatus. 
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Chemical weathering of the adjacent ferruginised micaceous source rocks at Jim Jim 

rather than dissolution of quartz, feldspars or amorphous silica could give rise to 

solutions containing low quantities of silica compared with solutions flowing across and 

through feldspathic sandstone, migmatite and gneiss. The low average quantities of 

Si02 in the Jim Jim skin cannot be explained by post-depositional leaching of silica (no 

supporting textural features) or the preferential uptake of silica by diatoms (no living 

populations observed and no fossils found). Breakdown of silica-poor dust components 

could give rise to solutions low in silica, but the origin of the dust should be local 

because the site is in the same region as the Mount Brockman skin which contains high 

average Si02 contents (Fig. 69). Weathering of the nearby biotite schists containing 

relatively low quantities of silica compared with feldspathic rocks51 could provide low 

silica and relatively high Al20 3, MgO and K20 contents compared with feldspar-rich 

source rocks. 

It is therefore thought that the supply of silica is likely to be the primary controlling 

factor influencing Si02 contents in skins, but distance from the initial point of silica 

precipitation, relative solubility of dissolved species and water flow rates may also be 

important in controlling silica compositions through time and space. Low Si02 

contents at JJI may be related to the fact that only a small amount of dissolved silica 

remains in solution by the time seepage water flows across the surface to reach that 

point. The relatively higher contents of A120 3, MgO and K20 in JJl, compared with 

other skins, may reflect the greater solubility of these components and their capacities 

to travel further in solution before being precipitated. Additional samples could not be 

collected from the Jim Jim site to verify this hypothesis because of political and 

conservation constraints, but clearly there is scope for systematic sampling along the 

seepage direction at sites without significance to Indigenous people. 

Further insight into the influence of solubility and distance from the start of silica skin 

precipitation on a surface is evident at the Gnatilia Creek site where Gel and GC4, 

from the base and middle of 'perpetually' damp seepage zones respectively, share very 

similar variations in Si02, Al20 3, Fe20 3, S03, MgO, K20 and CaO, but GC2 and GC5, 

from near seepage outlet points, only show similar trends in the contents of Si 0 2, 

Al20 3, Fe20 3 and S03. Magnesium, potassium and calcium contents are more 

predictable in skins formed away from seepage outlets at that site, suggesting that 

solubility parameters and water chemistry influence the minor element chemistry of 

skins. 

51Biotite is a potassium-iron-aluminium silicate mineral with 18.13% Si and 5.8% Al by weight, whereas 
anorthite, a calcium-aluminium silicate, contains 34.5% Si and 33.1% Al by weight (based on gram 
molecular weight calculations using fonnulae from Heinrich I 965, 285 and 3 70 respectively). 
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Figure 76 Variations in major and minor elements with depth across silica skins. 
Analytical spot locations have been converted to percentage depth using zero percent 
for the surface and one hundred percent for the bottom. Lines link parts of skins 
containing measurable amounts of the respective elements, whereas gaps indicate 
quantities below the detection limit of the EM apparatus. 
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The relatively uniform amounts ofSiO2 in Keech Figure and the Long Quinkan Figure 

skins (Fig. 75), formed on the sides of large boulders, indicate consistent processes of 

silica solubility and transport from the top of the boulders followed by regular 

deposition from runoff water flowing across each of these painted panels. A similar 

pattern is observed in silica accumulations in skins formed in seepage zones at Gnatilia 

Creek: Red Lady and Crowrock Inlet. This uniformly high accumulation of silica 

through skins formed in runoff and seepage water zones on similar and different rock 

types, in similar and different climatic regions, on boulders and cliffs and in rock 

shelters points to a universal association between runoff and seepage water 

compositions, weathering of siliceous minerals in source rock and environmental 

conditions leading to silica skins with approximately the same major element 

compositions. 

While two distinct silica skin Types were identified earlier on the basis of surface 

chemical compositions (Table 6), compositional differences through and between skins 

indicate that such division is broad and superficial. Inspection of the compositional 

trends across skins reveals that the Jim Jim skin contains vastly different contents of 

SiO2, Al2O3 and K2O compared with the other skins. The Keech Figure, Red Lady and, 

to a lesser extent, the Mount Brockman panel skins contain MgO and P2O5 in different 

proportions to each other and to the other skins. Mount Brockman skins contain more 

CaO and Cl compared with the other skins (Fig. 76). Abundances of iron across skins 

distinguish Gnatilia Creek from Mount Brockman and the other skins. The Long 

Quinkan Figure skins have higher sodium levels than the other skins, and Gnatilia 

Creek has higher sulphate. 

With the exception of Jim Jim, the Al2O3 content of silica skins is relatively uniform 

across all coatings, generally averaging less than 10 percent by weight. While the 

significantly higher Al2o3 contents at Jim Jim (up to 25 percent by weight), may be 

related to chemical weathering of micas, it seems highly unlikely that alternative 

sources of aluminium, such as degradation of aeolian clay dust particles and in situ 

degradation of clay-based pigments, are sustainable long-term sources of aluminium 

that could be included in the skins. It is therefore speculatively proposed that the high 

Al2O3 content in the Jim Jim skin is the product of chemical weathering of aluminium

rich silicate minerals (mainly micas) in the nearby schists, upstream from the seepage 

outlet point ( refer to Chapter 7 for further discussion of silica skin genesis). Identifying 

the precise origins of silica skin components associated with skins formed in seepage 

zones is extremely difficult because the water could have travelled long distances 

through a variety of rock types before reaching the site of silica skin deposition. In 

contrast, the component sources at the Long Quinkan Figure and Keech Figure sites can 
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only be the rocks making up the tops and sides of the respective boulders on which rain 

water falls, and dry and wet fallout particles. 

Decreases in Al2O3, Fe2O3, SO3, K2O, Na2O, P2O5 and Cl with increasing silica 

accumulation in skins at Gnatilia Creek (Figs 75 and 76), correspond to a marginal 

increase in silica, possibly suggesting either increased flushing of soluble components 

from the silica surface prior to subsequent silica deposition, or a slow down in the rate 

of depletion of these soluble ions from their source rocks during prolonged chemical 

weathering. Gradually increasing rainfall or progressively higher rates of seepage may 

cause the flushing effect, whereas slowly declining solubility of residual mineral 

components at the chemical weathering site will produce fewer soluble ions. 

The parallel series of trends in Al2O3, SO3, P2O5 and MgO, consisting of initial 

increases followed by decreases across the Red Lady skins, demonstrates the similar 

solubility of these components, and explains the formation of magnesium-aluminium 

sulphate and phosphate salts observed on that sueface. Uniform silica skin chemistry in 

the lower half of the Red Lady skins is interpreted as reflecting the steady supply of 

dissolved components and constant depositional conditions. However, this stable 

situation changed abruptly near the surface (at a depth of0.04 mm) when the MgO and 

Al2O3 contents fell and SiO2 rose. The changes in AI2O3, P2O5 and MgO are 

interpreted as being influenced either by the availability of new sources of aluminium, 

phosphorus and magnesium; reduction in supply of silica; an increase in water volume, 

or the lengthening of the seepage water pathways. 

No visible evidence exists in cross-sections of Red Lady skins, except perhaps in RLl 

(refer to Fig. 19), to signify the presence of a major depositional break in silica skin 

formation which could explain these geochemical variations. The coincidence of an 

abrupt chemical change in the skins followed by rock paintings (in RLl and RL3), is 

speculatively related to major climate change. Wetter conditions could activate the 

chemical weathering of previously unexposed minerals and reduce the availability of 

silica while increasing concentrations of the more soluble cations. As well, a more 

favourable environment could have facilitated prolonged occupation of sites in the 

region by hunting and gathering peoples (presumably with associated rock painting 

activities). This supposition needs to be validated by dating both the chemical hiatus 

and the rock paintings, and by learning more about regional palaeo-environmental 

changes; research topics that are not followed up in this study. 

Trends for AI2O3, SO3, MgO and P2O5 in skins at the Long Quinkan Figure are 

opposite to those at the Red Lady site in the same region (Figs 75 and 76), possibly 

indicating different degrees of weathering of the source minerals or different degrees of 
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component solubility affected by local conditions. Minerals on the exposed boulder 

roof at the Long Quinkan Figure site are possibly more weathered than minerals in the 

sandstone cliff at the Red Lady site because the boulder is an outlying block of 

sandstone left behind as the escarpment retreated. The change in accumulation of 

Al2O3, SO3, MgO and P2O5 through the Long Quinkan skins may be related to the 

same factors affecting the Red Lady skins: wetter environmental conditions; increased 

surface water pathways, or higher component solubility. As silica skin thickness is 

presumably related to the rate of silica deposition and duration of silica formation, with 

the rate varying from site to site depending on local conditions, the geochemical trends 

observed in the upper parts of the Red Lady and Long Quinkan Figure skins may 

represent influences on silica deposition brought about by regional climatic change, 

with a shift towards wetter conditions. Increasing sodium and marginally higher Cl in 

recently deposited silica skins at the Long Quinkan Figure site may result from stronger 

marine influences on regional rainfall patterns (the Long Quinkan Figure site is 

approximately 30 km closer to the coast than the Red Lady site and so the marine 

influence is expected to be slightly more pronounced). 

The sudden increase in Al2O3, MgO and K2O, combined with a decrease in SiO2 at the 

start of silica skin formation at Jim Jim is similar to the trend observed in the Red Lady 

skin, but the Jim Jim skin shows no obvious petrographic features to indicate a 

chemical discontinuity between its basal and central zones. Similar mechanisms, for 

weathering, transporting and depositing Al2O3, MgO and K2O in these skins therefore 

seems likely, despite their geographical separation and differences in host rock types 

and water sources. 

Increases in Al2O3, K2O and MgO with thickness across JJl are consistent with 

processes leading to the steady loss of these ions during chemical weathering ofbiotite 

in the adjacent schists, greater water volume flowing across the surface with time or 

longer seepage water pathways. The sudden decline in K2O and MgO may indicate a 

change in source components from the chemical weathering of mica to breakdown of 

potassium-rich feldspars, but as there is no compensating increase in silicon the trend 

could also be caused by higher water volume and greater mobility of these soluble ions. 

However, as SiO2 also increases near the present surface, exposure and weathering of 

previously unweathered biotite is more likely rather than changes in solubility brought 

about either by a decrease in water volume, or the shortening of the seepage pathway, 

because SiO2, Al2O3, MgO and K2O should all be removed from biotite as it undergoes 

chemical weathering (Nahon 1991). 
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The extremely low amounts of iron throughout the JJI skin strongly indicate that iron is 

not mobilised from the underlying host rocks and deposited into skins forming on the 

ferruginised schist. This is convincing evidence for weathering of minerals remote 

from the site of silica skin deposition, their transportation as soluble components in 

ground and surface waters, followed by deposition on stable rock surfaces. 

Opacity and colour of silica skins seem to be related to their iron contents, because the 

pale yellow-brown basal silica at Gnatilia Creek contains large amounts of iron (10.75 

weight percent), but as the quantity of iron gradually decreases the colour diminishes, 

until only about 0.5 weight percent Fe2O3 occurs in the white skin. Translucent silica at 

Gnatilia Creek contains less than 0.05 weight percent iron. This compositional trend 

suggests eith~r that supply of Fe3+ ions was cut off or that aqueous conditions favoured 

migration of soluble iron across the silica surface. In contrast, the Brockman panel skin 

(MB2) shows variable and increasing quantities of iron, as well as SO3, CaO, K2O, 

MgO, and K2O, with increasing skin thickness. These elemental abundance patterns 

are interpreted as signifying the diverse nature of Mount Brockman source components, 

including both wet and dry atmospheric precipitation as well as deposition from runoff 

water. The other skins have variable and low iron concentrations, either reflecting 

meagre quantities of iron in their source rocks or high solubility of iron compounds. 

A decrease in SO3 with increasing thickness at Gnatilia Creek corresponds to the same 

trend for iron, a relationship which may be associated with weathering of iron sulphide 

minerals in the source rocks. The low sporadic amounts ofSO3 and P2O5 in MB2 agree 

with the observed scattered distribution of phosphate and sulphate salts on the present 

surface of that skin (refer to Fig. 31 and section 2.2.4). Sulphur contents in other skins 

are all uniformly low. 

The gradual decline in Fe2O3 and K2O through KFl with time either suggests that the 

minerals releasing these cations have already been subjected to chemical weathering for 

a long period of time or that iron and potassium are transported past this deposition 

point. The increase in P2O5 towards the top of the skin could be associated either with 

higher microbiological activity, as indicated by the existence of significant levels of 

fossilised diatoms just beneath the present surface, or localised concentrations of 

taranakite associated with degradation of avian guano. The relatively high quantities of 

Al2O3 and P2O5 in silica layers near the surface are consistent with SEM observations 

of phosphate and clay minerals on the yellow-brown surface (refer to Figs 42 and 43). 
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Elemental variations across the Crowrock Inlet skin (CII) contrast markedly with those 

found in other skins, with the exception ofMgO and Al2O3 in the Long Quinkan Figure 

skins, and Al2O3 in the Brockman panel skin (MB2). Compositional trends for these 

oxides, at low elemental abundances, are difficult to explain because host rock types, 

geological settings, climates and hydrological parameters are completely different at 

these sites. Additional samples need to be analysed before the Cll compositional 

variations can be satisfactorily explained in terms of the elemental abundances found in 

other skins52. Parallel variations in AI2O3 and CaO through the Cil skin may reflect 

chemical weathering of feldspar in the gneiss above the sampling location, whereas the 

opposite trend for Fe2O3 and K2O possibly suggests dissolution of biotite. The shift in 

relative values between these components may indicate fluctuating chemical attack on 

feldspars and micas through time because different proportions of ions from these two 

mineral groups could be added alternately to seepage water depending on the prevailing 

water chemistry. 

Although no consistent trend exists for the variation in MgO across the skins, the 

patterns shown by the Red Lady and Keech Figure skins for magnesium are similar. 

The generally low quantities of magnesium either reflect magnesium-deficiency in 

minerals in the source rocks, deposition of magnesium minerals before silica 

precipitation or high Mg2+ solubility. Micaceous rocks should produce Mg2+ during 

chemical weathering so the low contents of MgO in skins formed on schist, migmatite 

and gneiss is probably caused by high magnesium solubility, so that magnesium does 

not precipitate with silica. 

The contents of calcium and potassium are also very low across all the skins, except for 

highly variable levels in MB2 and JJl. Sodium is low in all skins, except the Long 

Quinkan Figure skins, and proximity to the ocean is not a likely explanation because 

Gnatilia Creek, Nisula and Keech Figure have lower K2O contents yet are nearer the 

sea. Host rock type may therefore play a major role in controlling the relative 

abundances of CaO, NaiO and K2O in skins, possibly linked to the nature and degree of 

weathering of feldspar minerals in the source rocks. The trend for NaiO at the Long 

Quinkan Figure site is only slightly similar to the variation of chloride, but the values 

are much less than those expected from marine salt alone. This gives further support to 

the hypothesis that the contents of components in skins are controlled by the processes 

affecting dissolution of minerals in the source rocks. 

521 was unable to obtain permission to collect more surface coatings. 
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These analyses indicate that the percentage of silicon deposited in most skins has 

remained relatively constant through time despite variations in the local climatic and 

water conditions. Other components are present in variable amounts within and 

between skins at the sites investigated. Variations in MgO, Al2O3, P2O5, SO3 and K2O 

in skins at Red Lady, Long Quinkan Figures and Crowrock Inlet ( for MgO and Al2O3) 

possibly indicate that cyclical weathering of source minerals initially provides relative 

abundant soluble ions for incorporation with silica, and then these soluble components 

become scarce as chemical weathering progresses. Sharp increases in elemental 

concentrations detected in these analyses either reflect abrupt increases in the 

availability of dissolved species as a result of aggressive chemical attack on 

unweathered minerals or sudden decreases in element solubility mediated by 

environmental conditions. Termination of the supply of dissolved components; 

increase in conditions favouring component solubility, or physical loss of source 

minerals are proposed as mechanisms causing steep decreases in the contents of 

elements precipitated with silica. 

Variability in elemental compositions across skins therefore appears widespread 

indicating that site specific factors greatly influence the quantities of inorganic 

components incorporated into skins. The effects of chemical weathering on the 

surrounding source components, particularly on the degradation of feldspars and micas 

in freshly exposed sandstone, schist and gneiss, the water chemistry conditions, and the 

water pathway and environment of silica deposition therefore contribute to the final 

silica skin composition. Discussion of these points continues in Chapter 7. 
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3.3. Bulk chemistry of silica skins 

3.3.1 Major element analyses by SEM/EDXA 

The bulk chemistry of silica skins from each rock painting site was obtained by 

averaging the energy dispersive spectra produced by defocusing a scanning electron 

beam on their polished cross-sections (see Appendix 1 for method). Considerable 

variation in compositions exists between silica skins at different sites (Table 7) with the 

most notable features being the ranges in the contents of aluminium, iron and water. 

The range in silicon is much less than the other elements, with skins on sandstone and 

quartzite having average SiO2 contents of71.4 weight percent. The exceptions are at 

Jim Jim (62.7 weight percent) and Nisula (75.1 weight percent SiO2 ). 

Al2O3 contents average around 7.1 weight percent, except for values less than 3.2 

weight percent at Gnatilia Creek and Split Rock and much higher values at Jim Jim 

(18.4 weight percent), and Wax Creek East (10.8 weight percent). The average Fe2O3 

content is 1.49 weight percent in silica skins from all sites except for slightly higher 

values at Gnatilia Creek (2.6 weight percent) where sandstone ferruginisation is 

common, Crowrock Inlet (2.66 weight percent), and for considerably lower values at 

Nisula (0.15 weight percent) where biotite occurs in the metamorphic quartz and 

feldspar-rich rocks. 

Average analyses for the minor element components in the skins are low. Sulphur 

contents are variable and range up to 1.83 weight percent in the Gnatilia Creek skins. 

The highest contents of Cl are found in MB2 (0.75 weight percent), with the lowest 

occurring at Crowrock Inlet (0.01 weight percent). These values are considered later in 

the context of site proximity to the ocean (section 3.3.3). The Wax Creek East and 

Brockman panel skins have the highest contents of P2O5 (1.57 and 1.52 weight percent, 

respectively), as expected because of the presence of phosphate minerals. Sodium 

abundances are higher at Nisula (2.25 weight percent) than at Crowrock Inlet (0.09 

weight percent), but calcium contents are the inverse (0.03 and 1.09 weight percent, 

respectively), presumably because of the different proportions of calcic and sodic 

feldspars in migmatite and gneiss respectively. 

Titanium and manganese contents are near the level of detection in all skins, probably 

reflecting the low solubility of these elements in the environmental conditions 

prevailing at all sites. Likewise, the contents of carbon are very low, as expected from 

petrographic observations which reveal carbon in the forms of micro-organic remains 
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and as particles of charcoal. The degree of hydration varies from 11.24 weight percent 

H2O in the Brockman panel skin up to 16.5 weight percent H2O at Gnatilia Creek. 

Table 7 Average major element analyses for whole silica skins (site location 
abbreviations follow those established in Chapter 2; values are in weight percent; n.d. 
not determined; below detection levels are reported as zero values; n = numbers of 
triplicate spot measurements). 

JWd.e. GC RL SR MB2 JJl KFl WCE N Cll 
n 15 15 12 3 3 3 3 3 3 

SiO2 72.69 73.95 74.57 72.82 62.71 71.16 69.80 75.13 69.73 
TiO2 O.ol 0.02 0.00 0.01 0.07 0.00 0.00 0.01 0.09 

Al2O3 1.62 1.84 3.21 8.21 18.42 7.76 10.80 3.67 8.16 
Fe2O3 2.69 1.37 1.79 1.59 1.03 0.95 1.21 0.15 2.66 
MnO 0.00 0.00 0.00 0.02 0.01 0.00 0.00 0.00 0.00 
MgO 0.12 0.30 0.42 0.10 0.12 0.05 0.00 0.81 0.86 
CaO 0.05 0.62 1.53 2.16 0.76 l.98 0.05 0.03 1.09 
Na2O 0.18 0.46 0.60 0.45 0.15 0.50 0.38 2.25 0.09 
K20 0.97 0.51 0.78 0.33 1.40 0.67 1.05 0.15 0.58 

P2O5 0.10 0.48 0.98 1.52 0.60 0.99 1.57 1.15 0.04 
Cl 0.26 0.37 0.39 0.75 0.38 0.26 0.68 0.25 0.01 
S03 1.83 1.02 0.79 1.14 0.67 0.59 0.85 0.31 0.96 
H20 16.50 16.23 13.49 11.24 12.31 13.23 11.69 n.d. 14.68 

.CUz. --1.H. -1.22. 0,13 1.JO l.21 ~ 0.20 --1.M. 
Total 100.16 100.39 99.56 100.47 99.93 99.75 99.36 84.11 99.99 

3.3.2 Discussion of bulk chemistry 

Silica concentrations are expectedly high in all skins with the average being 72.2 weight 

percent SiO2, excluding the Jim Jim analyses because the average content in that skin is 

much lower than all the others (only 62.71 weight percent). The low SiO2 and high 

Al2O3 contents in that skin are considered to be caused primarily by the weathering of 

micas, particularly biotite (K2(F e,Mg)6.iF e,Al, Ti )0_2( si6_5,AI2_3 )O20_22(OH,F) 4-2; 

Heinrich 1965, 285), in the adjacent ferruginised schist. Iron and magnesium are not 

concentrated in the Jim Jim coating as one would expect with chemical weathering of 

biotite, and so their absence could either be related to higher solubility and water 

discharge rates or to weathering of feldspar rather than mica. Element solubility and 

water flow rates are probably responsible for the observed composition in that skin 

because petrographic observations of the schist reveal that sericitisation has replaced 

the primary feldspar minerals with fine-grained muscovite, and silica, aluminium and 

potassium are unlikely to be removed easily from that mica (Loughnan 1969). Silica 

skins formed on migmatite (Nisula) and feldspathic sandstones (Long Quinkan and Red 

Lady) contain approximately the same levels of Al2O3, suggesting that weathering of 

feldspars from these sources leads to similar amounts of AI2O3 in the skins. 
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These average chemical analyses allow silica skins to be subdivided into three broad 

categories: Types I, II and III. Type I skins consist of high silicon (70 to 75 weight 

percent) and water (13 to 16.5 weight percent) contents and low aluminium, potassium 

and other elements. Type II skins are slightly similar to Type I skins, but they have 

higher aluminium contents (7.7 to 11 weight percent), and lower amounts of water (11 

to 13 weight percent) and other elements. Type III skins have much lower silicon levels 

than the first two Types, higher aluminium (18.4 weight percent) and potassium (1.4 

weight percent), and intermediate water contents. 

These results closely match the previous observations that permit division of skins into 

two broad superficial categories (Table 6). The major difference is the creation of a 

new Type, Type III, for the Jim Jim skin because of its much higher Al2O3 and K2O 

contents, and lower SiO2. Type I skins are generally more hydrated than Types II and 

III. 

Table 8. Broad subdivisions of silica skin Types based on average chemical 

compositions (weight percent). 

oxide TypeI Type II Typeill 

SiO2 70-75.0 70-73.0 63.0 
AlzO3 <4.0 7.7-11.0 18.4 
K2O < 1.0 < 1.0 1.4 
H2O 13 - 16.5 11 - 13.0 12.3 

Gnatilia Creek Mt Brockman Jim Jim 
Red Lady Wax Creek East 
Long Quinkan Keech Figure 
Nisula 
Crowrock Inlet 

Despite these compositional differences the high silicon and water contents, plus the 

low abundances of other cations ( except for aluminium), indicate a general consistency 

in bulk chemistry between most of the skins analysed. The Type I skins are very similar 

in composition to each other even though they come from vastly different geographical 

locations, are formed on different rock types under considerably disparate climatic 

conditions. These analyses are tentatively interpreted as suggesting that uniform silica 

formation mechanisms operate under variable site conditions, and that differences 

between skin compositions result from site specific factors. Differences between Types 

I and II are the higher aluminium and slightly lower water contents in Type II skins, 

indicating that availability of Al2O3 and water are important in the production of certain 

skins (including Type III). The low water content of Type II skins may reflect their 
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locations in runoff zones where low water volumes are expected. High levels of Al2O3 

may be related either to aluminium-rich source components or to lower solubility of 

aluminium compounds. Aeolian dust will undoubtedly change in composition through 

time because of climatic fluctuations and the availability of clay-based rock painting 

pigments will depend on the preferences oflndigenous artists for particular paint 

ingredients, so it is unlikely that these possible sources will be major long-term 

contributors of aluminium to silica skins. It is therefore proposed that chemical 

weathering of silicate minerals in rocks along the seepage and runoff water pathways 

are the main sources of supply of components incorporated in silica skins. 

3.3.3 Chloride, sulphate and distance from the ocean 

Atmospheric quantities of chloride and sulphate are higher near the ocean than in inland 

sites (Hingston and Galaitas 1976; Noller et al. 1985, 1987), so that sulphate and 

chloride ionic concentrations in runoff waters are expected to reflect marine influences 

on rainwater composition. Higher average sulphate levels in groundwater may be 

derived from oxidation and weathering of sulphide minerals in nearby rocks. Therefore 

the combination of local weathering conditions and the proximity to the ocean of a site 

will affect the minor element abundances in silica skins. 

The significantly higher SiO2/Cl and SiO2/SO3 ratios in silica skins at sites near the 

coast are indications that rock forming minerals in coastal environments are more 

susceptible to loss of SiO2 than at inland sites (Fig. 77 and 78). Gnatilia Creek is an 

exception because the very low SiOifSO3 ratio reflects higher sulphate in groundwater 

seepage rather than rainwater chemistry (see water analyses Table 3). This observation 

is consistent with the results of weathering studies of sandstones in Australian coastal 

sites (Young 1987), where sodium chloride was found to increase silica solubility. 

Sulphate concentrations in skins approximately mirror the trend shown by AI2O3, 

probably reflecting the scavenging capabilities of that highly charged cation. 
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Figure 77 Relationship between chloride ion and silicon concentrations in silica skins 

and distance of sampling location from the ocean. 

SiOz!Cl variation in silica skins with distance from the ocean 
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Figure 78 Variation in the ratio of SiOifS03 in silica skins with distance from the 
coast. 
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3.4 TRACE ELEMENT ANALYSES 

3.4.1 Proton Induced X-ray Emission (PIXE) analyses 

Analyses of trace elements53 were made on selected white and coloured skins and some 

host rocks using PIXE (see Appendix 1 for equipment and method). Not all skin 

samples were suitable for analysis because they were either too small, too thin or had 

too many surface undulations. The results of the analyses are listed in Table 9. 

Silica skins show considerable trace element variation, especially in F, Cu, Zn, Rb, Sr, 

Y, Zr, Ba, Pb, Th and U. Several skins contain much higher trace element contents than 

an average sandstone (Levinson 1974). For example, the values ofF, Li, V, Cu, Zn, As, 

Ba, Pb and U in Gnatilia Creek, Cr, Ga, Se, Ba, Ru and Pb in the Brockman panel, Pb in 

the Keech Figure and Ba in the Red Lady and Long Quinkan skins are higher than in an 

average sandstone. Rubidium, Sr, Y and Zr are also high in the Gnatilia Creek and 

Keech Figure skins. 

3.4.2 Discussion of trace element abundances 

High Cu, Zn and Pb levels possibly indicate breakdown of sulphide minerals in the 

source rocks, and the above average level of sulphate in groundwater at Gnatilia Creek 

is consistent with this weathering process. While Th and U are mobile under acidic 

groundwater conditions the high uranium content of Gnatilia Creek silica skin is 

unusual (9 mg/kg), because the region is not a recognised uranium-bearing province. 

However, between 10 and 100 mg/kg U occurs in opaline silica deposits in Finland 

(Kinnunen and Ikonen 1991 ), so acid groundwater can transport and deposit 

anomalously high uranium contents in secondary siliceous deposits. The Th and U are 

either absorbed onto small amounts of finely dispersed clay or onto micro-organic 

matter incorporated in the silica (Zielinski 1980). 

53Trace elements include all those except the major ~bundant rock-forming elements, Si, 0, Al, Fe, Ca, 
Na, Kand Mg, as well as S, T~ C and P. 
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Table 9 Trace element contents (mg/kg) in selected silica skins and underlying rocks 
determined by the PIXE method (* analysis on the underside of the rock flake on 
which silica skin was deposited; GC 1 = Gnatilia Creek; RL 1, RL2 = Red Lady 1 and 2; 
SR4, SR5 = Split Rock 4 and 5; BP = Brockman panel 1; KF = Keech Figure 1; # = 
average sandstone data from Levinson 1974, 863-889) . 

Element GC l RL l RL 2 RL2"' SR 4 SR 4.~ _ _SJ{ 5 ..... BP l BP l"' _ KF Sandstone# 
F 587 21 21 81 46 36 95 474 64 218 270 
Li 50 16 20 21 16 21 27 26 13 19 15 
V 45 8 0 17 19 0 0 73 0 0 20 
Cr 15 6 3 15 0 4 4 113 46 11 35 
Mn 62 70 38 104 27 23 23 2143 2209 19 
Ni 7 7 5 3 3 5 0 3 66 4 2 
Cu 52 2 5 3 4 4 3 13 3 10 10 

Zn 53 13 5 17 7 3 5 247 17 9 16 
Ga 4 1 2 0 2 4 1 13 0 6 
As 18 10 9 13 3 4 4 6 0 0 1 
Se 3 0 I 2 3 .3 3 7 0 2 0.2 
Br 0 0 3 0 3 17 0 0 0 3 
Rb 43 7 9 8 5 8 14 225 5 54 
Sr 1882 I I 10 34 54 93 IOI 1746 20 18 
y 12 0 0 6 0 4 0 31 0 II 
Zr 97 0 0 12 0 55 5 131 16 37 
Nb 0 0 0 0 0 9 0 0 0 0 1 
Mo 0 0 0 0 0 0 0 0 0 0 0.2 
Ru 0 0 0 0 0 0 0 10 0 0 
Ba 565 0 560 0 902 58 854 467 0 0 10 - 100 
Pb 193 0 0 0 0 11 0 87 0 54 7 
Th 7 0 0 0 0 4 0 0 0 5 2 
u 9 0 0 0 0 0 0 0 0 0 0.45 - 3.2 

Ruthenium in the Brockman panel silica skin is most surprising, because it is such a 

rare element and the rock underlying the skin does not contain anomalous Ru. As a 

major platinum-gold deposit occurs about 30 km south-south-west, in the underlying 

Proterozoic schists, the anomalous values for Cr ,Ba, Pb, Zr, Sr, Rb, Ga, Zn and F 

associated with Ru in the silica skin at the Brockman panel site raises the question as to 

whether trace elements in silica skins are potential regional indicators of mineralisation. 

It is highly unlikely that the trace elements in the Brockman panel skin come from that 

mineralised area, but they may signify that the rocks in the region contain above 

average quantities of these trace elements, and this aspect requires further investigation 

(see Recormilendations for Future Study, Chapter 10). 
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Rubidium, Sr, Y, Zr and Ba probably reflect chemical weathering of igneous 

components, mainly feldspars, so silica skins formed on feldspathic sandstones, gneiss 

and migrnatite should have higher than average levels of these elements (Barnes 1967, 

5). Fluorine may be derived from weathering of shale or felsic igneous rocks, both of 

which have relatively high average fluorine contents (Levinson 1974, 871). However, 

as Fis scavenged efficiently by aluminium (Levinson 1974), the presence of reasonably 

high Al2O3 in the skins may also account for the high contents of fluorine. Keech 

Figure red-brown silica has low trace element contents, excluding F, making it slightly 

different from the other silica skins. 

Local geochemical characteristics in the surrounding source rocks therefore seem to 

control the inclusion of certain trace elements in silica skins. For example, the high Ba 

in silica skins near Laura, Cape York Peninsula (Red Lady and Long Quinkan) are 

consistent with the host sandstones containing barium-rich minerals (feldspars and 

micas, Brown 1989). However, as the PIXE analyses of the rock immediately 

underlying silica skins at the Red Lady and Brockman panel demonstrate, the 

supporting rocks themselves do not need to contain the same high levels of trace 

elements that are included in their overlying silica skins. This provides supporting 

evidence for the conclusion that silica skin trace element compositions are not directly 

related to the underlying rock, but to source rocks out of which the components have 

weathered. 

Investigations need to be done to determine whether trace element abundances in silica 

skins can provide potential pathfinders for hidden ore bodies. Trace elements in the 

Gnatilia Creek skins suggest possible sulphide and uranium enrichment in the source 

rocks, but silica depositional mechanisms may have selectively concentrated certain 

trace elements, giving rise to false anomalies. This issue is discussed further in Chapter 

7. 
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3.4.3 Scanning Transmission Electron Microscopy (STEM) 

STEM studies of all silica skins reveal a random distribution of extremely small opaque 

particles ranging from 20 µm to 50 µm in diameter. While these sub-rounded to 

rounded particles contain silicon and aluminium they also possess their own discrete 

compositional signatures. For example, the Red Lady silica skin contains particles 

enriched in trace amounts of Ni, Co, Fe and Au, or with Co and Ca (Fig. 79 and 80). A 

few linear filaments (possibly fungal or algal strands), about l µm wide, contain trace 

amounts of Na, Ca, S and P in addition to significantly high levels of CL One crystallite 

was identified by its composition of Si and O and diffraction pattern as quartz, a 

reasonable discovery, as quartz particles from the supporting siliceous roc~ks are likely 

to be physically transported as either dust or tiny weathered fragments and deposited in 

the skin. Another particle containing mostly Fe, also held trace quantities of Cr, Ni, Si 

and S. 

The Jim Jim silica skin consists of a large number of minute, heterogeneous particles 

composed mainly of Na, Al, Si, Cl and K with smaller amounts of Ti, Fe, Zn and Au 

(Fig. 80), enveloped by a mass of silica. These endemic micro- or nano- crystals shine 

brightly in dark field illumination. Similar particles, but with less Al and small 

amounts ofMgO, were found in other silica skins. 

Figure 79 STEM photograph of the small dark particles included in the Red Lady 
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Figure 80 STEM/EDXA spectra for three micrometer-size particles in the Red Lady 

silica skin (RL2; vertical axis is increasing energy intensity in counts/I 00 seconds, 

horizontal axis is increasing energy level in electron volts). 
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Figure 81 STEM/EDXA spectra for two nanometer-size particles in the Jim Jim silica 

skin (JJl~ same axes as for Fig. 80). 
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The skin from the Mount Brockman panel (MB2) contains five different sorts of very 

heterogeneous particles in the silica (Fig. 82). Silica and K dominate the composition 

of the majority of micro-granular particles, with Fe, Al and Cl occurring in small 

amounts in association with traces of Au in other particles, while some other particles 

contain Ni, Ti and Co in addition to the ubiquitous Si and Al. 

A second group of elongate, low atomic weight filaments contain Na, P, S, Cl, K and 

Ca with small amounts of Si and Al, and trace amounts of Au. These linear filamentous 

structures are about 2 µm to 3 µm long and less than 1 µm wide, and possibly represent 

bacterial or algal remnants. 
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A third group of ovoid particles contains Na, Ca, Fe, Ti and Au. Another minor group 

of particles contain Al and Si, minor K, Fe, variable amounts of Ti, Co and Mn, and 

traces of S, P and Au. A few rare particles contain Ti, Si, Kand Fe, small amounts of 

Na, Mg and Al, and trace amounts of Mn and Au. 

Figure 82 STEM'EDXA spectra from two micrometer size particles in the Brockman · 

panel silica skin (MB 1). 
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Nisula translucent silica skins contain more homogeneous particles than the Australian 

samples. Their STEM spectra are dominated by silicon, but some particles contain 

minor Na, Mg, Al, P, S, and Ca, and trace amounts of Zn, Ni, Co, Cr and Fe. Small 

quartz crystallites are present in very small amounts. Crowrock Inlet white silica skin 

also has a strong silicon spectra, and particles containing Al, Na, Mg, P, S, Ca and K are 

dispersed through the silica. Zn, Ni, Co, and Cr contents in these particles are very low. 
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3.4.4 Discussion of micro-compositional analyses 

In general, the STEM results confirm the major and PIXE trace element analyses 

obtained for silica skins. Si and Al are the major components while Ca, K, Fe, Na and 

Mg occur in variable amounts and Cl, S and P are highly variable and apparently related 

to the presence of micrometer-size filaments and ovoid particles. Trace elements 

associated with these minute particles include Ti, Co, Mn, Ni, Cu, Zn and Cr, but they 

do not exist in those parts of skins without particles. Variable proportions of cations in 

the skins are consistent with the solubility of these components in acidic ground and 

surface waters. Highly variable concentrations of Cl, S and P support the hypothesis 

that the anion,ic contents of silica skins are strongly dependent on the availability of 

these ions in solution at the time of silica precipitation. Water chemistry is therefore 

important in controlling the abundances of chloride, sulp,-iate and phosphate available 

for incorporation in silica skins, and climatic and environmental changes through time 

will also affect silica skin compositions. 

Minor amounts of Au were found in most particles observed in Australian skins. A 

check of the copper grids used to support the finely pulverised silica grains proved that 

gold contamination is not a problem. Equipment used to prepare samples was also not 

contaminated because grains of quartz prepared in the same manner as silica skins and 

mounted on the Au-free copper grids were also free of gold. Samples of Hawaiian and 

Canadian silica skins prepared in the same way did not contain detectable levels of Au, 

supporting the presence of detectable amounts of gold (less than 3 mg/kg) associated 

with micrometer-sized particles in Australian silica skins. 

White silica coatings are essentially composed of translucent silica that contain 

significant proportion of micro- and nano-crystallites that apparently act as light 

scattering sources. The aspect of skin colour and texture is discussed in Chapters 4 

(Structure) and 7 (Genesis). 

Evidence that micro-organisms are entrapped in silica skins is noted by the presence of 

a series of coalescing, ovoid shaped filaments enriched in Cl, with minor Na, Ca, S and 

P, and trace amounts of Ni, Co, Fe and Au. Chlorine is essential for photosynthesis and 

ground and seepage waters generally contain reasonable amounts in solution (see Table 

3 and 5), so it is assumed that the filaments are the remains of filamentous micro

organisms, presumably algae that were fossilised by silica. Absorption of trace 

elements by micro-organisms is well documented in other geological circumstances 

(Beveridge and Fyfe 1985; Degens and Itteckot 1982~ Eckhardt 1985; Iler 1979; 

Krumbein 1983; Petersen et al. 1988). 
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Although STEM analyses confirm that Cu, Zn, Ni, Cr and Au occur in trace amounts in 

silica skins these elements may be present fortuitously, reflecting unusual concentrating 

environmental conditions rather than proximity to major sulphide and other 

mineralisations. However, Canadian silica skins, collected from regions without known 

mineral deposits, are low in U, Pb, Cu, Zn, Cr and Au so there could be a positive 

correlation between mineralised zones and trace element concentrations in Australian 

silica skins. Further research into the trace element contents of silica skins in 

mineralised and unmineralised regions is worth exploring. 
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3.5 ORGANIC CHEMISTRY 

3.5.1 Observable organic components 

The algae Oocystis, Navicula and Euglena, and fungi Rhizophlyctis and Zoophagus 

inhabit the rock surfaces at Gnatilia Creek ( see section 2.2.1 ), and SEM observations of 

rapidly etched Gnatilia Creek silica skin surfaces reveal microscopic remains of 

diatoms (Fig. 10) and sponge spicules (Fig. 11 ). Unidentified remains of phytoplankton 

are visible in the Keech Figure skin (Fig. 83), and the lichenXanthoria elegans and 

diatoms Achnanthes and Gomphonema have been identified living on, and fossilised in, 

the Crowrock Inlet skin (see section 2.3.2). 

Observations that micro-organisms survive on the periodically damp rocks where silica 

skins form supports studies by other researchers indicating that damp stable rock 

surfaces support a variety of micro-organisms. In addition to various studies by 

Krumbein (1988), Brown and Line (1993) discovered Streptomyces, Bacillus, Nocardia 

and Flavobacterium bacteria on the surface of a limestone cave in Tasmania, and Jaton 

(1990) found naturally occurring Corynebacterium andArthrobacter in samples 

swabbed from the limestone walls at Lascaux, France. Organic compounds associated 

with micro-organic activity also exist on the surfaces of weathered stones (Oelting et al. 

1988), and so it is therefore not surprising to find some of these micro-organisms and 

organic compounds fossilised in silica skins. Evidence for carbon-bearing substances in 

skins is supported by the production of carbon dioxide during weight loss studies ( up to 

3.22 weight percent), but carbonates are not present because XRD and FTIR show no 

spectra characteristic of these minerals (Chapter 4). 

Petrographic studies of thin-sections gave the first indications that micro-organic 

remains might be included in silica skins, for small lenses and discontinuous stringers 

of dark material were enclosed by transparent silica (Figs 18, 24, 25 and 44 ). Figure 84 

shows another example of a cross-section containing dark inclusions of organic matter. 
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Figure 83 Rapidly etched surface ofKFl showing the remains of an unidentified 
diatom enclosed by silica (scale bar is 1 µm, author's photograph). 

To find out what the dark inclusions in the cross-sections looked like when removed 

from the enclosing silica skin, samples were immersed in 50% v/v hydrofluoric acid to 

remove the silica and the residues mounted on a thin film of carbon black and examined 

under a SEM. Observations revealed an assortment of partly degraded and relatively 

unweathered particles of charcoal (Fig. 85), algal and fungal filaments (Fig. 86), and 

nebulous masses of unidentifiable organic matter. 
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Fine particles of charcoal are also cemented by silica. These specks are presumably 

derived from burning vegetation either in rock shelters or from regional fires. Micro

organisms that were inhabiting the rock surface at the time of silica deposition are also 

encapsulated in the silica film, becoming fossilised. 

Figure 84 Transmitted light image of a mound of silica over the ferruginised 
fel<ispathic sandstone, SR4 (dark iron-rich cement covers stippled weathered feldspar 
and cracked white quartz). Note the sequence of small pods, lenses and discontinuous 
dark laminae across the silica skin (scale bar is 0.1 mm, author's photograph). 
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Figure 85 SEM image of a fine charcoal particle extracted from the GC2 (scale bar is 
0.12 mm, author's photograph). 

Figure 86 Back-scattered SEM image of an HF-extracted algal colony from the 

Gnatilia Creek silica skin (scale bar is 0.05 mm, author's photograph). 

~ 
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3.5.2 Gas chromatography 

For gas chromatography, finely pulverised silica samples were suspended in methylene 

chloride-methanol-water solutions to dissolve soluble organic substances present in the 

silica. Ether was added to the solutions to extract the fatty.acids from the methylene 

chloride-alcohol-water mixture and the resulting solution prepared for injection into a 

chromatograph to identify the organic components in the skins (Fig. 87; see Appendix l 

for method details). 

The skins contain measurable amounts of fatty acids, mainly 14:0, 16:0 and 18:054, and 

this is not surprising because these fatty substances occur widely in nature associated 

with animal lipids55. It is also a reflection of the presence of fossilised phytoplankton 

in most skins examined. As fatty acid 16:0 is common to all skins it is used as the basis 

for comparing their fatty acid contents. This is done by standardising all quantities of 

fatty acids according to the relative abundance of I 6:0, and by making the level of 16:0 

in each sample equivalent to 100. The results of this normalised comparison are plotted 

in Figure 87. 

As well as the common fatty acids derived from animals ( including humans), small 

amounts of fatty acid 26:0, from the breakdown of plant and insect waxes, were also 

recorded. The greatest quantities of fatty acid 26:0 were in Gnatilia Creek (GC4) and 

Crowrock Inlet skins (Cll), indicating that plant and insect debris are highest in these 

skins. Fatty acids 15:0, I 7:0 and 18:1, associated with bacteria and other micro

organisms (Gunstone et al. 1986; Gurr and James I 980), occur in significant amounts in 

the Brockman panel skins. 

54rhe numbers 14 :0, 16:0 and 18:0 refer to the number of carbons in the fatty acid chain and to the degree 
of saturation (Christie 1982). 
55Lipids are "fatty acids and their derivatives, and substances related biosynthetically or functionally to 
these compounds", (Christie 1987, 42). 
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Figure 87 Relative proportions of fatty acids (expressed as mole ratios) in silica skins 

(note that the fatty acid contents have been recalculated using the relative amount of 

fatty acid 16:0 as the basis (=100)). 
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3.5.3 Discussion of organic chemistry 

The gas chromatographic data indicate that all silica skins analysed contain small and 

highly variable amounts of plant and insect fatty acids, with some containing fatty acids 

derived from bacteria (MB 1, 2 and KF). The results therefore show that silica skins 

encapsulate carbon molecules derived from micro-organisms that were living on the 

surface before the silica was deposited, or subsequently became attached to the silica 

(although there is no visual evidence of this). The gas chromatographic results do not 

reveal all the carbon-bearing substances in the skins because particles of charc()al, 

diatom remains, and algal filaments and plant cellulose are also trapped by silica films. 
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Of particular interest for rock art dating is that these organic chemicals are derived from 

organisms that were living on rock surfaces when silica was deposited from water. The 

organisms became 'fossilised' in the skins when new films of silica were deposited, 

making a micro-sedimentary sequence of trace fossils in the rock surface coatings. 

While diatoms, bacteria, algae and other organisms were undoubtedly alive at the time 

of fossilisation, small pieces of charcoal may have been in the environment many years 

before they were trapped in a silica film. Dating the syngenetically deposited organic 

substances in successive laminae should establish a conformable stratigraphic sequence 

for the silica films, but where ancient particles also occur the resulting radiocarbon 

determination will be older than the real age. This problem can be overcome by 

studying cross-sections of the skins to identify the nature of the carbon, by carefully pre

treating samples prior to dating and by using selective photo-oxidation of the different 

carbon-bearing phases (Chapter 5). Where organic matter in silica films occurs under 

and over a rock painting it should be possible to measure its radiocarbon age to bracket 

the painting in time (see Chapter 5). 
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3.6Summary 

3.6.l Source rock influence on silica skin composition 

Australian and Canadian silica skins have high average SiO2 contents (71 weight 

percent), over a range between 62 weight percent and 75 weight percent. Variable 

concentrations of other major and minor elements are thought to reflect the nature and 

stage of weathering of the source minerals and rocks from where the inorganic 

components were derived. Chemical variations between silica skins formed on 

different rock types are interpreted as reflecting source rock and mineral chemistry 

rather than host rock composition (directly under the skin).. For example, the high 

Al2O3 and comparatively low SiO2 in the Jim Jim silica skin is attributed to weathering 

of mica in source rock schists. 

3.6.2 Types of silica skins 

Three Types of silica skins are identified on the basis of their surface textures, 

compositions and degrees of hydration. Generally smooth, vitreous white and 

translucent silica skins containing predominantly SiO2 with about 16% water are 

classified as Type I (Gnatilia Creek, Red Lady, Split Rock, Nisula and Crowrock Inlet). 

Coloured, strongly vermiform silica skins containing a broad range of elements, and 

with higher Al2O3 than Type I skins are classified as Type II (Mount Brockman, Keech 

Figure and Wax Creek East). The Jim Jim skin belongs to Type III because the white 

vitreous skin with strong vermiform structures consists predominantly of SiO2 and high 

Al2O3. 

Type I and III skins are believed to form from seepage water whereas Type II skins are 

thought to form from runoff water. While gypsum and polyhalite are common salts on 

all skin Types the phosphate minerals, taranakite and tinsleyite, are generally only 

found associated with Type II skins. 

3.6.3 Variations in compositions through time 

Electron microprobe analyses show that major and minor inorganic components vary 

greatly across silica skins. These trends reflect fluctuating quantities of ionic species 

essentially controlled by rock weathering, water chemistry and water supply, influenced 

by the time since chemical weathering began and variations in climatic conditions. 
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3.6.4 Trace element contents 

Silica skins can contain relatively high, apparently anomalous, levels of trace elements 

depending on the source minerals and geological province in which they form. 

Quantities of trace elements in silica skins may be related directly to transport and 

deposition of components derived from the chemical weathering of a particular group 

of minerals at the chemical weathering source. For example, feldspathic minerals 

produce significant quantities of Rb, Sr, Y, Zr and Ba, sulphide minerals liberate Pb, 

Cu, Zn, As, shale yields V, U, Th, F, and Li and micaceous rocks release a wide range 

of trace elements. 

Cr, Mn, Ga, Se and Ru in the Brockman panel silica skin (MB2) suggests an unusual 

concentration of elements possibly pointing to a zone of mineralisation in the 

surrounding source rocks. While above average levels of trace elements in silica skins 

may potentially be useful in mineral exploration, further work should be done to 

determine whether these values are not false anomalies produced by selective 

concentration of metals by micro-organisms that are subsequently fossilised by silica. 

3.6.5 Discrete particle inclusions 

Scanning transmission electron microscopy has revealed a fine compositional fabric 

within silica skins, made up of micrometer size particles with a range of elemental 

concentrations. Ovoid particles, less than 50 µm in diameter, consisting of either Ni, 

Co, Fe and Au, or Fe, Cl and Au, or Ca, Na, Cl, K, Ti, Mn, Fe and Au. Ovoid particles 

may be unicellular microbes onto which these metallic ions have been absorbed. 

Filamentous strands, consisting essentially of Na, Ca, S, P, Cl and K, indicate that these 

micro-organic components may hold most of the minor elements found in silica skins. 

Both ovoid and filament particles are encapsulated in a medium consisting almost 

completely of Si02 with minor Al20 3, indicating that while silica is the primary 

component of skins, various inorganic and organic inclusions are responsible for the 

minor and trace element chemistry. 

3.6.6 Organic components 

Silica skins contain a wide array of carbon-bearing substances: fine charcoal particles, 

vegetable matter, algal strands, fungal mycelium, bacterial remains, chitin-rich insect 

exoskeletons, and freshwater diatom frustules. Accumulation of these carbon-bearing 

substances allows for the radiocarbon dating of silica skin precipitation. 
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4. STRUCTURE OF SILICA SKINS 

In this chapter I examine the internal structure of silica skins, the dimensions and 

shapes of their constituent particles, and the nature and extent of hydration. This is 

done by describing their optical properties, measuring weight losses resulting from 

progressive heating, observing fine-scale textural and structural features by scanning 

electron microscopy (SEM), and from the spectra obtained using X-ray diffraction 

(XRD), Fourier transform infrared spectroscopy (FTIR), transmission electron 

microscopy (TEM), and scanning transmission electron microscopy (STEM). The 

purpose of looking at fine structural details and water bonding is to gain information 

that will help describe silica skin genesis (Chapter 7) and to understand properties that 

may affect the stability of silica skins in relation to rock art conservation (Chapter 8). 

4.1 Optical Properties 

Why are the skins either transparent, translucent or coloured (opaque)? ls this caused 

by their chemistry or their fine structure? I have already indicated in Chapter 3 that the 

minor and trace components of silica skin chemistry produce brownish silica skins, but 

is there a structural reason why some skins are white and others translucent, or is it just 

a matter of thickness? 

Thickness may explain the opacity of a coating (Table 2), with thin coatings being 

translucent and thicker deposits white, but some silica skins contain both translucent 

and opaque white layers of approximately equal thickness, so thickness alone is not an 

explanation. Opaque white layers can be either very fine-grained and contain coloured 

particles (for example at Gnatilia Creek), or homogeneous, finely laminated and devoid 

of microscopically visible impurities (for example Red Lady, Split Rock and Crowrock 

Inlet). 

Measuring the refractive index56 of grains immersed in oils was the first step taken 

towards understanding the optical differences between translucent and white silica 

skins. The results indicate that, on average, light penetrates translucent coatings (nav = 

1.416) slightly more readily than it does white coatings (Dav= 1.431; Table 10), 

although there is overlap between the measurements. Therefore, as translucent skins 

scatter light slightly less than white skins it is speculatively suggested that they are 

marginally more compact, homogeneous, relatively devoid of impurities (they do not 

contain the large numbers of multi-compositional aggregates that occur widely in white 

skins, refer to Chapter 3), and uniform in fine structural properties. 

56Refractive index is a characterising number which expresses the ratio oflight velocity in vacuo to the 
velocity oflight in the substance (Dictionary of Geological Tenns 1962, 252). For grains immersed in oil 
of identical refractive index it is the property of the grain and oil to bend light to the same degree. 
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Skin Sampk (number Qf grains measured) Range Mean Refra~tive Index 

translucent 
Gnatilia Creek ( l O) 1.41 - 1.43 1.415 

Nisula (5) L41 - 1.43 1.418 

white 
Gnatilia Creek (40) 1.42 - 1.44 1.428 

Red Lady (25) 1.42 - 1.44 1.426 

Split Rock (30) 1.42 - 1.45 1.431 

Jim Jim (15) 1.43 - 1.44 1.433 

Crowrock Inlet ( 5) 1.43 - 1.44 1.436 

coloured 
orange-grey opal precipitate Finland 1.44 -1.45 1.446 

Keech Figure brown (15) 1.45 - 1.52 1.512 

Wax Creek East red-brown (5) 1.53 - 1.62 1.587 

Brockman Panel red-brown (10) 1.68 - 1.86 1.729 

Table 10. Ranges and averages of refractive indices of different siliceous rock surface 
coatings ( opal precipitate from Finland is from Kinnunen and Ikonen 1991; refractive 
index (n) was measured on crushed grains using a range of refractive index oils 
according to the Leitz-Jelley Method). 

Brown and red-brown coatings have higher indices of refraction than translucent and 

white skins, and the ranges of index values suggest that coloured skins are more 

chemically and physically complex (as expected from Chapter 3). Impurities in these 

coloured coatings account for their significantly higher refractive indices, making the 

measurements of refractive index unrepresentative of the silica phase itself. Little 

emphasis is therefore given to the refractive indices measured for coloured skins. 

The refractive indices and water contents clearly differentiate silica skins from silcrete, 

opal and volcanic glasses (Fig. 88). Opaline-cemented silcretes, consisting of up to 

15% by volume opal hold less than 2 weight percent water (Gunn and Galloway 1975, 

65, Table l; G. Taylor pers. comm. 1995). Semi-precious and precious opals usually 

contain less than 10 weight percent water (Frondel 1962, 292; Segnit et al. 1965, 212). 

Volcanic glasses are high in silica, but low in water (Williams et al. 1954, 28). 
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Figure 88 Plot of refractive index (n) against percentage water content showing the 
relationships between several silcretes (Sil), the average of twelve opals ( opal, Frondel 
1962, 292), opaline silica (op, Heinrich 1965, 56), Hawaiian silica skins (H, Farr and· 
Adams 1984), volcanic glasses (VolGlass, Williams et al. 1954, 28), Finland (opal 
precipitate; Kinnunen and Ikonen 1991), and selected silica skins (site location 
abbreviations, GCw = GC white, Get= GC transparent). 

Silica skins therefore contain a range of water contents. One can speculate from these 

optical studies that the translucent coatings consist of tightly bound silica with lower 

pore volumes and lower water contents than white skins, because these properties 

facilitate the passage oflight. 1n contrast, the white skins probably consist of relatively 

loosely bound silica with large pore spaces that are either empty or filled with large 

quantities of water that scatter light so much that they are opaque. These speculations 

will be studied more closely in the following sections. 

In addition, the refractive index of skins from Gnatilia Creek, Jim Jim, Long Quinkan 

Figure, Crowrock Inlet and Red Lady are approximately the same, but their water 

contents vary widely. These skins, falling into Types I and III, are distinguished by their 

lower refractive index from Type II skins (Mount Brockman, Wax Creek East and 

Keech Figure; Fig. 88). This is further evidence of compositional and structural 

differences between the skins, tentatively attributed to conditions affecting the 

mechanisms of skin formation. 



4.2 Degree of silica skin hydration 

4.2.1 Incremental weight loss 
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Progressive heating of powdered silica skins with measurements of their weights after 

each temperature interval, and the general loss of water and evolution of carbon dioxide 

allows determination of their incremental rates of dehydration (see Appendix 1 for 

method). The bulk of the weight lost during heating comes from dehydration of the 

silica, as evident in Table 11 and Figure 89. Combustion of carbon compounds 

associated with fossilised diatoms, plant and insect remains and charcoal particles 

generates carbon dioxide. 

Translucent coatings at Gnatilia Creek show the lowest weight loss (12.3%) of the skins 

measured and the white coating from the same site has the highest weight loss (19.7%). 

The amount of water in the coatings varies from site to site, but generally the 

translucent coatings have less water than white silica skins. Lower water content in 

translucent coatings supports refractive index evidence suggesting that if water is 

present in pore spaces, then less can be held in translucent skins because pore volumes 

are smaller. 

Silica skins contain between 11.2 weight percent and 16.5 weight percent water (Table 

11 ). This contrasts with between 4 weight percent and 9 weight percent in most opals 

(Frondel 1962, Segnit et al. 1965), other siliceous substances, and even less in silcretes. 

All silica skins lose between 5% and 9% of their weight during progressive heating to 

150°C (Fig. 89), indicating that the water lost is presumably only weakly bonded to the 

silica; mainly physically absorbed in pores (Segnit et al. 1965). Above 150°C losses 

from carbon-bearing substances and water both occur, particularly in the Gnatilia Creek 

and Red Lady samples that contain abundant plant, fungal and algal remains ( signified 

by the changes in trends of the weight loss curves). Strongly bonded water is gradually 

lost as the temperature is increased and by 600°C most water has been lost ( and so have 

the carbon bearing substances). 
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Table 11 Weight loss of silica skins compared with loss on ignition57 at 1000°C for 
various siliceous substances (CO2 percentages for Keech Figure and Nisula are based 
on calculations using the weight of graphite produced after preparing these samples for 
dating, Appendix 2). 

Silica skin sample 

Gnatilia Creek white 

Gnatilia Creek translucent 

Red Lady white 

Split Rock white 

Brockman Panel (MB2) 

Jim Jim white 

Keech Figure· 

Wax Creek East 

Nisula 

Crowrock Inlet 

Hawaii, Hl03 

Qpal 

Milky precious opal 

Colourless hyalite 

Siliceous sinter, New Zealand 

Transparent wood opal 

Opal precipitate, Finland 

Silcrete 
South-central Queensland 

South-central Queensland 

Silcrete Bungonia, N.S.W. 

Total Weight loss H;z_Q wt% c;o1~ 

19.65% 16.51 3.14 

12.27% 11.50 0.77 

19.45% 16.23 3.22 

14.50% 13.49 1.01 

11.37% 11.24 0.13 

13.61% 12.31 1.30 

14.84% 13.23 1. 11 

12.97% 11.69 1.28 

not measured unknown 0.20 

15.72% 14.68 1.04 

not measured 7 -12 unknown 

(Farr & Adams 1984, 1082) 

Ignition loss 

8.3% (Segnit et al, 1965, Table 1, #17015). 

2.6% (ibid, #19026) 

7.2% (ibid, #1665) 

7.6% (ibid, #1445C) 

9.0% (Kinnunen & Jkonen 1991, 98) 

0.14% 

2.11% 

0.45% 

Ignition loss 

(Gunn and Galloway, 1978, 65, 

Table 1,#1). 

(ibid, #5). 

(Callender 1978, 212, Table 2, #1). 

57Ignition loss is the weight lost by non-progressive heating at 1000°C. 
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Figure 89 Incremental weight loss curves to 1000°C for silica skins (this study) and 

average opal (Segnit et al. 1965). 
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4.2.2 Discussion 

In opals, physically absorbed water is of two types: single water molecules trapped 

within the Si-O matrix where there is no opportunity for hydrogen bonding, and 

hydrogen-bonded liquid water ( or multi-molecular films) on the inner surfaces of 

relatively large voids (Yariv and Cross 1979, 263). Water in open pores is lost first 

during heating to l 50°C. Physically absorbed water in amorphous opals contained in 

relatively closed capillary pores escapes during heating by diffusing through the silica. 

It is released slowly where the range of pore sizes is large (Segnit et al. 1965), and 

"Most water in this type of open network would be driven off readily, 
with smaller amounts being retained to higher temperatures in smaller 
capillaries. The overall slower loss of water from such a system may be 
caused by additional silica filling the intersphere pores. This not only 
reduces the net size of the pores, but also restricts connections between 
pores" (Jones et al. 1964). 

Above 200°C thermal expansion of silica spheres (IO nm to 20 nm in diameter) takes 

place and physically absorbed water continues to be lost from the larger pores. A tight 

or closed pore structure delays water loss until the silica aggregates collapse, shrinkage 

occurs and fracturing increases permeability. By about 400°C the silica skins have lost 

most of their contained water, in contrast with opals where most water is lost by 200°C 

(Segnit et al. 1965). 

Chemically bonded water, in the form of hydroxyl groups (Si-OH groups or silanols, the 

principal form of water in opal-A), is lost after removal of physically absorbed water at 

temperatures above 400°C (Segnit et al. 1965). Gradual weight loss occurs up to 500°C 

as single hydroxyl groups are continuously released (Segnit et al. 1965, 222). 

Neighbouring hydroxyls are lost first because condensation (between Si-OH and H-OSi) 

is easily possible, but as the distance between hydroxyls increases condensation 

becomes more difficult and hydroxyls are harder to remove. Twin hydroxyls are lost 

preferentially to single hydroxyls especially between 200°C and 600°C. Above 600°C 

most of the remaining individual surface hydroxyls are stripped off and the silica 

essentially become completely dehydrated. 

The heating experiments show that water in silica skins is most probably held both in 

the loosely bonded (physically absorbed) and more tightly ( chemically) absorbed states 

with amounts controlled by pore volumes, and the extent and nature of surface hydroxyl 

formation. Translucent skins contain less water that is both loosely bonded and tightly 

held. 
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4.3 X-ray diffraction studies of silica skins 

X-ray diffraction charts obtained for silica skins are approximately the same for skins at 

all sites examined (Figs 90 and 91; see Appendix 1 for operating conditions). For 

translucent and opaque white skins the diffracted X-rays are scattered in a broad pattern 

centred around 22° to 24° 2058, equivalent to an apparent d-spacing of between 38 nm 

and 40 nm. Broadening of diffracted X-rays starts at approximately 14 ° 20 ( dapparent = 

60 run) and ends about 35° 20 (dapparent = 20 run). As broad X-ray diffraction patterns 

are generally indicative of amorphous substances, the results indicate that silica skins 

are amorphous. The prominent very diffuse X-ray pattern is characteristic of opal-A, 

the highly disordered, near amorphous form of hydrated silica (Jones and Segnit 1971, 

58, Figure 1). 

Amorphous silica has been found on painted surfaces in New South Wales, Australia, at 

Mootwingee (Walston and Dolansk:i, 1976,5) and near Gosford (Lambert, 1979). Myers 

and Taylor ( 1974) X-rayed siliceous coatings from Agawa Bay in western Ontario, 

Canada, and found spectra characteristic of amorphous substances with no evidence of 

any crystalline weathering products. Farr and Adams (1984) detected hydrous, 

aluminium-rich amorphous silica (opal-A) in 'glassy' surfaces up to 0.15 mm thick 

formed on Hawaiian basalts that are less than 8,500 years old. They discovered opal

CT ( cristobalite-tridymite) in an anisotropic coating from the surface of a 400,000 year

old basalt (Hl 72) in an area that receives less than 250 mm rain per year. Farr and 

Adams attributed the presence of opal-CT to incipient crystallization of the hydrous 

amorphous silica with increasing age. 

The short, sharp peaks in X-ray diffraction patterns studied here do not indicate opal

CT, but they reveal very small amounts of clay, quartz59 and phosphate mineral 

impurities in the amorphous silica skins (for example in Gnatilia Creek translucent, 

Brockman red-brown, Keech Figure br<?wn, and Wax Creek East brown coatings). 

Translucent and white coatings at Gnatilia Creek produce almost identical diffraction 

patterns indicating that they are essentially structurally amorphous despite being 

optically distinct. White silica skins from Gnatilia Creek, Red Lady, Split Rock, Jim 

Jim, Nisula and Crowrock Inlet are uniformly amorphous to X-rays. 

5820 refers to the angle measured by the diffractometer, and it is twice the angle through which the X-rays 
are diffracted by the powdered grains, according to the Bragg equation, 11A. = 2d sine (Hurlbut 1959, 
132). . 
59Particles of quartz from the host rock are extremely difficult to remove and they readily diffract X-rays, 
so quartz is detected even if present in trace quantities. 
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Figure 90 XRD spectra for Gnatilia Creek, Red Lady, Split Rock, Jim Jim and Mount 
Brockman silica skins (CPS= counts per second of diffracted X-rays). 
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Figure 91 X-ray diffraction patterns for Keech Figure, Wax Creek East, Nisula and 
Crowrock Inlet silica skins (axes are the same as for the previous Figure). 
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Clarke (1978a) identified a silicified interface between red hematite paint and 

sandstone base rock at a painting site in the Kimberley region, Western Australia, and 

from his micro--XRD charts he said "that the silica deposited in this layer is in the form 

of quartz (my emphasis) and not the hydrated form, opal" Clarke (1978a, 57). His 

electron-probe micro-analyser studies revealed a gradual decrease in silicon from the 

underlying rock to the paint layer. Clarke therefore reasoned that the durability of the 

paint layer was because of "the migration of silica from within the rock, and the 

deposition of this silica within the pigment layer, bonding it chemically to the rock 

surface." Unfortunately, Clarke does not illustrate the rock-paint interface with a 

photograph of a thin-section because the spectrum of Fe, presumably from the hematite 

paint (Clarke 1978a, Fig. 4, page 58), shows a series of relatively sharp, step-wise 

decreases from the paint to the base rock. 

An alternative explanation for the observed analytical trends in Si and Fe could be that 

fine particles of hematite have penetrated into the quartz cement of the sandstone, 

binding the lower portions of the paint strongly to the base rock Identification by XRD 

of quartz impurities in paint samples scraped from siliceous rock surf aces is difficult to 

avoid (Watchman et al. 1993b), especially where pigment stains or extremely thin 

vestiges of paint are sampled. The important point about Clarke's analyses is that 

migration to the surface of silica from within quartzite will only result in crystallisation 

of quartz if the silicic acid solution is very dilute (Nahon 1991, 63; Thiry and Millot 

1987, 350; Williams and Crerar 1985). Opal-A is more likely to form at higher silicic 

acid concentrations (Farr and Adams 1984; Murata and Norman 1976; Stein 1982). 

Considerable field evidence supporting this view, the mechanisms of silica and quartz 

precipitation, and the diagenetic alteration of amorphous silica to poorly crystalline 

quartz are discussed in Chapter 7. 
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4.4 Fourier Transform Infrared Spectroscopy 

All silica skins have essentially the same general infrared spectra (Figs 92 and 93; see 

Appendix 1 for the method), with strong absorptions at 1170 cm-1, between 940-960 

cm-1 and around 790-805 cm-1. Broad absorption takes place between 3380 and 3400 

cm-1 and less prominent absorption occurs at 1625-1640 cm-1. 

The infrared absorption characteristics of silica skins distinguish them from opaline 

silica and quartz (Table 12). Opal-CT has absorption bands at similar wavelengths to 

those in the coatings, but silica skins do not absorb near 1930 cm-1. In addition, opal

CT has much weaker and broader absorption at 3410 cm-1 than silica skins. Infrared 

absorptions take place in quartz at 1930, 796-805 and 695 cm-1, and as these features 

are absent from silica skin spectra, quartz is not present in the coatings. 

Silica skins have strong broad infrared absorptions at 3390 cm-1 (Figs 92 and 93), 

indicative of H-OH asymmetrical stretching assignments representing pore water (Jones 

and Segnit 1965; S~gnit et al. 1965). The strong absorptions indicates that the skins 

contain much more water than the opal-CT standard, and also confirm the weight loss 

studies. Typical absorption vibrations for sulphate, carbonate, nitrate, oxalate and 

phosphate salts are absent from the spectra. These infrared spectra confirm X-ray 

diffraction evidence demonstrating that silica skins consist of hydrated amorphous 

silica. 

3410 s,b 3400-3380 s,b 

1930 1930 

1622 w 1640-1625 sp H-OH 

1200 vw, sh 1200 vw, sh 1200 vw, sh Si-O 

1172-1170 sh 1172 -1170 sh 1170 sh Si-O 

1150 sh 1150 sh 1 i50 sh Si-O 

1090-1076 vs, b 1102-1090 vs, b 1150 -1100 Si-O 

940 vw, sh 940-960 vw-w, or s Si-OH 

805-796 m doublet Si-O 

785-775 n 790-785 s 790-805 s Si-O-Si 

695 sp Si-O 

522-550 m, sh 522-550 w, sh 522-550 w, sh Si-O-Si 

479 476-470 s 465 s Si-O-Si 

Table 12 Comparison ofFTIR absorption frequencies (wavenumber cm-1) for opal, a -
quartz and silica skins (w weak, sh shoulder, s = strong, vs= very strong, b = broad, 
m = medium, sp = sharp; based on Gadsden 1975, 46-47). 
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Figure 92 Infrared absorption spectra for silica skins from Gnatilia Creek, Red Lady 

and Split Rock compared with a Chemplex opal standard (X-axis scale in cm -I and the 

Y-axis is relative transmittance). 
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Figure 93 Infrared absorption spectra for silica skins from Brockman panel, Keech 

Figure, Wax Creek East, Nisula and Crowrock Inlet (same axes as for the previous 

Figure). 
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The absorptions of infrared light by silica skins at 3670 cm·1 correspond to single 

hydroxyl groups (Segnit et al. 1965, 223~ Gadsden 1975; Hlavay et al. 1977), indicating 

that while most water in silica skins is physically absorbed in pores appreciable 

amounts are also present as hydroxyls. Absorptions at 940 cm· 1 in Gnatilia Creek and 

Red Lady skins indicate strong Si-OH bending vibrations (Gadsden 1975~ Hlavay et al. 

1977), a structural bonding feature related to hydroxyl groups which explains the 

markedly different weight loss curves for these two white skins compared with other 

white silica skins. 
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4.5 Scanning Electron Microscopy 

Finely laminated silica skins consist of a sequence of individual1y deposited films of 

silica less than 1 µm thick (see Fig. 10). Micro-globular or hemispherical textured skin 

layers, for example at Nisula, contain spheres measuring approximately 1 µm to 1.5 µm 

in diameter (see Fig. 55), that are cemented by apparently structureless silica. Scanning 

electron microscope studies of white silica skin surfaces reveal coagulated masses of 

aggregates measuring between 100 nm and 700 nm in diameter (Figs 94, 95), made up 

of individual particles about 20 nm across. Translucent skins contain occasional 

aggregates up to 200 nm with individual particles of approximately similar size (Fig 

96). White coatings have relatively tightly packed aggregates with large pores benveen 

each aggregate. There is no apparent order to the packing of smaller particles within 

each aggregate. 

Figure 94 SEM photograph of the surface of a white silica skin (RL2) showing the 
randomly coagulated particles on the surface and the relatively large pore spaces 
between large aggregates ( scale bar is 100 nm; author's photograph). 
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Figure 95 Random packing of siliceous aggregates in a white silica skin. Note the rare 
spiral packing of spheres around a tube from which the original material has been lost, 
on the middle left of the SEM photograph (scale bar is 100 nm; author's photograph). 
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Figure 96 Surface of a translucent silica skin from Gnatilia Creek showing the 
development of spirals of silica particles within aggregates up to 200 nm diameter 
formed on a reasonably homogeneous mass of apparently structureless silica with very 
small pore spaces ( scale bar is 100 nm; author's photograph). 
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Translucent skins generally consist of an extreme]y fine structureless mass of particles, 

\\ith individual particles less than 50 nm across. Coagulation of these small particles in 

tight arrangements produce larger compact aggregates. Occasionally spiral 

accumulation of particles occurs (Fig. 96). Hollow helical dislocations in opals are 

evidence of growth by a screw dislocation mechanism (Greer 1969), and the scanning 

electron microscope studies of lightly etched silica skins indicates that some spiral 

aggregation of silica is also common in them. This appears related to packing and 

adhesion characteristics while the particles are suspended in the liquid. 

Figure 97 Extensive network of capillary fractures in a silica skin revealed by SEM 
after rapidly etching in hydrofluoric acid (scale bar is 0.01 mm; author's photograph). 
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Scanning electron microscopy observations of mildly acid-etched silica skins ( 48% v/v 

HF' for a few seconds) reveal extensively fractured surfaces (Fig. 97). Linear and 

curvilinear micro fissures transect the skins. In a single view of the etched surface one 

·or more fractures are prominent and many short narrow fissures run between the major 

ones. The random cracking pattern suggests anisotropic strain with tension being 

released along a multitude of curved planes. Silica between the fractures is relatively 

homogeneous although the open pore structure in white skins is readily apparent 

because of preferential acid attack Intense indiscriminant cracking through silica skins 

is speculatively attributed to their highly brittle structure with release of internal tension 

along fractures being caused by dehydration, and shrinkage and reorganisation of 

randomly packed siliceous aggregates. 

Figure 98 Crowrock Inlet silica skin showing the possible in situ dissolution and 
reprecipitation of silica from broken diatoms (scale bar is 0.01 mm; author's 
photograph). 
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The Crowrock Inlet silica skin has an unusual structure because of the inclusion of 

abundant diatoms (see Fig. 61). Broken diatoms appear to be either partly or 

completely covered by amorphous silica, becoming incorporated in the skin surface 

(Fig. 98) through what could be regarded as in situ silica dissolution and reprecipitated. 

Another interpretation is that the silica is derived from external sources, transported in 

seepage water and deposited over the damaged diatoms. The resulting structure is a 

random arrangement of diatom fragments, spines and tubes set in a mass of coalesced 

silica aggregates about 2 µm in diameter. 

Rapid acid etching of Gnatilia Creek silica skins also reveals broken and complete 

diatoms cemented by finely laminated amorphous silica. Diatoms are not obvious on 

the surface of skins at this site and only a few were observed in microscopic 

observations of suspended particles in seepage water. Diatoms that live on perpetually 

moist rock faces are likely to be encapsulated in silica which precipitates from seepage 

water. Under acidic seepage water conditions at Gnatilia Creek, for example, where 

silica solubility is low in situ dissolution of diatom frustules is therefore not likely to 

occur. 
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4.6 Transmission Electron Microscopy 

Observations made using a TEM reveal that white silica skins consist of a mass of 

subrounded aggregates and pores, with the silica coagulated around nanometer and 

micrometer-sized particles60 (Fig. 99; see Appendix 1 for method). In Gnatilia Creek 

skins the particles range from between 2.5 nm and 7.5 nm in diameter whereas in Red 

Lady silica the particles are up to 50 µm across (Fig. 94 ). It appears as though the dense 

particles, composed of trace elements (refer to section 3.5), act as nucleating centres 

around which silica coalesces and then precipitates. Although translucent coatings also 

consist of aggregated silica and micrometer-sized particles the number of the particles 

appearing opaque under the electron beam is less, confirming scanning transmission 

electron microscopic observations (section 3.5). 

Figure 99 TEM photograph of a particle of white silica skin showing the internal 
structure of 6,yey amorphous silica coagulated around dark nanometer-sized inclusions 
(scale bar is 20 nm; author's photograph). 

The TEM images of silica skins do not indicate pore sizes, but as aggregates of silica 

around the nucleating centres appear to reach up to 20 nm in diameter pore spaces are 

likely to be considerable less than that, and probably also less than the 20 nm to 30 nm 

found in opals (Jones et al. 1964, 357-361 ). 

60Dark spots on transmission electron microscope photographs are caused by material that stops the 
passage of the electrons, hence the composition must be dense. 
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The irregular packing arrangement of silica aggregates in skins produces a range of pore 

sizes, with a larger total volume than pore spaces around regularly packed silica 

spheres, so that the total water content of silica skins is greater than that in opaline 

silica. Transparent silica skins could also have more pore spaces filled by silica rather 

than air or water in a similar way to transparent opals (Sanders 1964). White silica 

skins owe their colour to the combination of random aggregation of silica, the presence 

of water in pores and to the existence of micro-impurities that scatter light 

Figure 100 TEM image of a strand of what appears to be a noncrystalline precursor to 
a clay or aluminium-rich siliceous mineral in a particle of white silica skin from 
Gnatilia Creek (scale bar is 50 nm; author's photograph). 

A rare observation, found only in one particle of white Gnatilia Creek skin, was an 

elongate strand, 1300 nm long by 200 nm wide, consisting of light and dark aggregated 

segments composed of aluminous silica (Fig. I 00). The aggregates in the strand 

contained curvilinear structures possibly indicating a low degree of crystallinity similar 

to those observed in noncrystalline precursor weathering products ( for example, 

Eggleton 1987, Figure 4). The strand could therefore either represent the remains of an 

intensely weathered clay or the beginnings of structural organisation within an 

amorphous siliceotis mass whose Al-deficiency has limited the crystallization of clay. 

This embryonic crystallinity is probably not significant in tenns of general silica skin 

structure because only one strand was seen. 
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4.7SUMMARY 

4.7.1 Structural features 

The lower refractive indices of translucent silica skins compared with opaque white and 

coloured skins shows that they contain fewer light scattering components and are more 

compact. There are either fewer or smaller pores, less total water and perhaps more 

silica that fills the pores in translucent skins than in other types of skins. SEM and 

TEM observations ·reveal that silica skins essentially consist of silica particles of less 

than 50 nm diameter randomly coagulated around dense nanometer and micrometer

sized nucleating centres forming aggregates up to 700 nm in diameter. Aggregates in 

white silica skins range from 100 nm to 700 nm in diameter, whereas similar aggregates 

in translucent skins only reach 200 nm. The indiscriminant packing of silica particles 

and aggregates produces broad X-ray diffraction patterns typical of amorphous opal-A. 

4. 7.2 Absorbed water 

Up to 10% of the water in silica skins is physically bound in pores within and between 

aggregates while the rest of the water is chemically bound as silanol groups. Physically 

absorbed water is lost readily by heating to l 50°C whereas most of the chemically 

bound water is only lost at much higher temperatures, near 500°C. Both forms of water 

may be important in maintaining silica skin structural stability, for when dehydration or 

condensation of hydroxyl groups take place the silica aggregates are likely to collapse, 

pores will shrink and extensive fracturing will occur. 

4. 7.3 Implications for silica skin formation 

The evidence presented above is used to form the basis of an initial hypothesis for silica 

skin deposition. Precipitation of silica is considered to take place by the coagulation of 

small silica particles around inorganic and organic nucleating centres to form randomly 

packed aggregates that trap large quantities of physically and chemically absorbed 

water. Adhesion of primary silica particles, less than 50 nm in diameter, occurs before 

the particles have time for structural organisation before they precipitate, as in the 

gradual settling that takes place in opal formation. As the particles are randomly 

packed in silica skins light scatters as it passes through producing either white or 

translucent skins depending on the extent of scattering, rather than the colourful 

spectrum created by the regular spherical packing arrays in opals. 
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5. DATING SILICA SKINS 

5.1 Introduction 

Anthropologists and archaeologists would like to know precisely when rock paintings 

and engravings were made so they are able to associate the rock markings with 

ethnographic and archaeological information about a particular group of people, and to 

fix the rock art attributes, such as style, into a tight chronological sequence (Australian 

examples include Chaloupka 1993; Layton 1992; Lewis 1988; Walsh 1994). 

Geomorphologists would like to know how long rock surfaces have been exposed and 

the rates of erosion affecting geomorphic surfaces so they can better understand the 

fragility or stability of various landforms, and determine the pace of landscape 

evolution (for example Cerling 1989; Dom 1983). Rock art conservators and managers 

of rock art sites may wish to find out the length of time since paintings and engravings 

were made in order to base decisions about intervention on knowledge about the actual 

deterioration rates of the art. Until recently few dating techniques were available to 

determine the exposure ages of rock surfaces, paintings and engravings. 

Accelerator mass spectrometry (AMS 14C) is an appropriate method for radiocarbon 

dating small quantities of carbon-bearing substances that are less than about 40,000 

years old (Housley 1990; Tuniz and Watchman 1994). Radiocarbon determinations can 

be obtained from a variety of carbon-bearing substances associated with rock paintings, 

including blood (Loy et al. 1990), fibres (Watchman and Cole 1993) and oxalate salts 

(Watchman 1993b). In Chapters 2 and 3, micro-organic residues, plant and insect 

remains and charcoal particles were described in silica skins, and as these substances 

contain carbon it should be possible to determine their ages using the AMS 14C method. 

Measuring the ages of algae, bacteria and fungi that were once living on a rock surface 

and are now fossilised in silica indicates when that surface was covered by silica. Rock 

surfaces and rock art can therefore be dated by determining the age of the fossilised 

carbon-bearing substances at the base of a skin and surrounding rock art, respectively. 

Dating charcoal particles may not be as accurate as dating the micro-organisms because 

inert fragments of burnt wood may exist in the environment for a long period before 

becoming trapped in a silica skin. 

Five approaches have been used for sampling carbon-bearing phases in the dating of 

rock surface accretions and rock paintings: physical extraction (for example hand 

picking of charcoal particles and plant fibres strands; Watchman and Cole 1993), 

chemical extraction (for example blood and organic binder residues; Loy et al. 1990), 

oxygen plasma oxidation of all organics ( for example Russ et al. 1990), micro

excavation and chemical pre-treatment ( for example oxalate salts and associated 

organic residues; Watchman 1987b, 1991, 1993b) and laser extraction (for example 
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charcoal and organic residues; Watchman et al. 1993). Thei'roblem confronting the 

radiocarbon dating specialist and rock art chronologist is to get the carbon out of the 

silica while maintaining its micro-stratigraphic context and without adding 

contamination. Using a whole skin for dating means mixing carbon-bearing substances 

that were deposited at different times, resulting in a broad 'average' age for all the 

contained carbon. Physically removing individual carbon-bearing components from 

silica skins is prohibited by the small scale layering and minute size of the entrapped 

particles. Chemical extraction and oxygen plasma methods remove all organic 

components from the entire sample and yield an 'average' age for all the carbon present. 

Only two methods can be used to remove carbon-bearing substances from silica skins 

for radiocarbon dating while maintaining a relatively high degree of stratigraphic 

control. Physically grinding, or micro-excavating, the silica skin parallel to the surface 

provides a 'layer61 ' ( equivalent to a micro-spit in archaeological terms), consisting of a 

few thin films of silica deposited over an interval of time. The resulting powders can be 

pre-treated and dated in such a way that an estimate is obtained for the period of time, 

represented by the 'average62• age of all the carbon-bearing compounds trapped in those 

films. It is an 'average' age, rather than the precise timing of death of the micro

organisms, because each successive silica film contains fossils slightly younger in age 

than the film underneath, and a series of films making a 'layer' includes fossils trapped 

within a narrow age range. Laser extraction procedures offer greater control over 

micro-stratigraphic sampling by allowing removal of carbon-bearing phases from one 

selected thin lamination. Details of these two methods are described below. 

61 A layer in this sense does not mean an individual sheet of silica deposited at one time, but a series of thin 
films and lenses, the number of which will vary from layer to layer and skin to skin depending upon the 
thickness chosen by the operator of the micro-excavation tools. 
62The average is a proportional mean determined by the varying quantities of carbon of different ages in 
the sample. For example, the radiocarbon age of each piece of charcoal from a tree is an average of the 
annual growth rings in that burnt wood. Charcoal from the outer surface will have a younger average age 
compared with the average age of burnt heart.wood from the same tree. 
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5.2 Dating carbon-bearing substances fossilised in silica skins 

5.2.1 Micro-excavation technique 

Dating silica covered rock paintings is constrained by sample size removal limitations 

and by the minimum weight of graphite needed for AMS 14c dating. The smallest 

possible flake of silica-covered paint is removed to minimise damage to the painting. 

However, the size of that piece is counterbalanced by the need to produce at least 50 p.g 

of graphite63 (ideally 100 p.g) from carbon-bearing substances in the silica skin for 

measurement by an accelerator mass spectrometer (AMS, Tuniz and Watchman 1994). 

To meet this final technical requirement a small piece of painted rock containing more 

than 0.1 weig:ht percent carbon needs to be removed. Typically the piece measures 2.5 

x 2 x 0.001 cm. If there is insufficient carbon to make a graphite target, then either a 

larger siliceous rock surface flake is removed or another site is chosen. Ideally, the 

nature and abundance of the carbon-bearing substances in each skin should be known 

before dating, but if this is done it leaves even less carbon for dating because the 

identification methods consume or contaminate some of the carbon. 

Observations and organic analyses show that algal filaments. bacterial and plant fatty 

acids and carbonised plant remains exist in silica skins, and microscopic observations 

reveal that these substances were most probably deposited at the same time as the 

amorphous silica (petrographic evidence does not suggest that the encapsulated bacteria 

were living beneath the silica skin). Therefore, AMS 14C dating these synsedimentary 

organic substances in the base of a skin gives the age for the onset of silica skin 

formation, and determination of the ages of successive 'layers' allows construction of a 

'growth' stratigraphy, with the oldest measurements coming from the basal layer. The 

micro-excavation procedure is best done on surfaces made up of relatively planar silica 

films rather than on vermiform surfaces where the undulating micro-topography means 

sampling layers whose micro-organic carbon contents are likely to differ significantly in 

age (by several thousand years instead of hundreds of perhaps a thousand years as 

assumed for planar surfaces). 

Progressive removal of a silica skin by meticulous grinding is essentially a micro

archaeological excavation method, requiring considerable skill, patience and a delicate 

touch, similar to that of ,;1. micro-surgeon. The operation is done under a binocular 

microscope (more than 15X magnification) using a fine dentist's burr attached to a 

small drilling hand-piece. Powder produced from finely grinding the surface is 

collected on a clean sheet of aluminium foil placed under the specimen. Periodically 

the powder is transferred to a sample bottle .. The process is continued until a 'layer' of 

63-rhis is equivalent to combusting 2.5 mg of wood or 1.5 mg of charcoal (Tuniz and Watchman 1994). 
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uniform thickness, generally less than 0.1 mm thick, across a designated surface area is 

removed. The bottle containing the powder is then closed and labelled. 

The collected powders are weighed, washed separately in 2% v/v hydrogen peroxide to 

remove living bacteria, rinsed in distilled water, washed in 10% v/v hydrochloric acid 

and then immersed in 10% v/v sodium hydroxide solutions to remove carbonate and 

humic substances, respectively. The remaining particles are dissolved in 50% v/v 

hydrofluoric acid to remove the silicate minerals, leaving only solid organic matter. 

Algal filaments, plant remains and charcoal in the residues are inspected by binocular 

microscope. Graphite AMS targets are made by transferring each residue into a 7 mm 

diameter Vycor tube, adding a piece of silver foil and a small amount of finely 

pulverised, pure cupric oxide (CuO)64. The tubes are identified, evacuated, sealed and 

then heated in a furnace at 800 °C to oxidise the carbon to CO2 (following the method 

of Slota et al. 1987). 

To ensure that no contamination is introduced during this process samples of graphite, 

coal and limestone are prepared in the same manner for use as 14C-free blanks. 

Although these geological carbon-bearing substances contain no carbon-14 atoms, 

because this radioactive isotope has decayed for millions of years, nevertheless some 
14C is detected as 'background' by the accelerator mass spectrometer because of 

instrumental noise (Tuniz and Watchman 1994). To verify the accuracy of 

measurements made by each AMS dating laboratory a few milligrams of wood of 

precise dendrochronological age (AD. 1307-1309) have also been prepared following 

the same procedure as that for the silica skins. 

5.2.2 Laser extraction technique. 

Silica skins are generally less than 0.5 mm thick, and single laminae in such finely 

deposited accretions are less than 0.01 mm thick, so it is not physically or chemically 

possible to remove carbon bearing substances for dating from one extremely fine 

lamination. Although it is practicable to remove a series of fine laminae by micro

excavation the dating results from that procedure are an average of several depositional 

episodes. A better way of obtaining carbon from micrometer-thick laminae is to focus a 

laser onto each selected lamination and to oxidise only the carbon-bearing substances in 

that lamination. 

64The purpose of the silver foil is to react with sulphur and chloride gases liberated from the sample 
during combustion so that they do not reduce the efficiency of converting carbon dioxide to graphite. The 
cupric oxide liberates oxygen at 800 °C and this ensures oxidation of carbon components to carbon 
dioxide. 
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Figure 101 Assembly of laser components for the focused laser extraction of 
carbonaceous substances method (FLECS) for extracting carbon from organic matter 
fossilised in silica skins. The Kr-ion laser is the red rectangular box in the background, 
and its emitted blue laser light is diffracted through three prisms and focused by a large 
circular, diffraction reduced convergent lens onto a sample mounted in the narrow 
cylindrical micro-combustion chamber (blurred in foreground) fitted with inlet plastic 
and copper outlet tubes (author's photograph). 
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Figure 102 Carbon dioxide collection arrangement for FLECS, showing the inlet and 
outlet tubes of the combustion chamber, vacuum gauges, nitrogen-filled dewar flask 
(with white cotton wool), U-tube immersed in a smaller dewar flask filled with liquid 
nitrogen and a straight glass tube (author's photograph). 
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I developed the focused laser extraction of carbonaceous substances method (FLECS) 

as part of this research so that I could obtain carbon from silica skins in a form that 

could easily be converted into graphite for AMS 14c dating (Watchman and Lessard 

1992~ Watchman 1993a; Watchman et al 1993a). To do this I focused a beam of 

coherent monochromatic laser light ( wavelength of 413 nm, visible-ultraviolet region) 

from a krypton-ion laser onto cross-sections of silica skins that I had cut using a 

diamond impregnated wire or saw blade without fingering the sample and using organic · 

lubricants and adhesives (Figs 101 and 102). The focal waist diameter of the beam was 

less than 0.005 mm, and rapid photochemical and photothermal reactions were induced 

in organic matter exposed on the silica surface. The laser beam does not possess heat, 

that is, it is not hot, but by focusing the beam to a small spot the light energy is 

concentrated to a point and this high energy is absorbed by the organic matter in 

quantities sufficient to induce rapid thermal reactions. By choice, the power of the laser 

beam is adjusted so that ablation does not occur on the surface on which the beam is 

focused. Production of controlled burning is the aim of managing the laser ppwer and 

focusing the beam, not the generation of an ionised plasma. As the reactions occur in a 

pure oxygen atmosphere only carbon dioxide and water are produced during 

combustion of the organics, leaving glassy residues. 

Carbon dioxide produced from laser induced oxidation was collected in a 'cold-finger' 

immersed in liquid nitrogen (Fig. 103), and after all the gas was solidified the tube was 

evacuated, sealed and sent to the AMS 14c dating laboratory. There it was broken in a 

controlled manner to release the CO2 into a vacuum line and then the gas was reduced 

to graphite suitable for pressing into a target for dating (Jull et al. 1986). 

While amorphous silica is transparent to the visible-ultraviolet light because of its very 

low absorption coefficient at that wavelength, c11¥coal and other carbon-bearing 

substances strongly absorb and rapidly transform the light energy into heat making 

reaction areas of approximately 50-100 µm in diameter. Control over the power of the 

laser is critically important in the FLECS method because at very high energy levels 

vaporisation of the absorbing surface produces an undesirable plasma containing a 

complex mixture of hot neutral and ionised particles, various gases and molecules, and 

only small amounts of CO2. Condensation of such a high energy plasma ablated from 

carbon-bearing substances will produce low CO2 yields, and ultimately insufficient 

graphite for dating. 

The volume of CO2 produced by the FLECS method depends not only on the 

dimensions of the reaction zone under the focused laser, the laser energy and laser-solid 

interactions, but also on the composition of the carbon-bearing substances and their 

combustion efficiencies. The efficiency of laser-surface interactions are higher on 
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rough surfaces than polished faces of amorphous silica coatings containing plant and 

bacterial fatty acids, because surface areas are larger and reflectivities lower. 

Combustion temperatures of fatty acids exposed on silica surfaces are of the order of 

l 000°C and small spheres and globules of soda-magnesia-lime glass are produced65 as 

by-products of the reaction (Figs 104 and 105). 

Figure 103 Schematic diagram illustrating the arrangement of inlet and outlet gas 

tubes, micro-combustion chamber, vacuum gauge and laser focusing system. 
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65The lowest melting eutectic for soda-lime glass is about 725°C (Morey 1938, 12). 
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Figure 104 Surface of a broken silica skin after a single pass by a focused laser across 

the surface. Note the small spherical glass beads on the rough surface indicating that a 

very hot reaction has taken place (scale is 10 µm, author's photograph). 
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Figure 105 Magnified view of two spherical soda-magnesia glass beads formed by the 

intense heat caused by the combustion of organic molecules in the silica induced by 

light absorption (scale bar is I µm, author's photograph). 
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5.3 Theoretical considerations about dating silica skins. 

5.3.l Assumptions. 

The underlining principle of the radiocarbon method for dating silica skins, using 

carbon either extracted mechanically or by laser, assumes that successive thin films of 

amorphous silica fossilise algae, diatoms, bacteria and fungi that live on the 

periodically damp rock surfaces. Dating the fossil carbon trapped in a film determines 

when the micro-organisms were covered by silica. The dating method also assumes that 

ancient carbon is not a contaminant in the silica, accretion components are physically 

stable and chemically immobile, and do not exchange isotopes with other carbon 

sources. This implies that exfoliation and reformation of accretions with inclusion of 

old components from higher up a rock face do not occur. Exfoliation scars are visible 

on some silica-covered surfaces, for example at the Long Quinkan Figure site, and their 

presence signals potential dating problems. Reformation of silica by dissolution of 

previously deposited amorphous silica from higher up a rock face is unlikely because 

the environmental conditions favour deposition. A significant increase in pH is 

necessary to dissolve the silica deposited from acidic solutions, as at Gnatilia Creek. 

It is assumed in the dating of carbon-bearing substances fossilised in silica that 

subsurface portions of the rock are not inhabited by chasmolithic and endolithic micro

organisms after the silica was deposited. If they are present they should be visible 

under magnification. If they are included in powdered samples, then they would add 

carbon of a different age to the fossilised substances, and lead to a false (more modem) 

age for silica deposition. 

It is also assumed that no subsequent micro-organic or inorganic process has introduced 

carbon-bearing substances. If these assumptions are valid and carbon-bearing 

substances are not introduced during sampling, and contamination is not a problem, 

then the age of the organic matter in the silica skin will be essentially the same as the 

age of silica deposition, arguably days, weeks or months older. Dating organic matter 

in layers of silica under and over a prehistoric painting is potentially the most 

appropriate way to date a painting when the paint itself does not contain an organic 

binder. 

5.3.2 Possible contaminants and potential errors 

Contamination of silica laminations by old sources of carbon can occur from the 

weathering of rocks containing geological sources of carbon, such as limestone. 

Bicarbonate or carbonate ions can be transported in solution with silica, but they are 

unlikely to be deposited with silica because carbonate and bicarbonate are much more 
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soluble in solutions oflow pH than silica (van Breemen and Brinkman 1978, Figure 8.2, 

page 147). 

The potential contamination problems associated with algae and ancient carbon are best 

described by Fleming and Barnes (1994, 5): 

"Other work on dating algae and sediments (Long, Davis and de Lanois 
1992, 557; Fowler, Gillespie and Hedges 1986, 441) has shown that 
algae derives all of its carbon from water, and can take up ancient 
carbon, including carbon from the carbonates in hard water, and 
metabolise it, thereby incorporating it into the organic material used to 
determine a date. Until the source of any such contamination can be 
shown to have been identified, and any such carbon eliminated from the 
sample, or it is shown that the sample is uncontaminated with older 
carbon, any date recovered from that sample must be viewed with great 
caution." 

One of the benefits of carrying out XRD and FTIR analyses of silica skins prior to 

radiocarbon dating is to determine that inorganic carbon-bearing minerals do not 

coexist with the organic carbon trapped in the silica. These analyses, however, do not 

counter the problem described by Fleming and Barnes. The sandstone, quartzite, schist 

and gneiss on which silica skins in this study have precipitated, and from which the 

silica has been chemically derived, are not in close proximity to any known and obvious 

source of ancient carbon. As only the weathered outer parts of these rocks have been 

sampled it is possible that grains of geologically old carbonate occur at the weathering 

front deep within the underlying rocks. This can only be checked by taking cores from 

metres beneath the present rock surface and analysing the unweathered minerals66. 

Organic compounds, derived from the leaching of hurnic materials and other 

decomposition products of vegetable matter in soil, are transported in quantities up to 

20 mg carbon/I in runoff water (Yariv and Cross 1979, 62). Such compounds may not 

be contemporaneous with micro-organic carbon associated with bacteria, algae and 

fungi that were living on rock surfaces before being encapsulated by silica. Pre-treating 

powdered silica with acid and alkali washes prior to graphite target preparation should 

eliminate humic and fulvic acids, thereby removing these potential contaminants. 

Fungi pose a different and much more challenging problem because they metabolise 

carbon from dead organic materials, and the age of the dead materials may be much 

older than the fungi. There is really no easy solution to this dilemma, except to study 

the fungal colonies that inhabit present rock faces and to ascertain the differences in 

66ifost rocks were not cored to obtain samples of unweathered minerals. 
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ages between them and the dead organic matter on the same surfaces. This problem 

may account for the apparently old radiocarbon measurements obtained for some 

Australian and Canadian silica skins ( specifically for Split Rock, Sash Bradshaw, 

Nisula and Keech Figure skins, Table 13; see also Section 5.5). 

5.4 Practical limitations of dating silica skins. 

The geochronologist has little room to manoeuvre in dating silica skins and other 

coatings associated with rock art because, firstly, rock paintings and engravings are 

regarded by most people as human artefacts worthy of preserving either for aesthetic 

pleasure, their archaeological and scientific values or for their unique links with 

existing or previous cultural traditions. First Nations Peoples regard the art as direct 

expressions of their culture. The artistic representations are highly significant images 

placed in specific locations, often for special secret or sacred activities. It is 

inappropriate for a geochronologist to take large pieces of a painting or stone slabs 

bearing rock pictures back to a laboratory to find out how old they are. The aesthetic 

damage would be obvious, and the spiritual impact immense. Consequently, only small 

samples can be removed with prior permission. 

Secondly, sample size for radiocarbon dating components extracted from silica 

associated with rock art is constrained by the minimum weight of graphite ionised by 

the source of an accelerator mass spectrometer. For most spectrometers this is ideally 

100 µg graphite; equivalent to 2.5 ml of CO2 gas, 5 mg of wood (cellulose) or 3 mg of 

charcoal. To meet this specification the piece of painted or engraved rock must be 

sampled so that after pre-treatment there is enough graphite for dating. Under highly 

stable accelerator operating conditions and very low background count rates 

measurements can be made on as little as 30 µg graphite (J. Southon pers. comm. 

1995). Therefore, in order to obtain more than an absolute minimum of 30µg graphite 

the paint or mineral coating powder must contain carbon equivalent to more than l mg 

charcoal or 1.6 mg cellulose fibres. 

This size limit for a graphite target is not always possible to achieve, especially in the 

first few samples collected at a rock art site because the amount of carbon-bearing 

substances in silica and/or paint is unknown until analysed. Importantly, each new 

dating site has different paint and associated mineral deposits, and as the percentage 

carbon varies considerably it must be determined before dating can be done. For 

example, in the recent dating of Kimberley Bradshaw style paintings, Western 

Australia, paint samples weighing 6.4 mg and 8.9 mg only produced 2 µg graphite; 

insufficient for AMS 14C dating, despite being scraped from approximately 10 cm2 of 

rock face. Similar situations have been found for other Australian rock paintings (Table 

13) reflecting the low quantities of carbon in some silica skins (mainly Type II skins, 
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see Chapters 3 and 4). Decisions about how much paint can be removed from paintings 

without causing discernible damage are difficult for chronologists and traditional 

owners of rock art sites. 

Thirdly, we cannot date precisely the rockart surface itself because the boundary has no 

contact or extractable substance (Bourgeois 1990). Furthennore, the accuracy of 

boundary definition at any one locality can be highly variable, especially at the 

nanometer scale of rock surface accretions, thin paint layers and engraved surfaces. 

Irregular surface features such as vennifonn textures ( wonn-like network deposits), 

micro-stromatolitic mounds and spot concentrations (pimples) produce rough, micro

topographically undulating surfaces, and these are difficult to sample accurately. 

Physical and biological disturbances decrease the accuracy of delineating the 

boundaries between paint and the 'sandwiching' layers of minerals because mixtures of 

ingredients along the contacts may have fonned over a considerable period of time. 

Forthly, the chronologist must be able to collect in one way or another datable 

substances that are a.irectly associated with recognisable rock art. Such an objective is 

not always easy to achieve (see for example the controversial dating situation, Loy 

1994; Loy et al. 1990; Nelson 1993). Ideally, carbon directly associated with 

prehistoric paint should be dated, but this is rarely possible as organic binders were not 

always used in the paint recipe (Wainwright 1985; Watchman 1993b). Bracketing a 

paint layer in time by dating carbon-bearing substances fossilised in layers of silica on 

each side of an 'artistic' boundary is therefore an alternative for dating rock paintings 

when organic binders cannot be found. 

Fifthly, the hardness of the underlying rock may cause a sampling problem because 

partly detached exfoliation flakes suitable for removal may not occur precisely where 

the archaeometrist wants to take a sample of painted stone. Chiselling or drilling into 

the surface with hollow diamond bits makes unsightly and unacceptable scars, so 

painted silica on hard quartzite or sandstone may not easily be removed. Dates may 

therefore not always be obtainable for a painting that is selected as representative of a 

certain style because natural, partly detached flakes may not occur at convenient 

locations. 

While these potential difficulties exist, and although the extraction techniques are 

complex, the dating of micro-organic remains in silica skins is possible as demonstrated 

by the preliminary results obtained so far (Table 13). It is hoped that with additional 

research and refinement of the techniques developed here many more rock surfaces and 

rock paintings and engravings will be dated. Several examples are presented below to 

illustrate what has been achieved so far. 
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5.5 Dating results. 

Thirty four silica skin samples have been prepared for dating: twenty five by micro

excavation and combustion (Table 13) and nine using the laser extraction technique 

(Table 14). In addition, six standard and blank samples have been sent to dating 

laboratories for measurement to verify the counting method and accuracy of the AMS 
14C detenninations. The major disappointment is that two years after their submission 

to the Australian Nuclear Science and Technology Organisation (ANSTO) facility in 

Sydney, two blanks, a standard, a known age wood sample and two silica samples have 

not been analysed despite repeated attempts by the author to have them processed. 

Samples of powdered silica were also sent to dating laboratories in Tucson (Arizona -

AA numbers), San Francisco (California- CAMS numbers), Lower Hutt (New Zealand 

- NZA numbers) and Sydney (Australia- OZA and OZB numbers). Results were 

obtained from all laboratories, but the time taken to process and analyse the samples 

varied considerably; from one month using the Lawrence Livennore National 

Laboratory (CAMS) to two years at ANSTO. Also, the Tucson laboratory measured 

one graphite target as small as 15 µg, the Lawrence Livennore National Laboratory 

measured targets as small as 25 µg, but ANSTO and the New Zealand laboratories 

required more than 50 µg of graphite. These are additional problems facing rock art 

chronologists - problems that may not be easy to overcome. 

Five powdered silica samples (micro-excavation method) and seven slices of silica 

(FLECS method) failed to produce enough graphite for radiocarbon measurements 

despite care being taken to ensure that traces of carbon were present in each, and that 

more than 50 mg of powder ( usually considered sufficient for extracting 50 µg 

graphite), was sent to the laboratory. Low fossil micro-organic contents, incomplete 

combustion of carbon and inefficient conversion or loss of carbon during the reduction 

of CO2 to C contribute to the productiop. of small targets. Occasionally a graphite 

target of sufficient size fails to provide adequate current at the source of the accelerator 

(for reasons yet to be explained by accelerator operational staff), producing a much 

lower than average number of carbon ions which cannot be reliably measured. 

Not all samples studied in this thesis were dated because they were either too small, 

contained insufficient fossilised micro-organisms, or funds were unavailable. The 

following dating results for silica skins therefore include one sample from the Kakadu 

National Park67, and four from the Foz Coa dam site in Portugal (Watchman 1995b, c). 

67supplied by Ivan Haskovec without details of the painting, rock surface and environmental conditions. 
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The published thicknesses of silica skins fonned on Hawaii basalts of known age are 

also used to discuss the antiquity of silica skins. 

Table 13 Standards, blanks and micro-excavated silica skins prepared for AMS14C 
dating showing the weight of powdered silica, masses of graphite accelerator targets 
and their radiocarbon detenninations (uncalibrated68). 

Sample Laboratory 
Number Number 

DRWI 
Blank 1 OZB131 
DRW2 OZA401 
DRW3 
DRW4 

DRW6 

DRW5 OZA403 
DRW34 OZB350 

DRW17 
DRW18 
DRW31 OZB347 
DRW33 OZB349 

Desuiption Mass 
(gm) 

Graphite 
Mass(p.g) 

STANDARDS AND BLANKS 

Radiocarbon 
(years BP) 

Graphite 0.0158 not yet measured by laboratory 
Coal 0.0174 200 43,580 ± 520 
Coal 0.0168 150 40,357 ±1025 
Carbonate 0.0068 not yet measured by laboratory 
Wood 0.0140 not yet measured by laboratory 
A.D.1307-1309 
Oxalic 2 Std 0.0100 not yet measured by laboratory 

MICRO-EXCAVATED 

Nisula l 
Nisula 2 

Red Lady 1.3 
Red Lady 1.4 
GH 
SRSA 

Quebec, Canada 
0.0029 50 
0.0052 ? 

Laura, Australia 

2500± 275 
2440 ± 610 

0.0075 not yet measured by laboratory 
0.0066 not yet measured by laboratory 
0.0040 lost while loading accelerator 
0.0060 ? 6530 ±1380 

Kimberley, Australia 
DRW21 OZB 24 KFI 0.0096 100 1490 ± 290 

3210 ± 350 
insufficient graphite 

1490 ± 50 

DRW22 OZB125 SB3 0.0063 100 
DRW28 K 2, (8 cm2) 
DRW29 CAMS 16755 KFl (7 cm2) 

0.0064 1-2 * 
0.0104 55 

DRW30 Elegant Action Figures 0.0089 1-2 * 
DRW35 OZB351 KFIU 0.0100 ? 

Kakadu National Park, Australia 

insufficient graphite 
1430 ± 180 

Silica I Ml 1786 
Silica II Ml 1787 
Silica Ill Ml 1788 
Silica IV Ml 1789 

Surface 0.0065 <15 insufficient graphite 

GCla 
GCib 
GC2a 
GC2b 
GC2c 

M7726 
AA7727 
AA7728 
NZA2560 
NZA2561 

Over paint 0. 0082 < 15 insufficient graphite 
Paint 0.0067 <15 insufficient graphite 
Under paint 0.0070 15 2190 ± 230 

Top-1 
Base+2 
Base 
Base 
Base 

Gnatilia Creek, Australia 
? 100 
? 100 
? 100 
? 100 
? 100 

Foz C6a, Portugal 

825 ± 55 
11,235 ± 85 
8265 ± 85 
8900 ± 130 
9215 ± 99 

FC6 CAMS20753 Penascosa+l 0.0210 50 2060± 50 
FC7 CAMS20754 Penascosa base 0.0237 40 3490 ± 90 
FC17 CAMS20759 Canadadl. 0.0123 30 1460± 80 
FC18 CAMS20760 Penascosa 0.0177 25 4340± 140 
(* = incondensible gas at -196 °C; not yet measured although submitted in November 1993 to ANSTO, 
Sydney; ? unknown weight because information not supplied by laboratory; Canada d I. = Canada do 
Inferno). 

68Radiocarbon determinations are reported uncalibrated because most results are regarded as very 
preliminary and unsuitable for precise chronological interpretation and application to specific 
archaeological problems. 
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Table 14 Silica skins prepared using the laser extraction system for AMS 14c dating at 
the Tucson laboratory illustrating the problem of insufficient gas generation from very 
small cross-sections (comparative results relating to 1, 2 and 3 [6,150 ± 60, 1,120 ± 60 
and 7,940 ± 140 years BP, respectively], were obtained from driftwood samples 
analysed by conventional radiocarbon counting procedures after pre-treating tens of 
grams of wood; Blake 1980; 1986; Lowdon and Blake 1980). 

Description Laboratory 
Number 

Graphite 
Mass(µg) 

Radiocarbon 
(years BP) 

oxalic acid standards and milligrams of pre-dated wood 
Oxalate l AA8042 from oxalic acid l ? modem 
Oxalate2 AA8043 from oxalic acid 2 ? modem 
WB-100-66 AA8045 wood ? 5600 ± 601 

WB--100-66 AA8863 wood ? 5540± 60 
WB-18-66 AA8064 wood ? 1455 ± 852 

WB-182-66 AA8865 wood ? 7860 ± 1353 

silica samples 
Gnatilia Creek AA10930 <4 insufficient graphite 
Jim Jim AA10931 <4 insufficient graphite 
9500Hawaii AA10932 30 insufficient graphite 
3030 Hawaii AA10933 <4 insufficient graphite 
Amphitheatre AA10936 <4 insufficient graphite 
Split Rock AA10937 30 insufficient graphite 
Giant Horse AAl0938 215 post bomb ( contaminated) 
Alberton, Montana not registered 25 insufficient graphite 

5.5.1 Gnatilia Creek 

Carbon-bearing compounds at this site, mainly bacterial, algal and fungal fatty acids, 

but also small charcoal particles in basal silica laminae gave AMS14C determinations 

ranging from 8,265 to 11,235 radiocarbon years before present (BP; Table 13). An 

upper layer of silica in one sample was 825 ± 55 years old confirming that carbon

bearing substances were recently incorporated in the skins, and that a conformable (in 

time) sedimentary sequence of silica exists. As the outside surfaces of the scraped 

samples were discarded to avoid possible modem contamination, silica apparently 

started precipitating at that site more than 11,000 years ago, and has continued until the 

present. These results are consistent with petrological and field evidence suggesting 

that silica skins have formed over a long period. 

Two other results are also known for this site from samples taken from a large, painted 

and charcoal-drawn motif; 29,795 ± 420 years BP (AA5851) and 6,085 ± 60 years BP 

(McDonald et al. 1990). These conflicting dates, from charcoal taken a few centimetres 

apart on the same Aboriginal drawing indicate a sampling or contamination problem. 

As combustion of the silica-coated charcoal fragments from the drawing was done 

without pre-treatment to remove the silica the radiocarbon determinations are average 

ages of each samples' total carbon-bearing phases. At the time of dating the researchers 

did not know that organic substances and tiny charcoal particles were trapped in the 
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'silica deposited around the charcoal of the drawing. Silica not only covers the drawing, 

but it also forms the substrate for the charcoal drawing, and so fossil carbon in silica 

could have been dated with the charcoal from the drawing. 

Carbon in silica under the drawing could be much older than 11,000 years, especially if 

part of an ancient silica skin had exfoliated prior to execution of the drawing. A 

mixture of a large quantity of old carbon in silica with a small amount of modern 

carbon from the charcoal drawing could give a 14C result of29,795 years. 

The younger result of 8,265 years can be explained if the modern charcoal drawing was 

contaminated by a small quantity of ancient carbon in the enclosing silica. From the 

researchers photographic documentation of similar samples to those dated (Figure 7, 

McDonald et al. 1090), it appears that the charcoal drawing is covered by a very thin 

silica skin (no scale is available to estimate thickness), probably less than 0.1 mm thick. 

I therefore postulate that the conflicting results obtained by McDonald and others for 

the charcoal drawing are caused by contamination from carbon-bearing substances 

contained in the enveloping silica. Both their samples were affected by different 

amounts of ancient carbon, probably from the surface of an old exfoliated silica skin, 

with the older result reflecting more contamination than the younger analysis. As the 

infrared spectra of silica from that site do not indicate the presence of carbonate the 

natural contaminants are likely to be either large particles of charcoal that resemble 

charcoal in the drawing, or high concentrations of fatty acids and other organic 

molecules fossilised in the silica. 

Using the available dating results from Gnatilia Creek I hypothesise that silica skins 

started to form at least 11,000 years ago and possibly as old as 30,000 years ago at that 

site, and that periodic, non-uniform exfoliation of relatively thick silica skins resulted in 

a surface made up of coalescing flake scars that exposed silica of different ages. 

Charcoal drawings were made on surfaces whose real ages were much older than the 

time of drawing. Charcoal particles and other ancient carbon-bearing components in 

silica enveloping the drawing contributed to carbon used for accelerator dating the 

painting. The Aboriginal paintings were probably made during the last millennium or 

two because 0.1 mm of silica covers the drawings69, unless micro-exfoliation has 

removed silica from over the art. 

5.5.2 Laura region, Queensland 

Only one radiocarbon result is available from this area. Carbon-bearing substances in 

the upper surface layers of silica and red hematite paint in one of the ancestral figures 

691 mm of silica has accumulated off-art in 11,235 years, 0.75 mm in 8,265 years and 0.775 mm in 8,900 

years giving an average rate of silica accumulation of0.088 mm/ millennium. 
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(IV) at the Split Rock site gave a result of 6,530 ± 1380 years BP (Table 13). While this 

measurement is consistent with Aboriginal rock painting traditions of the region 

extending from the Early to Mid Holocene (Cole et al. 1995, 157), other explanations 

are also possible to account for the surprising old age of this surface sample. 

If silica is currently being deposited, as it appears to be, then at least a small proportion 

of carbon fossilised in the silica should be modem because the sample of powdered 

silica used for dating was obtained by grinding only the painted silica surface, to a depth 

of less than 0.1 mm. A radiocarbon determination of 6,530 years occurs either because 

that is the age of the carbon in the silica; there has been ancient contamination of the 

modem components; precipitation of silica has not occurred for a long period or the 

deposition rate has been extremely slow, or exfoliation of the underlying old silica has 

taken place. 

Ancient contamination is possible provided there are appropriate sources of old carbon. 

Carbonate grains may exist as minor elastic components in the sandstone boulder on 

which the silica skins and paintings are located, but the extensive weathering over many 

thousands of years has probably eliminated this source of contamination. Besides, no 

carbonate grains were found in near-surface petrological studies. Silica may be 

deposited slowly on the rock face because the sources of silica are limited to the 

siliceous components in the sandstone boulder. As runoff water carries silica in 

solution across the rock face a slow rate or intermittent flow of water could conceivably 

result in thin, old silica near the surface. However, as the silica skin ranges from 0.2 

mm to 0.6 mm thick over a few centimetres laterally it suggests either non-uniform 

deposition or irregular loss of silica skin, and both of these mechanisms could give 

much older dates than expected for near surface layers. 

The only way to determine the accuracy of the single result from this site is to take 

other samples off-art and to measure the age of carbon-bearing substances at different 

depths in the skins. This should be attempted in the future. 

5.5.3 Kakadu National Park. Northern Territory 

Samples from Jim Jim and Mount Brockman have not been dated. One sample 

collected by Ivan Haskovec, an archaeologist in Kakadu National Park, was sent to me 

for dating. It comes from a rock painting site only identified as 54 72P0909 and from a 

figure composed of finely drawn red hematite lines (possibly a Mimi or Northern 

Running Figure (NRF, Haskovec 1992, 148-158) belonging to the dynamic style70; see 

70oespite repeated attempts, I have not been able to obtain precise infonnation from Mr Ivan Haskovec 
about the identity of the figure from which he took the sample. 
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Chaloupka 1993, I 06). The AMS 14c determination was 2,190 ± 230 years BP (Table 

13). 

The potential age of the NRF style of paintings is large, possibly spanning almost 

20,000 years (Haskovec 1992, 149), and it probably only just precedes the 'X-ray I' style 

of Chaloupka (1984, 16), about 7,000 years to 9,000 years BP. There is no evidence yet 

collected which indicates which style the NRF style succeeds (Haskovec 1992, 150), so 

the earliest age for the NRF style remains uncertain. The age of the carbon in the 

amorphous silica lying immediately beneath the red pigment layer in this sample from a 

presumed NRF or dynamic figure painting therefore does not agree with the expected 

antiquity of paintings of the NRF and dynamic styles (Chaloupka 1993, 106~ Haskovec 

1992, 148-158). Without site and motif information I do not know what environmental 

factors and contaminants could have possibly affected the radiocarbon determination, or 

even if the painting is a NRF or dynamic figure. 

The white hydrated silica sample used for dating came from a 'layer' under the paint, 

from the basal part of an undulating coating that varied in thickness from 0.2 mm to 0.8 

mm. The area of coating over the pigment was of the order of0.2 mm to 0.4 mm thick, 

and large mounds of silica were avoided during micro-excavation. Deposition of 

laminae in the silica was not regular across the whole surface so the micro-excavated 

'layers' represent the average for all organic matter in several laminae. The radiocarbon 

result was expected to be 10,000 years to 12,000 years old (Haskovec pers. comm. 

1994), and the much younger determination is puzzling in relation to the existing 

stylistic chronology for NRF and dynamic figures. 

Silica skin of comparable thickness at Gnatilia Creek is between 8,000 years and 10, 

000 years old (see section 5.5.1 ), so something unusual has happened for the Kakadu 

sample to be so thick, yet so young. Either the silica skin has formed much more 

rapidly than those at Gnatilia Creek or modem carbon has contaminated it. Further 

research on additional samples from tru,.t site, as well as other similar painted sites in 

the region are needed to ascertain the real age ofNRF and dynamic style figures. 

5.5.4 Kimberley area, Western Australia 

Four radiocarbon measurements are available for carbon contained in silica covered 

paintings in this area (Table 13). Two similar samples that were submitted for dating 

had insufficient carbon to obtain enough graphite for dating (DRW28, 30). Three of the 

four results come from one sample from the Keech Figure site (KFl). Measurements of 

1,490 ± 290 and 1,490 ± 50 years BP were made at the Lawrence Livermore and 

ANSTO laboratories respectively, and they are duplicates from the same micro

stratigraphic level immediately above the paint (DRW21 and 29). The third sub

sample, DRW35 (1,430 ± 180 years BP), is from silica that encloses the paint layer. 
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The fourth result, from silica and paint (3,210 ± 350 years BP), comes from another 

Bradshaw painting in the same general area as KFl, known locally as the Sash 

Bradshaw site. 

These preliminary results therefore indicate that the Bradshaw paintings could have 

been painted between 1,200 years and 3,500 years ago. The rates of silica accumulation 

over the paintings are therefore 0.058 mm/millennium and 0.02 mm/millennium, 

respectively (0.07 mm of silica lies over the paint, refer to Fig. 44). Such relatively 

slow rates of silica formation seem reasonable at this site, in comparison with the rate 

of 0. 088 mm/millennium for silica deposited out of seepage water at Gnatilia Creek 

(refer to section 5.5.1), because deposition of silica at the Keech Figure site is 

associated with runoff water that periodically flows across the vertical rock face. 

However, the preliminary age determinations based on micro-organic carbon in a dark 

band of fossilised phytoplankton and algae in the 'layer' of silica over the Keech Figure 

Bradshaw painting do not correspond to existing archaeological estimates of the 

antiquity of this style of painting. For example, Walsh (1994, 54) believes the 

Bradshaw paintings are considerably older than the Wandjina Period paintings that he 

thinks were made after 2,000 to 1,000 years ago. As Walsh implies that the Bradshaw 

paintings were done in the Pleistocene the preliminary dating results on fossilised 

carbon in the silica only fit the youngest possible limit of his speculation. 

While the total thickness of many skins in the Kimberley region is about 0.4 mm, none 

of the painted samples so far examined lies at the junction between the silica skin and 

the underlying rock. At that depth of silica cover the paint would not be visible through 

the white silica, but if such a painting existed at the rock-silica interface it should be 

much older than the Keech Figure painting, provided that the rate of silica deposition 

was the same. In fact the Bradshaw paintings lie on, or very close to, the present silica 

skin surface and are often only masked by less than 0.1 mm of translucent to white 

silica. These thin films of silica covering the paintings imply relatively recent antiquity, 

unless the rate of silica precipitation has been extremely slow. Additional silica 

samples from several painting sites and precise micro-stratigraphic radiocarbon 

analyses are therefore needed to date the Bradshaw figures. 

5.5.5 Nisula, Quebec 

Two radiocarbon measurements are available for painted silica skin at this site: 2,500 ± 

275 and 2,440 ± 610 years BP (Table 13). The dates come from carbon-bearing 

substances in silica on which the paintings were made (Nl and N2; Fig. 52), and 

represent maximum ages for these two paintings. Agreement between the two results 

suggests concordance (same age for silica deposition at a uniform depth), across about 

one metre of silica covered gneiss. The results are also consistent with archaeological 
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opinions about human occupation of the boreal forests after about 2500 years ago 

(Arsenault 1995). They agree as well, with palaeoclimatic evidence suggesting that 

deglaciation had already occurred in that part of Quebec by 2500 years ago (Richard 

1995, 125). 

These extremely thin silica skins indicate a slow accumulation rate for silica of between 

0.02 and 0.03 mm/millennium, approximately the same as for the Keech Figure site. 

Interestingly, the two sites share only two common factors: silica formation by 

deposition from runoff water, and seasonal water flow regimes. The climates, rock 

types, total thickness of silica skins and general physiographic settings are completely 

different. Seasonal water flow at the Keech Figure site is controlled by storms 

associated with the build up to the wet seasons and in monsoonal rains that come only 

for about six months. In contrast, Nisula experiences approximately six months of sub

zero temperatures when no water flows across the surface. Runoff down the cliff face 

at Nisula is therefore restricted to the warmer months. So, for half a year 

approximately, both sites are dry and silica skins cannot form by deposition out of 

runoff water, because there isn't any rain or running water. Silica skin thickness and 

age determinations for these two sites therefore suggest that during a six month period, 

when the rocks at each site become damp because of runoff water, silica is deposited 

over exposed rock surfaces at approximately the same rate. 

The dates for the Nisula skin give support to the age determinations for the Bradshaw 

paintings at the Keech Figure site because both sets of samples share comparable skin 

thicknesses ( under and over paintings respectively), and their radiocarbon ages for the 

encapsulated micro-organic substances are of the same order of magnitude. 

5.5.6 Other dates for silica skins: Portugal and Hawaii 

As the use of carbon-bearing substances fossilised in silica skins is a new dating 

method, developed by the author, it is interesting to examine two other sources of data 

relating to the antiquity of silica skins. Thin coatings of amorphous silica on schist in 

Portugal and on basalt in Hawaii give additional insights into the antiquity and rates of 

silica skin formation in different locations, possible sources of contamination and 

implications for future dating strategies. 

In Portugal (Table 13), silica skins are developed on the surfaces of weathered schist 

adjacent to the Foz Coa rock engravings that are not covered by silica skins (Watchman 

1995). It was therefore assumed that the engravings were scratched, pecked and incised 

through silica skins that had formed across the exposed rock surfaces. Dating the 

carbon associated with fossilised phytoplankton (Nitzschia sp., R. Pienitz pers. comm.) 

in the silica indicated that the process of formation of white silica skin ceased between 
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about 1,500 years and 1,700 years ago (Table 13, FC 17; refer also to Watchman 1995b, 

c 71 ), giving a maximum age for the engravings because they do not contain silica skin. 

Two 'layers' of silica were removed progressively from the basal parts of a skin at a site 

called Penascosa, using the micro-excavation technique described earlier. Carbon in 

the 'layer' formed directly on the underlying schist gave an uncalibrated radiocarbon 

measurement of 3,490 ± 90 years BP whereas the overlying 'layer' yielded 2,060 ± 50 

years BP (FC7 and FC6 respectively, Table 1372). These results show the conformable 

micro-stratigraphy through the silica skin, and indicate that silica first started to form on 

that surface only just prior to about 3,580 years ago (uncalibrated). 

The rate of silica deposition on the unengraved rock surfa~es, ranges from 0.055 to 

0.078 mm/millennium; a similar range to that for the Gnatilia Creek site, but not 

surprising given the current moist Mediterranean climate, 750 mm annual average 

rainfall and chemically vulnerable siliceous source rocks (see environmental details 

described in Watchman 1995b,c 73). 

If only accretion samples from engravings had been collected and dated the engravings 

would have been placed at between 2,000 and almost 7,000 years old because the 

radiocarbon determinations for samples of silty brown schist are contaminated with 

trace amounts of graphite, an accessory mineral weathered from the schist. The 

radiocarbon measurements for the silt reflect mixtures of modem phytoplankton and 

charcoal, and ancient graphite ( observed under SEM). The skins formed off-art do not 

contain visible inclusions of graphite because the silica was chemically precipitated 

from silt-free water (see Chapter 7 for silica skin genesis). The implication is that the 

approach used at F oz Coa should be used in future dating of rock art. Different 'layers' 

of silica skin from off-art surfaces and covering art should be dated to ensure that the 

radiocarbon determinations are laterally concordant, stratigraphically conformable and 

also fit other geological and geomorphological evidence. In this way it can be 

demonstrated that the radiocarbon determinations for silica skins are internally 

consistent and geoscientifically reliable, hopefully generating greater acceptance of the 

results amongst archaeologists and others who might be sceptical of this new dating 

method. 

71Full descriptions of the samples, sampling method, pre-treatment processing, analytical results and 
radiocarbon determinations are presented in the unpublished report and published article. 
72The silty brown deposit formed over the silica skin gave a modem result (Watchman 1995c, FC25, 
Table I). 
73The rate excludes the thickness of the overlying loosely bound brown silty accretion because this 
appears to have been deposited during the last few hundred years. 
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The second implication arising out of the Foz Coa dating work is that multiple samples 

from the same panel of rock art should be examined petrographically and 

geochemically before pre-treatment for radiocarbon dating (refer to the problem of the 

single sample from the Long Quinkan Figure and in Kakadu National Park for instance, 

sections 5.5.2 and 5.5.3). Identification of stratigraphic irregularities and possible 

contaminating components in the skins and their host rocks should assist in the 

interpretation of the radiocarbon results. Single dates for silica skins obtained from a 

painting or engraving may not be accurate and there is no way of making comparisons 

with geological control samples. Therefore as many AMS 14c measurements as 

possible ( within funding, aesthetic and conservation constraints) should be obtained 

from art and off-art surfaces to ensure micro-stratigraphic conformability and 

concordancy lead to statistical reproducibility and consistency of rock art dating 

results 74. 

On the large island of Hawaii, silica skin thicknesses developed on basalt reflect the 

length of time since the lavas cooled, and as the age of each lava flow is known 

precisely it is possible to construct a curve of skin thickness versus its age (it is 

speculated that silica skins start to form within a few years of lava solidification). For 

example, the youngest flow examined by Farr and Adams (1984, 1078), the AD. 1975 

pahoehoe lava (their sample number H58 from an area with approximately 640 mm 

average annual rainfall), had no discernible silica coating, but the AD. 1920 and AD. 

110 flows had silica skins of 10 µm (Hl 19, approximately 1300 mm average annual 

rainfall) and 150 µm thick (HI 03, approximately 965 mm average annual rainfall), 

respectively. These measurements translate into silica accumulation rates of0.33 

mm/millennium in the high rainfall area and 0.0815 mm/millennium in an area slightly 

wetter than Foz Coa, respectively. 

5.5. 7 Relationship between thickness of silica skins and radiocarbon age. 

Increasing thicknesses with the measured radiocarbon ages of Australian, Canadian, and 

Portuguese skins and the known geological ages of silica skins on Hawaiian lavas are 

plotted in Figure I 06. While there is an approximately linear to slightly curved trend, 

an accretionary growth curve, for the Gnatilia Creek, Foz Coa and Hawaiian skins, the 

samples from Kakadu National Park (KNP 4), Keech Figure, Nisula, Sash Bradshaw 

and Split Rock (5A) do not fall on the curve. 

74Conformable and concordant results should be the aim of all rock surface dating methods, including 
those methods used in the dating of rock varnishes, reprecipitated carbonates and coatings containing 
oxalates (Watchman 1993). 
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There is no reason to believe that all silica skins should fall on a single curve because 

rates of silica accumulation may vary according to local factors, such as very infrequent 

silica deposition and exfoliation of fragile skins. For example, the KNP 4 skin, and 

perhaps Gelb, may indicate that by not falling on the general growth curve they have 

formed more rapidly, presumably under more frequent wetting conditions, such as 

almost perpetual seepage. 

However, if the KNP 4 skin is contaminated by modern carbon, and assuming that the 

thickness measurement reflects the whole silica accumulation without exfoliation and 

the actual rate of silica falls on the growth curve, then the average age for the basal part 

of that skin should be about 5,500 years old (by shifting the point horizontally onto the 

curve). While that corrected age is not consistent with existing archaeological notions 

of the age of dynamic figure style rock paintings (thought to be more than 9,000 years 

old, Chaloupka 1993; Lewis 1988), it is compatible with the dating of beeswax figures 

that superimpose that style elsewhere in the region (most beeswax figures are less than 

1,700 years old, and one is approximately 4,000 years old, C. Chippindale pers. comm. 

1994). The determination, as it stands, is incompatible with existing views about the 

antiquity of the NRF and dynamic figure painting styles in the region (P. Ta9on and R. 

Jones pers. comm. 1995). 

Figure 106 Relationship between silica skin thickness and measured radiocarbon age 
and geological age of Hawaiian samples (A= very wet sites, B moist sites and C = occasionally 
damp sites; sample codes as forrest of text; knp4 = Kakadu National Park, sample submitted by I. 
Haskovec; hl 19 and h103 from Hawaii, Farr and Adams 1984; sb3 Sash Bradshaw site, Kimberley 
region Western Australia collected by the author; fc6, 7, 17 and 18 = Foz Coa, Portugal samples collected 
by the author, Watchman 1995b,c). 

T 
h 
i 
C 

k 
n 
e 
s 
s 

m 

,,I 
1.4· 

1.2 1 

1.0 · 

0.8 

0.6 · 

m 0.4 

0.2 

!A 

C - - -
4000 6000 12000 

Age (years BP) 

This single dating result for a silica skin associated with a rock painting highlights the 

unrealistic attempt to date a rock art style using only one sample that was collected 
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under non-ideal circumstances. Without specific knowledge of the rock surface 

hydrology, environmental conditions, and the precise identity of the painting the 

possible degree and nature of the contamination, and the real age of the painting cannot 

be properly assessed. The dating result is therefore considered unreliable, but is used 

here to point out that detailed systematic investigations and multiple datings are 

essential in chronological studies of rock art. 

The Gelb skin may have formed rapidly, but it could also indicate modem 

contamination of old fossilised carbon by micro-organisms that burrowed into the silica 

in large numbers and then were covered by silica. There is, however, no supporting 

petrographic evidence that this occurred. One explanation for the possibly young age is 

that contemporary silica was not sampled in that 'layer', but carbon-bearing substances 

of disparate ages in several sedimentary lenses were mixed. If part of the basal 'layer' 

consisted of silica lenses containing organic matter about 16,000 years old and other 

lenses contained younger carbon, say 8,000 years old, then the average of these two 

would be close to the measured age. Alternatively, the GC2 skins reflect micro

exfoliation of silica, and their measured thicknesses are less than they should be, by 

between 0.2 mm and 0.3 mm. 

It is therefore possible to speculate that non-uniform deposition of silica occurs through 

time and in space, with accumulations taking place at varying rates and in micro-sites or 

patches depending on site specific environmental and rock surface factors. Measuring 

average ages for carbon fossilised in silica 'layers' produces average rates of silica 

deposition at those sampling points, and the average rate may not be the same from 

place to place. Silica is likely to be deposited either faster or slower than the average 

rate at some points because surface topographic features channel water along preferred 

pathways. Some rock surfaces may accumulate silica for thousands of years before the 

water direction changes because of thickening silica, closure or opening of seepage and 

runoff outlets, or algal growths. 

The relatively old age of 6,530 years for the surface 'layer' at the Split Rock site (SR5a) 

could be correct if silica has not been precipitating at that spot for the last few thousand 

years. An incorrect date could be caused either by contamination of modem silica with 

ancient carbon-bearing substances or as a result of micro-exfoliation. Potential sources 

of old carbon are not obvious on the large sandstone boulder, so micro-exfoliation may 

be the reason for the apparently old silica. The measured thickness of silica in the dated 

sample, only 0.1 mm, may mean that a flake of silica almost 0.5 mm thick has been lost 

from that surface, if it is to fit the curve. This is clearly possible because SR4 and SR6 

are approximately 1.2 mm thick, compared \vith 0.6 mm for SRS (Fig. 19). Such an 
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explanation makes it impossible to measure accurately the age of that painting using 

silica because the silica surface contains old carbon-bearing substances that have been 

exposed by flaking. Paint has therefore been applied to an exfoliated surface, and the 

age of the painting can be deduced as being less than a thousand years old (based on the 

accretionary growth curve), because silica does not cover the hematite paint. 

Additional radiocarbon measurements of silica skins at this site are needed to resolve 

this difficulty. 

Exfoliation at the Sash Bradshaw and Nisula sites can be used to account for the 

relatively old radiocarbon determinations from these thin skins. An explanation for 

why the Keech Figure, Nisula and Split Rock skins do not plot on the growth curve may 

be that these skins have formed by very slow accumulation of silica. They are 

associated with runoff water flowing down cliffs and the sides of boulders, so the 

regularity with which these rock surfaces become wet may contribute to the slow silica 

deposition rate. A series of growth curves may eventually be determined for all silica 

skins, with each one reflecting factors controlling silica deposition (moisture, rock 

surface, climate). Three curves are tentatively proposed for silica deposition on the 

basis that the radiocarbon results are accurate (Fig. 106): A- very wet sites (0.25 

mm/millennium), B - moist sites (0.09 mm/millennium) and C - occasionally damp sites 

(0.02 mm/millennium). 

5.6 Discussion 

Most silica skins contain small amounts of carbon (Table 13) and as data is not 

extensive it is difficult to say whether one type of skin contains more combustible 

substances than another. Environmental factors at each site influence the availability of 

carbonate and organic matter that can be incorporated into silica skins, and it is 

therefore important to show by X-ray diffraction studies (section 4.3) and Fourier 

transform infrared spectroscopy (section 4.4) that carbonate is not a minor silica skin 

component. For if carbonate is present, then it is likely to contaminate the radiocarbon 

result unless it is removed by acid pre-treatment prior to dating. So far carbonate has 

not been detected in any of the silica skin analyses, presumably because it is more 

soluble than silica and remains in solution while the silica precipitates. 

Organic analyses confirm evidence of micro-biological carbon in silica skins (section 

3.5), but the low levels of organic matter in most silica skins and the small proportions 

that are exposed on surfaces of cross-sections significantly affect the performance of the 

focused laser extraction of carbonaceous substances (FLECS) method (Table 14). The 

results of the laser method show that it produces much less carbon dioxide than direct 
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combustion of powdered silica (Tables 13 and 14). The major problem with the laser 

system is the lack of volume of carbon-bearing substances under the focused beam, a 

matter limited by the surface area of the cross-sections, so that not enough gas is 

produced to make graphite targets. Laser light at the chosen wavelength does not 

penetrate the silica with enough power to induce combustion of encapsulated micro

organic remains, but it only causes surface reactions. This contrasts with the powdered 

silica from the micro-excavation method, which when heated to high temperatures in an 

oxygen atmosphere efficiently converts all the carbon into carbon dioxide (see weight 

loss curves, Chapter 4). Using laser light with an infrared wavelength that is absorbed 

more readily by silica may help overcome this problem. At present the laser technique 

is not practicable for extracting carbon from a single pass across one cross-section of a 

silica skin. 

Research conducted as part of this study has provided a glimpse into future applications 

of dating organics associated with silica skins covering paintings. Preliminary results 

show that while extracting sufficient organic matter from silica skins for AMS 14C 

dating is a present constraint of the FLECS method this problem will probably be 

overcome by collecting larger samples, by extracting carbon from the same stratigraphic 

layer in multiple thin slices and by using a broadly focused laser (0.05 mm), possibly at 

a longer wavelength. 

While the micro-excavation method has produced radiocarbon analyses for rock art at 

the Nisula, Keech Figure and Foz Coa sites, considerable debate of the Keech Figure 

and Foz Coa results has followed because the measurements do not compare favourably 

with the existing archaeological estimates for the antiquity of paintings and engravings. 

Maximum ages obtained for the Nisula site are laterally consistent and supported by 

archaeological, hydrological and geomorphological evidence (Arsenault 1995; Richard 

1995). 

Ideally, other dating methods should be used to verify accelerator mass spectrometry 

radiocarbon dating of organics encapsulated in silica skins. Unfortunately no other 

methods are currently available, although two approaches could be used in the future. 

Optically stimulated luminescence (OSL, or Optical Dating as it is also called; Aitken 

1994) of single quartz and feldspar grains is a promising new technique for dating 

heated archaeological materials (pottery, ceramics, fire hearths) and natural 

geomorphological deposits (stream sediments and dune sands). 
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The method relies on establishing the time since the grains were last heated or exposed 

to sunlight and their electron traps bleached by high temperature or solar radiation 75. If 

single grains in the host rock lying beneath thick white coatings can be dated, then the 

age of silica skin formation can be measured. No-one has tried to do this. 

Electron spin resonance (ESR) dating micro-excavated portions of silica skins has 

shown promise (Ikeya 1987), but unfortunately no funds could be obtained to pursue 

this fascinating line of research. 

AMS 14C dating carbon fossilised in silica skins offers a way to date silica-covered rock 

art, but sampling the rock surface still poses problems for the rock art chronologist 

(Bednarik 1992). Care must be taken to limit the size of the sample collected so that 

damage to the cultural relic is minimised. On the other hand, the sample must be chosen 

large enough to ensure that it contains sufficient carbon-bearing substances for dating. 

The size of the rock surface sample collected for dating depends to a large extent on the 

percentages and compositions of the carbon-containing substances in the coating. As 

the chemistry of a coating is not known until after analysis, it is appropriate to collect 

and analyse multiple samples from the same rock face before dating the encrusted art. 

Dating rock art is expensive and time consuming, requiring the collection of many 

samples, followed by detailed microscopic and mineralogical analyses, and high 

precision accelerator radiocarbon dating of samples as small as 25 µg. The problem for 

rock art dating specialists is that large sums of money are not generally available for the 

detailed analyses and pre-treatments required before dating rock art. Consequently, to 

reduce costs some archaeologists have taken their own samples from rock art sites and, 

without carrying out detailed analyses, have submitted them to dating laboratories. 

Uncertainty surrounds these sorts of dating results because analyses essential for 

determining what is actually dated are not being performed. Taking a single sample 

from rock art encapsulated by silica in the hope of dating the art is also undesirable 

because there is no way of knowing if the radiocarbon determination is accurate. 

75 After a grain has been bleached by exposure to sunlight the number of electrons in 'traps' within quartz 
and feldspar crystals gradually increase because of energy supplied by natural radiation from uraniwn, 
thorium and potassium in the surrounding rocks (traps within crystal structures are defects in the atomic 
lattice arrangements where unbound or excited electrons exist temporarily because of their energy levels). 
The longer a grain has been buried the greater will be the number of'trapped' electrons. Grains of 
geological age are saturated with electrons and cannot be used for dating. Methods are currently being 
developed whereby a single grain is dated by subjecting it to incremental light and radiation fluxes and 
measuring the resulting luminescence (Lamothe, Auclair and Balescu 1994; Roberts and Jones·i'995). 
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Preliminary results from a number of rock art sites show that much more systematic 

work is necessary, such as collecting amorphous silica coatings off-art and on-art, and 

radiocarbon dating larger samples to establish site and regional rates of silica 

deposition. Internal consistency, or stratigraphic conformity, of the dating results can 

also be obtained by determining ages for carbon-bearing substances in a series of 

laminations from bottom to top in a cross-section, associated with art and off-art. 

Therefore, future rock art dating work should focus on particular sites where certain 

stylistic representations are well documented and where the archaeological associations 

between organics in silica and paint layers can be precisely defined. 
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5.7 Summary 

5. 7.1 Encapsulated carbon 

Silica skins contain fossilised micro-organic residues, plant matter, insect remains and 

charcoal particles and these carbon-bearing substances can be dated by AMS 14c to 

determine when they were encapsulated by silica. 

5. 7.2 Sub-sampling the encapsulated carbon 

Micro-excavation and laser-induced oxidation methods can be used for sub-sampling 

silica skins in order to date the carbon in selected layers in the silica. Micro-excavation 

methods have been more successful in yielding graphite targets for AMS dating than the 

laser method, mainly because greater amounts of carbon have been processed. The 

laser extraction system needs refining and enhancing, by increasing surface area 

exposures, maximising focal area reactions and collecting all the released carbon 

dioxide, so that sufficient carbon is extracted from the silica to make graphite targets. 

5. 7.3 Assumptions 

The major assumption of the dating method is that the carbon-bearing substances are 

coeval or contemporaneous with the silica particles that trap them in a skin. While this 

assumption is probably true for algal, bacterial and fungal residues, plant matter and 

insect remains it may not be the case for fine charcoal particles which may have been 

cycled in the environment over a long time. Other assumptions include, continual 

accretion of silica without exfoliation and reformation, and lack of modem and ancient 

contamination. 

5.7.4 Sample size 

The dating method relies on being able .to remove a large enough silica-covered rock 

flake from a surface so that the fossil carbon-bearing substances yield at least 30 µg 

graphite (ideally 100 µg), while maintaining micro-stratigraphic integrity and without 

introducing contamination. In general, a piece of silica skin covered rock measuring 2 

cm by 2 cm should contain the minimum amount of carbon necessary for dating. 

5.7.5 Age for Gnatilia Creek silica skins 

Carbon in basal layers of 1 mm thick silica skins collected off-art at Gnatilia Creek 

have given radiocarbon determinations as old as 11,235 ± 85 years BP. Three slightly 

younger results for similar layers in other samples from one part of the rock shelter wall 

indicate concordant antiquity for the apparent start of silica deposition at those 

locations. Near-surface carbon in silica dated to 825 ± 55 years BP demonstrates 
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conformable accumulation of silica at a rate of 0.088 mm/millennium without 

contamination from seepage water or other sources. 

5.7.6 Age of the Ancestral Figures, Split Rock, Laura 

Surface layers of silica and red hematite paint from an Ancestral Figure gave an AMS 

measurement of 6,530 ± 1380 years BP which is considered to reflect either 

contamination by old carbon or exfoliation, and exposure of old silica beneath a 

painting that was probably made within the last two thousand years. The single dating 

result at this site is not sufficient to determine the antiquity of the ancestral figures, so 

additional studies and AMS results are needed from this site and from other similar 

paintings. 

5.7.7 Age of a single painting, Kakadu National Park 

One sample of carbon-bearing silica from under a painting of a figure which could 

belong to either dynamic figure or Northern Running Figure styles was radiocarbon 

dated to 2,190 ± 230 years BP. The result could reflect either rapid deposition of silica 

or modem contamination of old silica, but until further work is done these rock art 

styles essentially remain undated. 

5.7.8 Age of the Bradshaw Figures, Kimberley region, Western Australia 

Silica associated with red paint from less than 0.1 mm beneath the present surface at the 

Keech Figure site has given an average AMS 14C result of 1,470 years BP. Although 

this age for the Bradshaw Figures is just in the upper limit for their estimated antiquity 

the result is consistent with the average rate of silica accumulation found elsewhere 

(approximately 0.1 mm per thousand years). Additional sites of Bradshaw paintings 

require sampling and dating. 

5.7.9 Nisula paintings, Quebec 

AMS 14c measurements for organics in silica under two paintings at Nisula on the 

upper north shore of Quebec agree with each other, at about 2,500 years BP, indicating 

that the paintings were made after that time. The results conform with existing 

archaeological and palaeo-environmental evidence for cultural activities and landscape 

events at that time. 

5.7.10 Future silica skin dating requirements 

Additional research and method refinements are needed before the FLECS system is 

capable of extracting sufficient quantities of carbon for radiocarbon dating silica skins. 
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AMS 14C measurements can be obtained on graphite made following oxidation of 

fossilised organic matter in silica powders obtained using micro-excavation techniques. 

Particular attention should be focused on: 

• sampling painted rock faces directly using the micro.excavation technique rather 

than removing flakes to avoid causing obvious visual damage, 

• sub.sampling and analysing the silica to ensure that sufficient carbon is available for 

target preparation and to look for evidence of possible contamination, 

• studying off-art silica skin surfaces to document the micro-stratigraphic variability 

and to search for evidence of micro•exfoliations, 

• dating adjacent silica 'layers' to check for confonnability and concordance, and 

• interpreting AMS 14C detenninations of rock art by considering geological 

observations of weathering, exfoliation and silica skin variability as well as relevant 

archaeological evidence. 
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Part C: 

Processes of Formation 
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6. SILICA SKIN REPLICATION EXPERIMENTS 

I had seen natural, transparent silica films protecting some rock paintings from 

deteriorating and I wondered whether artificial coatings could be made to strengthen 

paintings that were exfoliating. I therefore conducted experiments to make artificial 

silica skins so I could compare their optical properties, textures and rates of formation 

with those of natural skins. I was mainly interested in finding the factors that control 

silica skin formation and whether artificial silica skins have similar properties to natural 

skins, but I was also hoping that this research would be the first step towards developing 

a possible rock art consolidant that resembled natural silica skins. 

6.1 Experimental conditions 

Artificial silica-rich solutions can be made using silica glass and silanes76 (Watchman 

1995b ). Silica glass is essentially a solution of silicic acid, (Si(OH)4), made by adding 

water (hydrolysis) to a soluble silicate, or by dissolving silica gel in an alkaline solution. 

Evaporation of water from that solution leads to precipitation of an artificial silica film. 

I prepared silica glass solutions by mixing solid amorphous silica gel (Davisil, Grade 

633, 200-425 mesh) with a 10% w/v solution (weight/volume) of sodium hydroxide 

(NaOH~ Sigma Aldrich ACS Reagent). I also combined aluminium ions from a dilute 

solution of aluminium chloride (AlC13) with the silica glass to make low-aluminium 

silicic acid solutions that formed silica gels with similar compositions to natural silica 

skins, Types I and II. 

Experiments were also conducted using methyl trimethoxy silane (MTMOS, 98% 

grade, Sigma Aldrich) mixed with water alone, and also combined with a catalyst (a 

small quantity of aluminium chloride, AlC13), to speed up the formation of a miscible 

solution ofhydroxylated silane. 

A third set of experiments was made using solutions ofhydroxylated tetra ethoxy silane 

(TEOS, 98% grade, Sigma Aldrich). These were prepared by mixing TEOS with 

ethanol and water and then adding a catalyst consisting of either low (1 :4 v/v = I 

NH4OH: 4 C2H5OH volume/ volume) or high (4:1 v/v = 4 NH4OH: I C2H5OH v/v) 

concentrations of ammonia solution in alcohol. After filtering the solutions to remove 

the white flocculation (silica spheres) the resulting filtrates were used to make silica 

precipitates. Ten millilitres of each of the above solutions were evaporated to dryness 

76Silanes are chemical compounds with the general chemical formula R'Si(OR)3, where R' and Rare 
different alkyl groups (for example, the methyl group CHr, or ethyl group CH1CHi-), and OR is an 
alkoxy group. MTMOS and TEOS are two si1anes. 
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at room temperature (25°C). I also mixed aluminium oxide with the solutions to try to 

produce low-Al silica gels similar to natural skins, Types I and IL 

6.2 Results 

All of the mixtures prepared produced siliceous films, except the undiluted silanes 

(Table• 15). Silica glass produces transparent to translucent films that become 

extensively cracked with dehydration. Tetra ethoxy silane (TEOS) mixed with alcohol 

and water forms transparent, white and opalescent films that also crack extensively on 

drying. Evaporation of the filtrate of TEOS in water using a 1:4 v/v solution of 

ammonia ions/catalyst yields an opalescent film of artificial silica that consists of 

extremely small particles randomly packed in the congealed mass (Fig. l 07). Particles 

precipitated from the 4:1 v/v ammonia/alcohol catalyst mixed with aqueous TEOS are 

less than 50 nm in diameter and on drying the resulting transparent films crack 

extensively (Fig. 108), like many natural silica skins. 

Table 15 List of test mixtures and results using silica glass, TEOS and MTMOS. 

substrateopacity 
r 

Silica glass 
I.Undiluted 

nil 
2. Diluted 1:2 

nil 
3. with added AICl3 

nil 

reflectivity hardness 

transparent semi-gloss 

transparent matt-semi gloss 

translucent semi-gloss 
4. with added AICl3 and alcohol solvent 

nil translucent semi-gloss 

TEOS 

brittle 

brittle 

brittle 

brittle 

1. Undiluted 
nil evaporates without leaving a residue 

2. 1:4 ammonia: alcohol 
nil opalescent semi-gloss brittle 

3. 4: l ammonia: alcohol 
nil transparent semi-gloss brittle 

4. with AICl3 
nil transparent gloss brittle 

5. with added AI2O3 in NaOH, heated 
nil transparent semi-gloss hard 

6. with added AI2O3 in NaOH unheated 
nil white matt soft 

MTMOS 
1. Undiluted 

nil evaporates without leaving a residue 
2. Mixtures of between 33% and 41% water content 

nil grey translucent ring hard 
3. Mixtures of 2, 3, and 4 above with AIC13 

nil grey transparent matt-gloss hard 
4. Mixtures of AIC13 with between 44% and 55% water content 

nil transparent gloss hard 

comments 

intense cracking 

extensive cracking 

cracks, white crystals 

cracks, white crystals 

cracks, white opaque solid 

large cracks 

large cracks, yellow crystals 

pellets, clear around Al2O3 

spongy 

extensive cracks 

extensive cracks 

smooth grey film 
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Additions of Al-ions to the TEOS solutions produced either yellow crystals, hard white 

pellets or soft spongy white deposits that did not resemble natural silica skins. 

Methyl trimethoxy silane (MTMOS) mixed with water forms translucent films that 

crack when the amount of moisture in the mixture is either above 60% or below 33% 

(Fig. 109), otherwise they form smooth grey films. Controlling the moisture levels in 

the mixture to about 50% by volume of water and M1MOS, and adding a trace of 

aluminium chloride as catalyst prior to evaporation produces grey polymer films 

resembling natural silica skins that do not crack, even after drying for a year. 

Figure 107 SEM image of the opalescent artificial silica film formed from evaporation 
of the filtrate of a 1:4, liquid ammonia: ethanol catalytic solution added to TEOS and 
water (scale bar is 2 µm, author's photograph). 
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Figure 108 Pervasive cracking of a transparent artificial silica skin fonned from the 
filtrate of a 4:1 mixture of ammonia solution in alcohol added to TEOS and water (scale 
bar is 0.5 mm, author's photograph). , 

Figure 109 Fractured MTMOS polymer film produced from a mixture of 30% v/v 
water/silane. Initially the film is stable and transparent to opaque, but as drying 
proceeds fine cracks develop and then the film shatters (scale bar is 0.5 mm, author's 
photograph). 
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6.3 Discussion 

While silica glass readily forms silica films on drying the mechanisms of film formation 

in these solutions have not been studied as closely as those using catalysed TEOS 

reactions (van Blaarderen et al. 1992; van Blaarderen and Vrij 1993). When a silane, 

such as TEOS, is mixed with water some of the alkoxy groups hydrolyse making an 

alcohol and a hydroxylated silane (with a single silanol or X-OH group): 

R' - Si (OR)i-OR + H-OH ---> R' - Si (OR)2- OH+ R-OH (l) 

silane water silanol alcohol 

Catalysis of this reaction ( 1 ), takes place in acid and alkali solutions, but uncatalysed 

polymerisation can occur at different relative humidities (Charola et al. 1984). As other 

alkoxy groups on the hydroxylated silane are available for hydrolysis further reactions 

are possible (2), leading to molecules with multiple silanol groups. For example, two 

adjacent hydroxylated silane molecules can combine or 'condense' forming a larger 

molecule with a linking oxygen atom ( a siloxane bond): 

R'Si(OR)i - 0-H + HO-Si(R')(OR)i --> R'Si(OR)i - 0 - Si(R')(OR)i + H20 (2) 

hydroxylated silanes siloxane 

This process of hydrolysis and condensation continues while alkoxy groups and water 

are available, eventually leading to the formation of large three dimensional structures 

bound together by siloxane bonds. Incomplete reactions lead to mixtures of siloxane 

bonded polymers with silanol groups attached. 

Cracking of the hardened silica films is caused by internal stresses created during 

precipitation of amorphous silica (Dobler et al. 1992; Fricke 1993; Propiel 1978). 

Propiel (1978) found that during formation of silica gels chemical bonding between the 

particles increased the rigidity of the gel without changing its structure. During 

dehydration of the three dimensional network of -Si-O-Si-0- bonds in the gel loss of 

water collapses the structure in an irreversible way so that the hardened film cannot 

regain its original swollen, gel-like state when the dispersion liquid is reintroduced. 

For alcoholic solutions of TEOS in water and ammonia growth of polymers proceeds by 

surface reaction-limited condensation of hydrolysed monomers or small oligomers, 

according to reactions 3 and 4 ( van Blaarderen et al. 1992) : 



Si(OC2H5)4 + 

TEOS 

silicic acid monomers 

water 
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+ 
silicic acid monomer 

---> 2SiO2 + 

silica water 

(3) 

(4) 

The TEOS - water filtrate contains silicic acid in polymerised form, that yields very 

small particles from strongly ionised solutions (4:1 v/v ammonia: alcohol, Fig. 110), 

and much larger silica particles form in more dilute ionic solutions (1:4 ammonia: 

ethanol v/v, Fig. 111; van Blaarderen et al. 1992; van Blaarderen and Vrij 1993). Dilute 

solutions of 1 :4 catalyst in TEOS produce large silica spheres ranging from 420 nm to 

585 nm in diameter, that are randomly packed and cemented by fine-grained silica. 

This particle size range and the limited degree of particle packing produces a low 

quality light diffraction grating that gives the film an opalescent appearance. 

According to colloidal gel theory (Schluter 1993), it is necessary to have a critical initial 

cation concentration to provoke clustering of primary particles, and once the critical 

coagulation concentration has been reached primary particles coalesce and flocculate. 

Therefore, clustering of primary particles in artificial silica solutions can be enhanced 

by increasing the cation concentration because this enhances ionic attractions between 

hydroxylated silicic acid molecules (Schluter 1993). 

The concentration of catalytic ammonia ions, used with TEOS, determines the particle 

size at which colloidal stability is reached, and in low ionic concentrations the silica 

particles soon become very stable. Clustering of particles stops relatively early because 

the available sites of ionic attraction have been used up and a large number of particles 

only grow to a small size (van Blaarderen et al. 1992). The film that forms is therefore 

thin and transparent. In contrast, at high catalytic ioni~ concentrations aggregation 

continues for a longer time and the particles grow to a large size. An opaque unstable 

film is produced because the high surface tensions between aggregated particles leads to 

a build up of stress that results in intensive cracking (Fricke 1993). Transmission 

electron microscope observations reveal fine particle size in TEOS films that lack silica 

particle packing structures (Figs 110 and 111 ). Natural silica skins may therefore form 

by evaporation of water from silicic acid solutions containing ionic components in 

various concentrations. 
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Hydrolysis reactions of MTMOS initially pass through a silanol monomer stage and 

then subsequently condense or bridge between two silanol monomers. Ultimately, with 

continued hydrolysis and condensation a cross-linked siliceous polymer forms, 

according to reaction 5 : 

OCH3 OCH3 OCH3 OCH3 
I I I I 

CH3--Si---O---Si--CH3 + CHr-Si---O---Si--CH3 --------> 
I I I I 
OCH3 OCH3 OCH3 OCH3 

condensation of two Si-O-Si bridged dimers 

CH3 CH3 CH3 CH3 
I I I I 

-O---Si---O---Si---O---Si---O---Si--CH3 
I I I l 
0 0 0 0 
I I I I 

CH3--Si---O---Si---O---Si---O---Si---O-

I I I I 
0 CH3 CH3 CH3 

cross-Jinked polymer (5) 

Acids and bases can be used to catalyse the polymerisation and condensation processes 

ofMTMOS (Eabom 1960, 255-264~ 301-304), but in rock art conservation applications 

the strengths of acid and base catalysts and their potential reactions with minerals need 

careful considerations before they are used. The rate of the condensation process is 

controlled by concentration of the introduced catalyst, and in 'high' concentrations there 

is a tendency for unreacted methoxy and silanol groups to be included in the structure 

(Charola et al. 1984, 180). These structural 'impurities' produce stresses during 

condensation which cause the solidified polymer to break up. At 'low' concentrations, 

as used here with aluminium chloride (5 mg/1), these potential problems are not 

apparent because reactions are slower allowing conversion of silanol to siloxane groups. 

Unreacted methyl groups may lead to long-tenn instability problems if such films are 

used as surface consolidants, and this requires further investigation in the future. 
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Figure 110 TEM image of crushed transparent film particles obtained by mixing liquid 
TEOS with a catalyst composed of ammonia and ethanol in a ratio of 4: 1, and 
evaporating the filtrate. Note the clustered globules, especially in the lower left centre 
(scale bar is 50 nm, author's photograph). 
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Figure 111 TEM image of a cluster of pulverised particles from an evaporated filtrate 
of TEOS, water catalysed by a dilute solution of liquid ammonia and alcohol ( scale bar 
is 20 nm, author's photograph). 
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The experiments reveal that silica films can be deposited by evaporation of the 

supporting fluid from artificial silica-rich solutions of moderate to high ionic strength. 

The films are thought to form in the following way. Primary spherical particles of silica 

continually form during constant evaporation of water from solution, and eventually 

begin to pack densely together when their concentration reaches a critical point (Dobler 

et al. 1992). Aggregation of primary silica particles occurs around nucleating charged 

centres and, where the ionic strength of the solution is low, the particles flocculate 

without packing closely together and a weak, brittle film forms. As the rate of 

evaporation decreases fewer primary silica particles come together and the polymerised 

residual liquid fills the available pore spaces. With higher temperatures, evaporation 

increases, enhancing the rate of aggregation. Random deposition of clustered 

aggregates begins when the aggregates either become too dense for the supporting 

medium or when they collide with and adhere to a surface. The resulting gel, consisting 

of packed silica particles and liquid, matures with time by dehydrating so that both its 

mechanical strength and permeability decrease. Cracking inevitably occurs because of 

the accumulated stresses in the gel caused by surface tension between particles and the 

remaining fluid (Fricke 1993). 

Transparent, translucent, opalescent or white films form because of specific conditions, 

either resulting from the chemistry of the ingredients, the strength of the catalysing 

ionic solution, the degree of hydration, and/or the rates of evaporation and precipitation 

of the liquid and silica, respectively. Aluminium ions in solution act as catalysing 

centres providing large positive attractions which facilitate polymerisation and 

condensation reactions of the hydroxylated silica species. While Al and ammonia ions 

have been used in this study other ions could also be used to stimulate hydrolysis of 

silanes. The type of ionic species is not as important as its concentration because high 

ionic strength leads to rapid condensation and production of weak opaque films, 

whereas low concentrations initiate slow polymerisation that lead to transparent gels 

and films. 

Artificial silica films made by mixing various components in solution and then 

evaporating the liquid possess similar optical, mechanical and structural properties to 

those observed in natural silica skins. The experimentally determined factors identified 

above indicate that both environmental conditions and water chemistry affect the 

formation and properties of natural silica skins. 
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6.4 Summary 

6.4.1 Artificial film formation 

Evaporation and catalysis of siliceous solutions in the laboratory has demonstrated that 

translucent, transparent, opalescent and opaque silica films can be produced artificially. 

Environmental conditions that influence evaporation affect reaction rates, and the faster 

the rates of hydrolysis and clustering the smaller the aggregates of silica particles 

become. 

6.4.2 Implications for natural silica skins 

The implications arising from these experiments for natural silica skins are that the 

ionic strength of runoff and seepage water combined with the evaporation conditions 

determine the optical properties and structures of natural silica skins. Silica-rich 

solutions containing high ionic concentrations therefore produce white opaque silica 

films, whereas low ionic solutions lead to brittle translucent skins. 

6.4.3 Cracking of silica films and skins 

Dehydration of artificial silica films causes an irreversible structural change so that 

aging of natural silica skins with associated loss of water is also likely to lead to severe 

fracturing of the hardened skin. 
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7. PROCESSES OF SILICA SKIN FORMATION 

The principal model that is generally proposed for silica skin genesis involves 

precipitation of silica from solution ( Curtiss et al. 1985; Fisk 1971; Robinson and 

Williams 1992; Watchman 1992; Weed and Norton 1991), but deposition from a 'gel' 

(Krauskopf 1956; 1979), involvement of micro-biological activity (Ferris et al. 1986), 

freezing (Wada and Nagasato 1983) and other combination mechanisms (Ireland 1959) 

have also been suggested. I now briefly describe reports of siliceous rock surface 

coatings and the mechanisms proposed for their formation. 

Siliceous 'desert glaze', a thin, colourless, transparent, highly lustrous coating covers the 

upper surfaces of certain dense, siliceous pebbles in the Sahara Desert of North Africa 

(Fisk 1971 ). According to Fisk, this type of silica 'glazing' has formed by repeated 

dissolutions of minute quantities of silica from the host rock by the action of dew, 

followed by rapid deposition. 

A layered aluminium silicate deposit, compositionally different from the underlying 

rock, is developed over painted rock surfaces at Agawa Bay, Canada (Myers and 

Taylor 1974). Chemical weathering of the underlying granitic substrate was not 

considered significant in layer formation because the Al/Si ratio was opposite to that 

expected from the progressive weathering of feldspars. These authors concluded that 

the components in the layers were derived from groundwater containing leached soluble 

cations that were produced by the weathering of granite. Evaporation of the slowly 

trickling water, derived from fissures above the sampling location, decreased the 

solubility of the less soluble ions (Al, Si and Ca), and when the respective saturation 

limits were reached the insoluble components precipitated on the rock face. A thin 

silcrete skin, much richer in Si than Al, was developed on the rocks over a period of 

years. 

Walston and Dolanski (1976) have described silica and iron-rich accumulations, 

'silcrete skins', on sandstone rock faces at Mootwingee and Mount Grenfell in western 

New South Wales. The thickness of the skins, less than 0.5 mm thick, in that semi

desert region was thought to be a function of the permeability of the rock, the 

evaporation rate at the rock surface and the pH of the silica-rich solution. They 

attributed the formation of the coatings to processes operating during wet periods when 

"iron oxides and minor silica in solution, and kaolinite and illite in 
suspension, are carried through the rock by percolating water to the 
undersurface of the overhangs. Repeated wetting and drying 
progressively deposits these substances as coatings on the rock surface" 
(Walston and Dolanski 1976, 7). 
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In a subsequent article, Dolanski reiterated his previous geological observations and 

stated that "the formation of a silcrete skin is a function of rainfall" (Dolanski 1978, 

35). He believed that the silica solutions responsible for silcrete skin formation were 

derived by the chemical weathering of feldspars. 

Folk ( 1978) described scabby, 'turtle-skin' siliceous crusts on sand grains in the 

Simpson Desert, South Australia. The coatings, about 0.5 µm high and 1-2 µm wide, 

occurred uniformly on all sizes of sand grains, and on concave and convex surfaces. He 

attributed the formation of the scabs to dissolution of silica in opal phytoliths by dew 

and sporadic rains. The resulting solution was thought to have migrated into the dunes, 

from where the water slowly evaporated, leaving silica scabs. High temperatures, 

dehydration and aging gradually converted the initial opaline deposit to microcrystalline 

unoriented quartz. 

Lambert (1979) briefly reported the discovery of pure silica acting as a natural rock 

consolidant over Aboriginal charcoal drawings in a sandstone shelter near Gosford, 

New South Wales .. The range of glossy, transparent to opaque, milky-white types of 

coatings that formed within rock shelters were thought to have developed by 

mechanisms involving the evaporation of slowly trickling seepage water. 

I have observed finely laminated sheets of translucent to white silica skins formed over 

rock substrates in seepage areas and brown skins, compositionally different to the 

others, occurring in runoff zones (Chapter 2). Deposition of amorphous silica ( opal A) 

in both sorts of skins appears to be related to processes involving surface water. The 

petrographic, compositional, structural and replication experimental evidence presented 

above (Chapters 2, 3, 4 and 6) strongly suggests that silica skins are not formed from 

solutions that flow directly out of the rock immediately underlying the skin 

(exudations), as proposed by Walston and Dolanski (1976) for silcrete skins at 

Mootwingee, but that they are surficial chemical precipitates, or accretions formed by 

deposition from water that flows across stable surfaces. 

I therefore propose a process for silica skin genesis involving dissolution of silica from 

siliceous source rocks, transportation of soluble silica in an aqueous medium and 

precipitation of amorphous silica ( opal-A) from that solution during evaporation of 

water. I have arrived at that conclusion after examining the following questions. 

Where does the silica come from? How is the silica transported? How is amorphous 

silica precipitated? These questions are answered in this chapter by considering the 

chemical dissolution of rock forming minerals, the solubility of silica in aqueous 

solutions, the amount of soluble silica measured in natural waters and the processes of 

polymerisation, aggregation and precipitation of amorphous silica. 
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7.1 Sources of silica 

As silica skins are fonned on sandstone, quartzite, granite, gneiss, schist and basalt the 

chemical weathering of their siliceous minerals would seem integral to the production 

of silica-rich solutions, but their sources may be remote from the site of silica 

deposition. Dust may be a local source of silica-rich minerals, as for example in Hawaii 

(Curtiss et al. 1985), but the skins there are characterised by having residual particulate 

matter enclosed by silica films. In all the skins described in Chapter 2 only one 

contained tiny quartz particles (from the Long Quinkan Figures at Split Rock, SR4), 

indicating that in-situ fonnation of silica skins from dust is not the universal mechanism 

by which soluble silica is generated. 

Seepage water may have been in contact with siliceous minerals in an aquifer for a long 

period before reaching the surface so even slow dissolution of silica could produce 

silica-rich solutions. In contrast, runoff water may only be in contact with weathered 

rock fonning minerals at the surface for periods lasting minutes or hours, and only rapid 

dissolution of silica from those rocks can lead to silica-rich solutions. Factors 

governing the solubility of silica in these solutions are critical for silica skin fonnation 

and agents likely to affect precipitation of silica are investigated below. I now tum 

specifically to the chemical weathering of amorphous silica, quartz, feldspar and mica 

(the major siliceous components in rocks in close proximity to sites of silica skin 

deposition), before considering possible factors and potential conditions that influence 

the rates of silica dissolution and precipitation. 

7 .1.1 Dissolution of amorphous silica 

Water that finds its way along capillary pathways into silica-cemented sandstones 

dissolves amorphous silica congruently77 to fonn undissociated silicic acid, H4SiO4 
(aq) 78 (Rimstidt and Barnes 1980~ Williams et al. 1985, 303). The pH of a solution 

influences the rate of amorphous silica solubility (Beckwith and Reeve 1963), and in 

solutions with pH values greater than 9 appreciable amounts of silicate ions exist, but in 

more acidic solutions silicic acid is essentially un-ionised because the dissociation 

constant is low (K1 10-9-9, Yariv and Cross 1979, 264). 

77 Congruent dissolution occurs where "there is a rapid succession of dissociation reactions of the bonds 
between constituent ions of the parent crystalline framework before the appearance of a secondary 
mineral" (Nahon 1991, 42). In contrast, incongruent clissolution occurs where "the succession of these 
reactions takes place during a span of time sufficient to allow the differentiation of weathering minerals, 
which takes into account a portion of the parental crystalline framework" (Nahon 1991, 43). 
78Undissociated silicic acid can also be expressed as Si(OH)4° (Fig. 112). 
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Figure 112 Un-ionised and ionised silica species as percentages of total silicon in 
solution at different pH (from Applin 1987, page 2148). Silicic acid monomer, 
Si(OH)4 °, is the stable form of dissolved silica in solutions of low pH, but as the pH 
increases SiO(OHh- and Si02(0H)i_,become the dominant dissolved species (ionic 
species shown as dashed lines are possible intermediate forms in solution). 
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Figure 113 Solubility of amorphous silica as a function of pH ( after Krauskopf 1956). 
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Dissolution of amorphous silica in water proceeds through a two-step process. Initially 

silicic acid molecules are chemically absorbed on an hydrox.ylated silica surface 

(Fleming 1986; Knauss and Wolery 1988, 45): 

0 

II 
-Si-0-Si--OH(solid) + H20 --> -Si--O-Si(OH)3(solid) 

hydroxylated silica chemically absorbed silicic acid 

(1) 

and then reaction of the chemically absorbed silicic acid with an additional water 

molecule produces soluble silicic acid as well as another hydroxylated silica surface: 

chemically absorbed silicic acid silicic acid 
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The solubility of amorphous silica in water varies depending on the prevailing 

conditions, from about 60 mg/l (Walther and Helgeson 1977), 108 mg/lat 25° C 

(Greenberg and Price 1957), t 15 mg/I in neutral solutions (Morey et al. 1964) to 130 

mg/I (Iler 1979). Solubility increases with increasing temperature, from 60 to 80 mg/l 

at 0°C to between 100 and 140 mg/1 at 25°C (Yariv and Cross 1979, 266). Amorphous 

silica solubility barely changes in acidic conditions, but it increases rapidly above pH 9 

(Fig. 113; Krauskopf 1956; Williams, Parks and Crerar 1985). In supersaturated 

solutions with pH between 4 and 8, dissolution and polymerisation reactions of 

amorphous silica are related to the effect of pH on the surface charge of the colloidal 

silica particles (Fleming 1986). 

The solubility of amorphous silica is also strongly influenced by Al3+ and Mg2+ ions in 

solution, as well as the presence of sodium chloride (Wey and Sieffert 1961; Fig. 113 

(pH only), Fig. 114 (At3+ and pH) and Fig. 115 (Mg2+ and pH)). Significant decreases 

in silica solubility occur at neutral and high pH values under the influence of these 

cations. In groundwaters typically associated with silica skin fonnation, with pH values 

less than 5 (Tables 3 and 5), the effect created by the loss of Al3+ from solution is to 

reduce considerably the solubility of silica· (Fig. 114 ), and silica precipitation is likely to 

occur. 

Figure 114 Solubility of amorphous silica in the presence of Al3+ as a function of pH 
(after Wey and Sieffert 1961). 
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Figure 115 Solubility of amorphous silica in the presence ofMg2+ as a function of pH 

(after Wey and Sieffert 1961). 
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The rate of dissolution of non-aluminous amorphous silica in water in laboratory 

experiments is rapid, reaching more than 50 mg/1 in one day (Y ariv and Cross 1979, 

268), but amorphous silica is protected against dissolution even under generally 

favourable conditions when it contains multivalent ions, especially chemically absorbed 

aluminium (Boehm and Schneider 1962; Lieflander and Stober 1960). Alumino-silica 

skins that I have identified are therefore chemically stable once they have been 

precipitated. Biogenic opal dissolves at different rates depending on the solution . 
temperature, degree of silica saturation, available .surface area and whether a protective 

surface film covers the organism's exterior (Hurd 1972). 

7.1.2 Dissolution of quartz 

Quartz is found as grains and cement in sandstone and quartzite, and as crystalline 

phases in granite, gneiss and schist. Reaction mechanisms on the surface of quartz 

control silica dissolution during chemical weathering of quartz (Aagaard and Helgeson 

1982; Rimstidt and Barnes 1980; Wood and Walther 1983). When quartz is immersed 

in water it dissolves slowly in a two step process (Knauss and Wolery 1988, 44). 

Initially a disturbed layer (or activated complex*, see equation 3 below) forms on the 

surface and then this disturbed layer of amorphous character readily dissolves by slow 
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partial dissolution of surface Si atoms, forming silicic acid and leaving a thin vitreous 

layer of silica: 

(3) 

quartz activated complex 

followed by (4) 

activated complex silicic acid 

The aqueous solubility of quartz also varies according to the conditions ( 10 mg/1, 

Krauskopf 1967; 3 to 5 mg/1, Livingstone 1963; 0 to 30 mg/I, Yariv and Cross 1979, 

271 ), with the rate of the quartz-water reaction and formation of monosilicic acid being 

controlled by the strength of the Si-0 bonds (Rimstidt and Barnes 1980, 1690), and by 

the decomposition of the critical activated solid complexes on the surface (Aagaard and 

Helgeson 1982; Knauss and Wolery 1988). Although these complexes generally have 

the form -O-Si(OH)3 their stoichiometry changes in response to pH variations in the 

solution (Applin 1987). 

In very alkaline solutions, above pH 11, the critical activated complex may assume a 

very different form, such as SiO(OH)3• (see Fig. 112), and dissociation of monomeric 

silicic acid may occur (equations 5 and 6, Aston 1983, 79): 

H4Si04° 
monomeric silicic acid 

(5) 

(6) 

The process of quartz dissolution consists essentially of sequential hydration of siloxane 

(Si-0-Si) groups to form silanol groups (Si-OH), and then to the production of 

chemically absorbed silicic acid ( Gratz and Bird 1990 ). Reactions readily take place at 

structural defects on the surface of quartz because the irregular bonding of silicon to 

oxygen, especially at silanol bonds, provides points of higher energy levels, and this 

surplus energy facilitates hydration. 

Although quartz solubility in.unsaturated solutions increases continuously with 

increasing pH over the pH range 4 to 10, at pH values above 8 the solubility of quartz 

depends on the alkalinity of the solution (Henderson et al. 1970; Knauss and Wolery 

1988; Wey and Sieffert 1961; Wood and Walther 1983), suggesting that the hydroxyl 

ion is involved in the formation of critical activated complexes. Below pH 6 the rate of 

quartz dissolution is independent of pH (Knauss and Wolery 1988, 50). 



219 

Decreasing the particle size of quartz grains also affects their dissolution rate because 

smaller particles have higher surface free energies related to the increased proportion of 

exposed crystal defects (Holdren and Speyer 1985). Quartz dissolution also increases 

with increasing amounts of sodium chloride because Na-Si complexes readily form in 

solution (Van Lier et al. 1960) - a situation observed by Young (1987) in cavernously 

weathered sandstones near the ocean. Silica is also released rapidly into solution during 

reactions between quartz and ferrous iron under fluctuating oxidising conditions, 

typically caused by seasonal changes in wet and dry conditions, as in tropical areas 

(Morris and Fletcher 1987, 559). 

Amorphous silica is more susceptible to dissolution than quartz because there are more 

hydrophilic silanol groups on the surface, and these are more likely to undergo 

hydrolysis. 79 These silanol groups provide sites which interact with molecules or 

functional groups possessing electron densities locally concentrated on the periphery. 

Hydrogen bonds form between the silanol group and these charged components and a 

liquid-product layer of activated complexes develops, enhancing dissolution of the 

solid. Therefore, as amorphous silica carries a high proportion of surface silanol groups 

it is more soluble and dissolves more rapidly than crystalline quartz and silicates which 

have high proportions of hydrophobic siloxane groups on their surfaces (Fig. 116; Yariv 

and Cross 1979). 

Figure 116 Rate of solubility of amorphous silica, opal, cristobalite and quartz (after 

Wey and Sieffert 1961). 

79Silanol groups at the surface of minerals are weakly acidic (pKa of 9 to I 0), and the isoelectric point 
(the pH at which the electrokinetic potential is zero) is lower for amorphous silica than for quartz, 1.8 
compared with 2.2 (Yariv and Cross 1979). 
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7.1.3 Dissolution of silica from feldspars 

Feldspars occur as primary silicate minerals in granite, gneiss and various volcanic 

rocks, and also as clasts in sandstone and other detrital sediments. They have a three

dimensional framework structure of SiO 4 and AlO 4 tetrahedra in which all oxygen 

atoms of each tetrahedron are shared with an adjacent tetrahedron. Bonding between 

the major atoms is either equally ionic and covalent, as in Si-O bonds, or mainly ionic 

as in Al-O bonds (up to 63% ionic, Nahon 1991, 9). Consequently, it is much more 

difficult to break Si-O bonds because of their strong covalent nature. As a result those 

feldspars that contain high proportions of Al-O bonds are the most susceptible to 

chemical weathering. 

Hydrolysis of feldspars occurs most readily at sites of excess energy on their surfaces, 

such as Al3+ impurities (West et al. 1973), and crystallographic structural defects 

(Bemer and Holdren 1977; Winkler 1973 ). As a consequence of these non-uniform 

surface features, the area actively dissolving (the effective surface area), may be 

significantly smaller than the total mineral surface area (Knauss and Wolery 1988, 45). 

In general though, the internal surface area and average pore size of a rock can be 

directly correlated with the response of that rock to weathering (Hudec 1977). 

In experimental studies of the dissolution of feldspars immersed in an aqueous solution 

at room temperature and pressure, Busenberg and Clemency (1976) found three distinct 

stages in the release of silicic acid. Initially the rate of silica release is controlled by the 

loss of cations, and the duration of this process is affected by the content of anorthite in 

the feldspar (abbreviated as An; CaA12Si2O8; Heinrich 1965, 348). Focus of these 

reactions is at dislocations, twin boundaries and other high strain regions (Eggleton and 

Buseck 1980), with formation of a non-crystalline aluminosilicate around the edges of 

etch pits (Eggleton and Smith 1983). Reaction times for silicic acid generation become 

longer as the concentration of An increases because more metastable tetrahedrally

coordinated Al ions exist at the expense of stable, tetrahedrally-coordinated silicon (Fig. 

117). While Al is lost relatively easily from An-rich feldspars, Si is more difficult to 

dissolve. 

In the second stage of feldspar dissolution silicic acid either diffuses across a thickening 

surface residual layer of secondary products (Helgeson 1971; Luce et al. 1972; Wollast 

1967), or dissolves during the collapse of the feldspar surface (Paces 1973). In the last 

stage, silicic acid is released from the interface between the liquid and the secondary 

product layer at the same rate as secondary products form (Paces 1973 ). 
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Figure 117 Release of silicic acid from feldspars as a function of the square root of 
time, determined experimentally by Busenberg and Clemency (1976, 45). The duration 
of the initial stage (marked by arrows), varies as a function of the anorthite content of 
the feldspar. 
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At low pH, aluminium and alkaline cations are removed from feldspars in preference to 

silicon, whereas in the pH range of 5 .5 to 6 all cations are released at approximately the 

same rate during stoichiometric dissolution (Nahon 1991, 14). The controlling 

mechanism( s) for stoichiometric dissolution of feldspars is uncertain because Holdren 

and Speyer ( 1985) consider solution pH as the predominant factor whereas Chou and 

Wollast (1984, 1985) regard the diffusion of reactants and products across the residual 

layer and surface reactions at the solid-liquid interface as the fundamental processes. In 

the latter case, the residual layer is confined to zones around places of excess energy, 

such as scratches, point defects, twin boundaries and dislocations. The residual layer is 

not a uniform protective coating because it does not restrict dissolution reactions 

(Eggleton 1987). 
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Incongruent dissolution of calcic feldspar at low pH yields soluble ions and silicic acid, 

and leaves clay: 

calcic feldspar water soluble ions silicic acid clay 

whereas congruent dissolution at higher pH produces a solution of soluble ions and 

silicic acid: 

(8) 

calcic feldspar water soluble ions silicic acid 

Aluminium is lost relatively rapidly during congruent dissolution of feldspars until the 

readily available (soluble) Al from susceptible Al-O tetrahedra has been removed 

(Eggleton and Smith 1983, 49), then the process occurs much more slowly. Increasing 

chemical dissolution of clay, left behind during incongruent dissolution, liberates more 

aluminium and silicon, probably through changes in the relative activities of H+ and 

H30+ in solution (Nahon 1991, 42). 

7.1.4 Dissolution of silica from micas 

Micas are sheet silicate minerals that occur in granite, gneiss and schist, and more 

rarely as detrital flakes in sandstone. The SiO4 tetrahedra in the sheet structure of 

micas are arranged so that each tetrahedron shares three oxygen atoms with its 

neighbour. Hydroxyl groups are oriented in one of two ways with respect to the sheet 

plane or basal cleavage, making either a dioctahedrat80 or a trioctahedraI81 mica. In 

trioctahedral micas (for example biotite), the H+ of the hydroxyl radicals are repulsed 

by K+ located in close proximity, but in dioctahedral micas (such as muscovite) there is 

a tendency for the hydroxyl group to 1shift' towards the open octahedral gap, becoming 

oriented parallel to the plane of the sheets. The interionic repulsions between K+ and 

W in trioctahedral micas concentrate energy that forms a focus facilitating hydration 

and bond disruption (Nahon 1991, 28). In contrast, the large K+ ions in dioctahedral 

micas are more strongly connected making them less vulnerable to weathering. 

Dissolution of silicon from micas is incongruent, with cations in octahedral positions 

being more soluble than silicon in tetrahedral sites (Nahon 1991 ). The surface area of 

mica in contact with water, in addition to the hydroxyl group orientation and the ratio of 

80:oioctahedral refers to a structure in which only two thirds of the possible octahedral positions of 
aluminium are occupied by other cations (Dictionary of Geological Terms 1962, 136). 
81Trioctahedral refers to a structure where all possible octahedral positions in the crystal are occupied by 
Mg, Fe, Cr or Zn (Dictionary of Geological Terms 1962, 512). 
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octahedral to tetrahedral sheets, also determines the amount of silicon dissolved from 

mica (Nahon 1991 ). 

The rate of silicon released into solution varies between mica species. For example, the 

concentration of silicic acid produced by chemical weathering of phlogopite (a 

trioctahedral mica) never reaches saturation in amorphous silica, whereas amorphous 

silica saturation is reached after 740 hours and 30 minutes for talc and antigorite 

(dioctahedral micas), respectively (Nahon 1991, 30). 

7.1.5 Role of organic compounds in silica solubility 

Although the literature available on the inorganic and ceramic chemistry of silica, 

silicates and silicic acids is large (see reviews in Eitel 1964; Levin et al. 1961), 

knowledge about accepted biochemical reactions and pathways of silicic acid is rather 

scarce (Krumbein 1983). Organic compounds readily react with impurities on the 

surface of quartz forming silico-organic complexes (Yariv and Cross 1979), and these 

soluble complexes increase the rate of silicon loss. 

Silicic acid forms complexes with proteins such as albumin, gelatin and pepsin (Clark 

and Holt 1957; Holt and Went 1959), and water stable esters form between silicic acid 

and catechol, quercetol and tannic acid (Weiss et al. 1961, 1993). Addition of amino 

acids and urea to suspensions of quartz powder markedly change the rate of silica 

dissolution (Holza_pfel 1953). Bennett and Siegel (1987) were surprised to find that 

dissolution etching of quartz had taken place in ground water containing high levels of 

dissolved organic carbon despite the fact that the water was supersaturated with respect 

to silica. They attributed this phenomenon to a decrease in the activity of monomeric 

silicic acid caused by formation of organic acid-silica complexes. Furthermore, they 

also observed that complexes fom1ed between organic acids and silica contributed to 

the mobilisation and transport of silica in quantities greater than expected (Bennet and 

Siegel 1987). Their work was supported by later studies in which quartz and 

aluminosilicates were found to dissolve readily in anoxic, organic-rich solutions 

maintained in neutral pH environments (Bennett et al. 1988 and 1991 ). However, at 

lower pH the dissolution of amorphous silica, quartz and aluminosilicates was found to 

decrease because the organic acid-silica complexes were unstable. 

Amorphous silica solubility increases in the presence of sodium organic salts (Y ariv and 

Cross, 1979), and catechols (derivatives of 1,2 dihydro:xy benzene found in humic 

substances, Barnum et al. 1973). In the presence of plant extracts silica may dissolve to 

at least 320 mg/1 (Lovering, 1959), considerably higher than in pure water. 
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7.2 Silica in solution 

7.2.1 Silica in seepage, runoff and river waters 

Just how much silica is dissolved in surface waters? The range in concentration of 

silica in surface waters measured at different places around the world is considerable, 

depending on the influences ofrainfall and rock type (Table 16). The amount ofrain 

that falls in a catchment area determines, for the most part, the volume of water that is 

available to flow across rock surfaces, and is therefore able to participate in chemical 

weathering processes. Whether the resulting solution is saturated or unsaturated with 

respect to silica is partly controlled by the volume of that solution: large volumes will 

generally be unsaturated whereas small quantities are potentially saturated or 

supersaturated. An example of this effect occurs at Nanguluwurr, Northern Territory, 

during the dry season when water volumes are low and the silica concentration in 

seepage water is relatively high (Tables 5 and 16). 

Table 16 Concentrations of silica (SiO2) measured in laboratory experiments and in 
surface waters sampled at different locations throughout the world. 

µg/1 Si02 Laboratory experiments 
6 - 12 water in equilibrium with quartz at room temperature, Davis 1964. 

100-140 water in equilibrium with silica gel and amorphous silica at 25°C, Davis 1964. 
mg/I Si02 Sampling location, average annual precipitation (where appropriate) 

3 Granite, Norway, 1250 mm, Nahon 1991. 
3.9 fresh water lakes, Aston 1983, 83. 
4.3 Rio Negro river water, Brazil, Konhauser et al. 1992. 
5.9 Migmatite, southern France, 680 mm, Nahon 1991. 

6 quartzose sediments dissolved by rain water, Thiry and Milot 1987, 345. 
8.6 groundwater, Henderson 1984. 
9.2 Granite, eastern France, 850 mm, Nahon 1991. 

11 . 5 Granite, southern F ranee, 680 mm, N ahon 1991. 
14 Amphibolite, southern France, 640 mm, Nahon 1991. 

14.97 Average river water in world, Konhauser et al. 1992. 
16 Basalt, Madagascar, 1500 mm rainfall, Nahon 1991. 

18.4 Wet season seepage, Nanguluwurr, Kakadu National Park, Clarke and North 1991. 
20 Migmatite, Ivory Coast, 540 mm, Nahon 1991. 
23 Average Gnatilia Creek seepage water, this study. 

23.2 Average river water, Aston 1983, 83. 
25.67 Dry season seepage, Nanguluwurr, Kakadu National Park, Clarke and North 1991. 

363 Hot springs, Yellowstone National Park, Hem 1985, 70. 

The kind of rock type and the porosity, permeability and degree of fracturing and 

jointing influences how many siliceous surfaces and minerals are exposed to chemical 

weathering~ These factors, together with the different dissolution rate for each siliceous 

minerals, affects the amount of silica dissolved by water as it flows through rocks and 

across their surfaces. 
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The total quantity of silica exported in solution from a catchment area is related directly 

to the amount of runoff, as calculated by Davis and DeWeist (1966) for desert and 

humid areas. Less than 0.01 mg/cm2/year of silica was estimated as lost from desert 

areas compared with more than 2.0 mg/cm2/year in humid mountains. They also found 

that an increase in total dissolved solids increased the rate of silica dissolution, but not 

the final equilibrium solubility of silica. 

Equilibrium between silicic acid solutions and modified surfaces of silica phases, clay, 

and aluminium and iron oxides probably explains the observed levels of soluble silica 

(Beckwith and Reeve 1963), but many natural non-alkaline waters contain 

concentrations of dissolved silica well in excess of the equilibrium solubility of quartz. 

This apparent supersaturation with respect to quartz is often attributed to the relatively 

rapid hydrolysis of alumino-silicate minerals compared with the slower reaction of 

quartz (Morris and Fletcher 1987). However, as long as the activity of dissolved silicic 

acid exceeds the equilibrium solubility, further dissolution of quartz does not occur. 

~ 

Concentrations of silica in ground and surface solutions invariably change with time in 

response to the dynamic influences of various geological and environmental conditions. 

Although mineralogy, surface chemistry, leaching potential, clay mineral equilibria 

reactions, and variations in biochemical activity, pH, adsorption effects, water regimes 

and temperature affect the dissolution and precipitation of silica (Milnes and Twidale 

1983, 402), the most important factor controlling silica concentration in groundwater is 

the rock type in contact with the water (Wilding et al. 1977). This theoretical 

conclusion is supported by analyses of seepage waters from Gnatilia Creek and 

Nanguluwurr (see Tables 3 and 5), which indicate that silica concentrations vary 

according to the season and the local rock type. Because groundwater and surface 

water with pH near 7 contain comparatively low concentrations of soluble silica 

(approaching values for the equilibrium solubility of quartz), surfaces with neutral pH 

are potential places for silica deposition. 

7.3 Precipitation of silica from solution 

Acidic groundwater seepages and runoff water carry soluble silica in the form of 

monosilicic acid, and these solutions are very stable unless supersaturated with respect 

to amorphous silica (Krauskopf 1956 and 1979). Factors that initiate precipitation of 

silica from these solutions include decreasing the pressure acting on the solution ( a 

sudden pressure change at an aquifer seepage point, Tardy and Monnin 1983, 326), loss 

of water through evaporation ( air temperature and humidity changes), and precipitation 

of polyvalent cations such as aluminium (by microorganic absorption and crystallization 

as insoluble phosphate and sulphate salts). 
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Once silica solubility is decreased and the concentration of monosilicic acid reaches the 

limits of silica saturation polymerisation, condensation and aggregation can take place 

in the liquid leading to formation of a sol82, then a silica gel83, and finally precipitation 

of molecular silica. However, silica may persist in solution in ground water in contact 

with quartz even though the dissolved concentration is far above the saturation 

concentration for quartz (Keller 1977). 

7.3.1 Polymerisation 

Polymerisation, defined as the joining of identical molecules to form larger ones 

without altering the total chemical composition84, is the primary process leading to the 

deposition o( amorphous silica from solutions containing silicic acid. Single silicic acid 

molecules (monomers) condense, or cohere to each other, in such a way that complex 

silica-rich polymers form. The simplest case of polymei:isation involves formation of a 

dimer, Si2O(OH)6, from two silicic acid monomers, as in equation 9 below (Applin 

1987, 2150). One of the driving forces for this reaction is loss of water by evaporation 

of the solution. 

(9) 

monomer dimer water 

Silica polymers exist in alkaline solutions as well as in acid solutions (Alvarez and 

Sparks 1985~ Bishop and Bear 1972; Rothbaum and Rhode 1979). For example, 

solutions of 1.6 mM SiO2 at pH 7.2 contain about 6% dimer (Carey et al. 1982). 

Although more complex polymers are suspected in neutral to acidic solutions, they 

apparently become significant only at much higher total dissolved silica concentrations 

(Iler 1979). 

The rate of polymerisation is strongly pH dependent with a maximum rate occurring 

between pH 6 to 8 and a minimum between pH 2 and 3 (Crerar et al. 1981). The 

diffusion of dissolved silica through the solution is a function of both the total dissolved 

silica concentration and the nature of the silica species in solution at a particular pH 

(Fig. 112; Applin 1987, 2151). In dilute, mildly acidic solutions, where monosilicic 

acid is the dominant form of dissolved silica the diffusion coefficient is twice as large 

as that in strongly ionic, alkaline solutions. Furthermore, even at low concentrations of 

total dissolved silica the diffusion coefficient is sufficiently large to make 

82 A sol is a colloidal dispersion of a solid in a liquid, where the particles generally range from 10-5 to 10-7 

cm in diameter (Dictionary of Geological Terms 1962, 460). . 
83 A gel is a jelly-like material formed by coagulation of a colloidal dispersion (Dictionary of Geological 
Terms 1962, 202). 
84Definition from the Dictionary of Geological Terms 1962, 392. 
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polymerisation highly significant. In dilute solutions very small hydrophilic polymers 

are obtained that form colourless, transparent colloidal solutions, whereas the polymers 

obtained from concentrated solutions are large and hydrophobic (Y ariv and Cross 1979, 

267). 

7.3.2 Condensation 

As silicic acids are negatively charged they condense very slowly because of repulsive 

ionic forces, and rigid, transparent gels form (Martin and Odinek 1992; Williams and 

Berg 1992). In weakly basic solutions, where the condensation rate is low and the 

aggregation rate is high, flocculent masses are precipitated. In weakly acid solutions, 

where the condensation rate is high, a gel is precipitated. If the total amount of 

dissolved silica in water exceeds 165 mg/I (25°C, pH< 9), then excess silica 

polymerises and either forms a colloidal suspension or a precipitate of silica (Yariv and 

Cross 1979, 264 ). Adding small amounts of salts to a silicic acid solution catalyses the 

condensation reaction by several orders of magnitude because of reaction-limited 

cluster-cluster aggregation and condensation in which Si-O-Si bonds form, leading to 

opaque gels. The increase in opacity of gels is due to an increase in separation between 

larger particles caused by ionic repulsions between similarly charged particles (Schluter 

1993). 

7.3.3 Aggregation 

Dilute monomers can also aggregate into small clusters that eventually overlap to form 

a gel. This process is enhanced in the presence of small numbers of cations, 

particularly iron (Eggleton pers. comm. 1993), which help form 'bridging bonds' 

between the negatively charged silica species. Fragile, cloudy gels are readily produced 

from these suspensions, whereas strong, transparent gels are only formed very slowly 

under tranquil conditions (Martin and Odinek 1992). 

From colloid chemistry it is known that, unless colloidal particles are stabilised by ionic 

species against coagulation, the particles form aggregates and finally construct tenuous 

continuous networks or dense sediments (Verwey and Overbeek 1948). The final 

structure depends mainly on inter-particle forces and the sizes of the primary particles. 

Very tenuous structures of aggregated particles are observed when polymerisation is 

initiated at slightly acidic pH values (Beelen et al. 1989; Brinker et al. 1982; Cabane et 

al. 1990). This occurs in the absence of ionic stabilising effects because the colloidal 

silica particles aggregate non-uniformly into a network of clusters. Once a gel has 

formed the primary silicic acid particles on the periphery of aggregates migrate towards 

the core leading to an increase in the size of the aggregated particle (Wijnen et al. 

1991 ), and to an increase in density. The rate at which this process of gel aging occurs 

increases with increasing pH, and with the addition of fluorine (Wijnen et al. 1991). 
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In artificially prepared alcoholic solutions of tetraethoxysilane (TEOS) in water, 

catalysed by ammonia (reactions 10 and 11 below, see also Chapter 6), growth of 

primary silica particles and aggregates proceeds by surface reaction-limited 

condensation of hydrolysed monomers or small oligomers as in : 

TEOS water silicic acid monomer ethanol 

two monomers primary silica particles 

(10) 

(11) 

Silica spheres between 10 nm and 500 nm radius are produced in this process (reaction 

l l), depending on the number and size of the aggregating primary particles. Large 

aggregates result from the clustering of small sub-particles that are slowly produced 

during the entire reaction period. Once the aggregates have reached a certain size or 

colloidal stability, their growth continues only by aggregation with small sub-particles 

and not by collisions with the other larger aggregates (Fleming and Crerar 1981; 

Rothbaum and Wilson 1977; van Blaaderen et al. 1992). Silica deposition from 

supersaturated solutions may be preceded by the growth of large polymers becaus,e the 

high silica monomer concentration stops the aggregation process when relatively few 

colloidal particles have had time to form. The small number of growing particles 

results in a larger final particle size. 

If the primary silica particles are very stable in the presence of low catalytic ion 

concentrations particle aggregation stops and a large number of particles grow to a 

small size. At high catalytic ion concentration aggregation continues for a longer time 

and only a few particles become stable, and these grow to a large size (van Blaaderen et 

al. 1992). 

The rate of silica precipitation at a parti.cular point in a natural system has been 

predicted by Rimstidt and Barnes ( 1980, 1691 ), using the following differential rate 

equation: 

[ where R is the rate of amorphous silica precipitation, 

k+ is the rate constant, 

Q is the activity product of monomer, silica and water, and 

K is the equilibrium constant85]. 

(12) 

85(1og k + = -0.369 - 7.89xI0·4 x T - 3438/f; log K · 0.3380 - 7.889 x 10·4 x T -840.1 x T; rumstidt and 
Barnes 1980, Tables I and 4, page 1691). 
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For this calculation the temperature (in °K), the activity of silica in solution and the 

ratio of interfacial surface area to mass of water at the site of deposition must be 

known. The mass of water at the site of deposition is extremely difficult to estimate for 

an open system, but an estimate of the rate of precipitation of amorphous silica at 25°C 

can be calculated using the approach ofRimstidt and Barnes (1980, 1693). Assuming a 

supersaturated solution where the salinity is low enough that both the activity 

coefficient of silicic acid monomer and the activity of water are effectively equal to 

one, then the rate of precipitation of amorphous silica is approximately 6.1 x 1 o-10 

mol/sec. As quartz is in equilibrium with that solution under these conditions quartz 

does not precipitate (Rimstidt and Barnes 1980, Fig 7, page 1693). 

Greer (1969) attributed the ultrastructure in opal to its colloidal origin, and to the 

agglomeration of silica spheres (less than 80 nm in diameter) to precipitation in a sol. 

This process forms opals containing large silica spheres of uniform size ( 150 nm to 300 

nm diameter) which sediment slowly and organise into highly efficient packing arrays. 

However, the TEM observations of silica skins reveal that particles less than 20 nm in 

diameter coagulate in clusters that grow larger than 100 nm across. As these clusters 

are disordered the particle packing process reflects rapid, random aggregation ( unlike 

the orderly packing in opal). 

Clustering of polymerised particles results in formation of non-uniform silica gels that 

are structurally weak (Wijnen et al. 1991), and therefore the fragile films that form are 

subject to very high forces during drying ( Scherer 1988). Evaporation of supporting 

water, located in the pores of the silica aggregates, together with the surface tension of 

water and the capillary forces within the small pores cause severe damage to the silica 

gel structure leading to pervasive cracking. Fricke (1993), believes that the extensive 

cracking of artificial silica precipitates can only be prevented by eliminating the micro

structural forces created by surface tensions between pore water and silica aggregates, 

but he does not specify how this can be done. Once drying occurs a silica gel cannot 

regain its original swollen state because the dehydration process is irreversible. 
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7.4 Deposition of non-silica skin forms of amorphous silica 

7.4.1 Opal-A in the regolith 

Opal-A is one of a variety of naturally occurring opaline silica deposits (Jones et al. 

1964; Jones and Segnit 1971), found associated with the weathering of volcanic rocks 

(Yariv and Cross 1979, 262), and with silcretes (Langford-Smith 1979; Milnes and 

Twidale 1983; Milnes et aL 1991). 

The colloidal-microspherical structure that gives precious opal its dazzling array of 

colours (Darragh et al. 1976) may be explained by polymerisation and flocculation of 

silica gel in a slow systematic way enabling regular packing of uniformly sized silica 

particles (Crerar et al. 1981, 1259). In contrast, Jones and Segnit (1965) concluded that 

opal-A is formed by rapid precipitation from supersaturated solutions or from sols. The 

speed of the process at low temperature leads to the formation of relatively large 

amounts of silanol groups (Langer and Florke 1974). 

The nature of silica precipitated from solutions in the regolith depends on the position 

in the profile, porosity and permeability. This is evident in the type of opal formed in 

silcretes in the Paris Basin, central Australia and coastal New South Wales where 

cristobalite tridymite ( opal-CT) forms in preference to opal-A (Milnes and Twidale 

1982; Thiry and Millot 1987; Twidale and Hutton 1986, 352). In the regolith, most 

solutions are supersaturated with respect to quartz, but undersaturated with respect to 

amorphous silica (Fig. 17 in Raupach 1983), so theoretically, the precipitated form of 

silica could range from opal to quartz, depending on the rate of change of pH or 

moisture levels (Milnes and Twidale 1983, 403). 

In describing opal that fills cracks on the surface of exposed quartzite blocks of the 

Fontainebleau Sand in the Paris Basin, France, Thiry and Millot (1987) attributed the· 

formation of opal to surface evaporation of rain water and changes in the pH of 

downward percolating groundwater. Evaporation of these solutions caused the silica 

concentration to change rapidly, promoting the deposition of opal rather than quartz. 

(Thiry and Millot 1987, 351). 

Milnes and his colleagues have identified accumulations of opal-A in precious and non

precious opal, in saprolitic sediments and in the hardpan above silcretes in the Stuart 

Creek opal field, South Australia (Milnes et al. 1991). They concluded that the 

occurrence of opal denoted pre-existing conditions characterised by silica and ionic-rich 

solutions, and high rates of precipitation. Opal can also crystallise during intermittent 

and repetitive evaporation from mildly alkaline groundwaters that contain high 

concentrations of Mg and Si, but are low in Ca (Arakel et al. 1989). 
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Amorphous precipitates ofbiogenic silica gels are transformed from opal-A into opal

CT, a poorly ordered crystalline form of silica that contains cristobalite and tridymite 

(polymorphs of Si02). On further aging, including dehydration, opal-CT transforms 

through radially fibrous chalcedonic spherulites into interlocking mosaics of anhedral 

quartz grains (Yariv and Cross 1979). 

7.4.2 Diatoms 

The relationship between diatoms and silica skin-covered rock art may seem remote, 

but the dating of rock art associated with silica skins depends on the presence in the 

silica of fossilised micro-organisms, including diatoms. Their existence demonstrates 

synsedimentary carbon and silica because diatoms do not burrow into the substrate and 

therefore cannot be later additions to silica skins. Complete encapsulation by silica also 

ensures that this carbon is not contaminated by subsequent fluids that might penetrate 

along the micro-fractures. 

Why do diatoms live on rock surfaces where silica skins form, and why are diatoms 

fossilised in silica skins? 

Silica occurs in the hard parts (frustules) of diatoms. Diatom species which can live in 

aerial habitats must be able to endure more rigorous environmental changes than those 

that live permanently in water because they must be able to withstand flooding as well 

as extreme drought and sudden changes in temperature. Because of these severe 

environmental conditions small diatoms exist under aerial conditions. Aerophilous 

forms of diatoms (those that can live in or out of water) inhabit moist aerial habitats, 

including intermittently wet rocks, periodically damp cave walls, in snow and ice, and 

in the spray and surf zones of lakes and rivers. These forms of diatoms do not develop 

into populations as large as those found in standing water (Patrick 1977). Pinnularia 

borea/is, Melosira roeseana, Naviculafragilarioides, and lv. confervacea, and some 

species of Cymbella, Gomphonema, Synedra, Nitzschia, Achnanthes, and Epithemia can 

be found on rocks and mosses kept wet by seeping springs or bog water (R. Pienitz pers. 

comm. 1995). Diatom species belonging to the genera Eunotia and Frustulia 

commonly inhabit the very wet tips of Sphagnum moss. 

The moist atmosphere and damp rock surfaces of many caves provide suitable habitats 

for the diatoms Fragilaria construens, Melosira dickiei, M. roeseana, Navicula 

kotschyi, N. perpusilla and Pinnularia borealis, iflight is not a limiting factor (Hustedt 

1922; Kolbe 1932; Schroder 1916). In the very moist spray zone on cliffs around the 

margins of lakes Melosira roeseana often develops into viable communities (Lowe and 

Collins 1973). 
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Biological activity, such as growth of diatoms, removes some silica from streams, and 

the presence of dissolved silica in groundwater solutions is confirmed by the existence 

of well-preserved diatoms. While silica in solution is essential for diatom growth it is 

usually not a limiting factor in most natural aqueous environments (G. Taylor pers. 

comm. 1995; R. Pienitz pers. comm. 1995). Diatoms that live on periodically damp 

rock surfaces can therefore act as nucleating agents around which silica precipitates, 

and in the process they become fossilised. 

7.4.3 Why doesn't quartz precipitate instead of amorphous silica? 

Quartz can crystallise from aqueous solutions, but it only does so where nucleation 

occurs on a clean surface, precipitation takes place from a hydrodynamically stable 

solution and where there is low competition for SiO2 from newly forming silicates 

(Delmas et al. 1982). Crystallization of quartz from aqueous solutions at normal 

atmospheric temperature takes place in two stages: germination or nucleation from a 

solution supersaturated with respect to quartz followed by crystal growth (Delmas et al. 
~ 

1982, 82), but generally the presence of metallic cations, organic molecules, amorphous 

silica and Al 3+ prevent quartz from forming. Mackenzie and Gees ( 1971 ), and Harder 

(1971) and Morris and Fletcher (1982), respectively, have clearly shown that the 

amount of iron in solution and as coatings on rock surfaces influence the solubility and 

crystallisation of quartz. Aboriginal hematite paints on some quartzose substrates may 

therefore contribute to the localised dissolution and reprecipitation of quartz as 

observed by Clarke (1978) in the Kimberley area of Western Australia. 

Versey (1939) suggested that chalcedony can precipitate rapidly from concentrated 

solutions of silica, whereas quartz crystallises slowly from more dilute solutions. Under 

experimental conditions, Mackenzie and Gees (1971) crystallised quartz from dilute 

alkaline solutions ( 4.4 mg/I SiO2 at pH 8.1 and 20°C), when quartz saturation was 

reached at about 4 mg/I.· Morey and others (1962) found that silica solutions became 

saturated with respect to quartz at 6 mg/I at 25°C. Taylor and Smith ( 1975) found 

evidence for quartz precipitation from solutions in the formation of silcretes developed 

under basalts in the Monaro district of New South Wales. 

Soluble silica only crystallises directly to quartz when the silica concentration is below 

the equilibrium solubility of opal-CT (Iler 1955; Krauskopf 1959). Therefore, solutions 

with silica concentrations greater than the equilibrium solubility of cristobalite

tridymite crystallise to the disordered silica phase, opal-A In silica skin formation, as 

the seepage and runoff waters generally contain substantially more than the equilibrium 

solubility of both quartz and opal-CT, only opal-A is able to precipitate. 
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7.5 Proposed process for the genesis of silica skins 

The proposed sequence of events leading from source rock production of silicic acid to 

deposition of silica skins is summarised in Figure 118. Factors influencing the major 

steps the process are described in more detail below. 

Figure 118 Proposed sequence of processes leading to silica skin formation. 
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7.5.1 Liberation of silica by chemical weathering 

Amorphous silica, quartz, feldspars and micas liberate silicon from their solid masses 

into solution in the form of monomeric silicic acid. The extent of dissolution of silicon 

from siliceous minerals into pure water depends on the state of combination of silicon, 

whether the silicon is in crystalline or amorphous form and the temperature. 

Amorphous silica is much more soluble than quartz and the solubility of both increases 

as temperature rises. Silica solubility, essentially the solubility of monomeric silicic 

acid, is affected by pressure, pH, and the presence of cations and organic acids in 

solution. For solutions with pH above 9 the solubility of silica increases exponentially 

as monomeric silicic acid dissociates forming negatively charged hydroxylated species 

(Applin 1987; Wey and Sieffert 1962). Acidic solutions (pH less than 5), are suitable 

for silica precipitation (Beckwith and Reeve 1963; Konrad 1956). 

Water that percolates through or runs over different rock types will contain different 

proportions of silicic acid and various soluble ions. The rock type, degree of 

weathering and surface areas of siliceous minerals exposed to chemical weathering in a 

particular rainfall catchment area play significant roles in determining the composition 

of the water. Sandstones at Gnatilia Creek, Red Lady, Long Quinkan, Keech Figure and 

Wax Creek East and quartzite at the Brockman Panel that contain quartz and feldspar 

grains cemented by amorphous silica can generate solutions that become saturated with 

respect to opal-A in several hours. Gneiss at Nisula and Crowrock Inlet and schist at 

Jim Jim that contain quartz, feldspars and micas also weather relatively rapidly 

producing ground and surface waters with high levels of silicic acid. The state of 

weathering of these minerals, together with the pH, chemistry and temperature of the 

solution therefore affect the amount and nature of the dissolved species in seepage and 

runoff waters. The compositions of silica~rich solutions continually change through 

time because local rock surface conditions vary from season to season, and the resulting 

composition of silica skins will therefore also change. This effect is observed in the 

micro-stratigraphic analyses across the silica skins (Chapter 3). 

7.5.2 Water volume 

The concentration of silicic acid in solution is highly variable from rock art painting site 

to site depending on the factors mentioned above. As a general approximation low 

rates of seepage and run off tend to lead to high silica concentrations (Tables 3, 5 and 

16). Large volumes of water flush soluble mineral components and dust particles away 

from chemical weathering zones and sites of silica deposition, and also do not facilitate 

the deposition of silica because evaporation rates are likely to be low. Solutions 

containing more than about 20 mg/I SiO2 are likely to be saturated with respect to 
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amorphous silica under the conditions that prevail at rock art sites, and they are 

therefore capable of precipitating silica during evaporation or ionic catalysis. 

Silica skins can form by deposition out of low volumes of seepage and runoff water. 

because these solutions potentially contain relatively high concentrations of silica as 

well as ionic species, and the combination of ionic catalysis and evaporation are likely 

to induce polymerisation of silicic acid. The physical appearances, thicknesses, and 

occurrences of silica skins, especially associated with intermittent, low-volume seepage 

zones, imply a strong relationship between high concentrations of silica in groundwater 

solutions and favourable depositional conditions. The rate of deposition is controlled 

by processes affecting water chemistry and, in particular, conditions and factors that 

directly affect silica solubility (such as temperature, evaporation, salt content, pH, 

micro-organisms, suspended metallic nuclei). 

The water content of Australian and Canadian silica skins (average value is 15.9 weight 

percent) is considerably higher than other siliceous deposits, such as opal and silcrete 

(Table I 0), because it is trapped within the randomly packed silica aggregates. The 

amount of water in a silica skin may be influenced by the frequency and duration of 

wetting because 3 weight percent less water occurs in the Split Rock skins compared 

with those on a similar rock type at Red Lady in the same region (Table 7). Although 

the climatic conditions are almost identical at these two sites the skins at Split Rock 

form by deposition out of infrequent runoff water, whereas silica precipitates from 

regular seepage water at Red Lady. Dehydration with aging may also affect the water 

content of silica skins, with older skins containing less water. 

7.5.3 Climatic effects 

Climatic conditions, mainly temperature, evaporation and rainfall parameters, play a 

fundamental role in silica skin formation because they affect the rates of chemical 

weathering and water volumes. These factors assist in controlling soluble silica 

concentrations, as well as the stability of silicic acid solutions, principally governing , 

when silica begins to precipitate from evaporating solutions. 

While one might expect silica skin formation to occur at a faster rate in the tropics 

compared with boreal and sub-arctic zones, the net rate of silica skin thickening is 

approximately the same on rock surfaces with similar water regimes (Fig. I 06). In the 

tropics and sub-arctic regions very little moisture is available for about six months each 

year to transport silicic acid across rock surfaces because the substantial dry season and 

severe Winter freezing conditions, in each region respectively, restrict seepage and 

runoff water flow. 
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I can only speculate about the effects of climate on silica skin formation in the past 

because reliably dated sequences of silica and other environmental data are unavailable. 

If the preliminary radiocarbon dating results for the skins are reliable (Chapter 5), then 

the changes in silica skin compositions with increasing thickness reflect the sum of the 

interactions between the range of variables influencing chemical weathering, 

transportation and deposition of silica through the Holocene. It should be theoretically 

possible to construct age-growth curves for silica skins formed under different 

environmental conditions, but additional site specific palaeoclimatic information is 

necessary. Oxygen and hydrogen isotope studies may be able to indicate 

palaeotemperatures of secondary silica deposits (Kenny and Knauth 1992; Rozanski et 

al. 1992), but precise dating of laminae in silica skins is essential before reliable 

interpretations can be made. 

7.5.4 Silica precipitation 

Colloidal silica precipitation from surface watersis either initiated by evaporation 

(Thiry and Millot 1987, 345), by co-precipitation with other colloids, or by mixing of 

saturated silica solutions with concentrated electrolyte solutions (Yariv and Cross 1979, 

267). Evaporation seems the most plausible explanation for initiating deposition of 

silica at rock art sites because the rock surfaces are exposed to sunlight and wind. Loss 

of water from seepage and runoff water induces polymerisation of silicic acid 

monomers, producing small spherical polymeric silica particles that pack together in the 

presence of catalytic ionic species, such as aluminium salts and sodium chloride. 

Without a salt solution only a weakly flocculated structure results (Dobler et al.1992), 

so seepage and runoff water that contain low concentrations of ionic species in addition 

to dissolved silica should produce silica skins. Aggregation of particles and clustering 

otaggregates leads to gel formation with polymeric silica material filling the spaces. 

This aggregated mass resembles an emulsion composed of a mixture of hydrous 

colloidal silica, air and water, as observed under transmission electron microscopy 

(Chapter 4). Maturation of the resulting gel produces a film which shrinks and alters 

structure during drying to compensate for the loss of the supporting fluid, modifying the 

mechanical strength and permeability to such an extent that extensive cracking results 

( Chapter 2, Fig. 97). 

The amorphous silica, opal-A, that precipitates is protected against dissolution even 

under generally favourable conditions because it contains multivalent ions, especially 

chemically absorbed aluminium that reduce its solubility (Boehm and Schneider 1962; 

Lieflander and Stober 1960). 
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7.5.5 Silica skin types 

I have recognised three compositional and textural silica skin Types in the Australian 

and Canadian samples that I have analysed (Table 17): Type I (translucent to white, 

with low Al2O3 and high water content), Type II ( coloured, with intermediate Al2O3 

and water content), and Type III (white, with relatively high Al2O3, intermediate water 

content and low SiO2). In the following sections I describe these Types of silica skins 

and how they form, and then compare them with other known silica skin occurrences 

and compositions. 

Table 17 Compositional ranges (in weight percent) for the three silica skin Types 
identified in this study. 

Sili~a 5kin I)'.~ I II m· 
Element translucent-white coloured white 
Si02 70.0 - 75 70.0 - 73 63.0 
TiO2 < 0.1 <0.1 <0.1 

AI2O3 1.6 - 8.2 8.1 - 10.8 19.0 
Fe2o3 0.15 - 2.69 0.95 - 1.6 1.0 
MnO < 0.1 <0.02 0.01 
MgO 0,86 <0.01 0,1 
CaO 0.03 - 1.5 0.05 - 2.2 1.0 
Na2o 0.1 - 2.25 0.15 - 0.5 0, 15 
K20 0.2 - 1.0 0.3 - LO 1.4 

P2O5 0.1 -1.15 1.0 - 1.6 0.6 
Cl 0.01 - 0.3 0.3 - 0.75 0.4 
S03 0.31 - 1.9 0.85 - 1.15 0.7 
H2O 13.0 - 16.5 11.2 -13.0 12.3 
CO2 0.2 - 3.2 0.01 - 1.6 1.3 _________________ .., ______________ .., _________________________________________ .., _______ 

Gnatilia Ck Mt Brockman Jim 
Split Rock Wax Creek East Jim 
Red Lady Keech Figure 
Nisula 
Crowrock Inlet 

7.5.5.1 Silica Skin Type I (low Al2O3 and high water content) 

Type I silica skin examples are Gnatilia Creek, Red Lady, Split Rock, Nisula and 

Crowrock Inlet. 

These are opaque white to translucent silica skins composed primarily of amorphous 

silica, with extremely low quantities of other components. They form principally by 

deposition of opal-A from evaporating seepage water that flow from intermittent and 

permanent aquifers. Visible and microscopic organic residues, including diatom 
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frustules, are fossilised in the skins because the damp environments provides suitable 
I 

habitats and the precipitating silica encapsulates them. These skins have the highest 

absorbed water contents, generally above 13%, suggesting that moisture has been 

physically trapped during silica precipitation, They also tend to have the highest carbon 

contents~ reflecting the rich micro-organic habitats at the sites of their formation. 

At the Red Lady site the relatively high levels ofF, Rb, Y, Zr, Pb and Ba are considered 

to indicate chemical weathering of feldspars derived from minerals associated with the 

granite terrain. Similar chemical weathering and silica skin formation at the Split Rock 

site gives skins with slightly different compositions to those at Red Lady because they 

are formed in different ways. Evaporation of runoff water occurs at Split Rock and 

evaporation of seepage water at Red Lady. Trace element compositions in silica skins 

( Chapter 3) indicate chemical weathering of a wide range of rock forming minerals at 

the sources of silica production, some of which may contain sub-economic Cu, Zn, U, 

Au and Pb mineralisations. 

Extremely thin translucent skins at Nisula are less than 2500 years old (Chapter 5) and 

the silica is derived from chemical weathering of minerals in the adjacent gneiss above 

the painting site. Relatively thick opaque white skins have formed at Crowrock Inlet by 

chemical weathering of similar gneissic minerals. The major difference between the 

two sites is silica skin thickness, and this is attributed to the much more sustained 

seepage from horizontal joints at Crowrock Inlet. Formation of skins at Crowrock Inlet, 

could be similar to the phenomenon observed in the Rio Negro, Brazil (Konhauser et al. 

1992), where remnant siliceous frustules of dead diatoms have become fragmented, 

before they were partially dissolved and reprecipitated as opal-A overgrowths. 

7.5.5.2 Silica skin Type II (intermediate Al2O3 and water content). 

Examples of Type II silica skin are at Mount Brockman, Wax Creek East and Keech 

Figure. 

The silica skins in this category are characterised by their coloured opaque appearances 

and the development of well defined vermiform structures. Negligible organic residues 

are observed or measurable, making these skins extremely difficult to date using 

radiocarbon methods. Small amounts of diatom remains were found in a single layer in 

the Keech Figure skin indicating that suitable phytoplanktonic habitats exist 

periodically, especially where seepage water occasionally flows. Aluminium levels are 

higher in these skins than in Type I, but they are lower than in Type III skins (Table 17). 

The brown skins are formed by deposition of silica from solutions derived from 

intermittent runoff from small catchment areas, such as cliffs and the tops of boulders. 

Their low water contents, generally less than 13%, indicate either that water was scarce 
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during silica skin formation (unlikely) or post-depositional dehydration has removed 

some of the original adsorbed water (in a similar way to the early stages of 

microcrystalline transformations from opal-A to opal-CT in very old Hawaiian silica 

skins; Farr and Adams 1984 ). 

The thin brown silica skins at Mount Brockman (Figs 69, 70) and Wax Creek East (Figs 

49, 63) have highly variable compositions that probably reflect fluctuations in aerosol 

deposition combined with wet precipitation derived from the chemical weathering of 

their respective quartzite and sandstone substrates. The compositional variations in 

Type II skins typify the complex interactions between all factors leading to silica skin 

formation. 

7.5.5.3 Silica skin Type m (relatively high Al2O3, and intermediate to high water 

content, low Si02). 

The only silica skin example in this study is from Jim Jim. 

This skin is white and opaque, and composed of aluminium-rich amorphous silica, but 

with lower silicon than the other skin Types, and also low quantities of other 

components (Table 17). This skin is forming by periodic seepage and runoff from a 

regularly wet environment by deposition out of water derived from aluminium-rich 

minerals in source rocks that are undergoing chemical weathering. The Jim Jim case 

may be special because chemical weathering of micaceous minerals in the schist have 

gradually released aluminium up to a stable (saturated) level (Fig 67). After the initial 

loss of silicon from the micas the amount of soluble silica that became available for 

transport slowly decreased, presumably because aluminium was dissolved preferentially 

from much more vulnerable crystallographic positions in the mica. 

7.5.5.4 Other silica skin Types 

Silica skins on Hawaiian basalts (Farr and Adams 1984) differ in composition and 

texture to the Australian and Canadian silica skins (Fig. 119). Soft, colourless, granular 

and layered silica skins, between 1 µm and 10 µm thick, are developed on Hawaiian 

basalts erupted this century. Surfaces of flows dating to AD. 1895 also have thin 

grainy coatings composed of more than 80 weight percent Si 0 2. A siliceous coating 

consisting of a series of clear and dark layers and measuring about 150 µm thick, has 

developed on the 1840-year-old Mauna Loa lava. Clear layers in Hawaiian silica skins 

are characterised by very high SiO2, low AI2O3 and low contents of other oxides, while 

the dark layers, consisting of incompletely weathered basaltic dust particles, have 

variable amounts of SiO2 (66-77 weight percent), and relatively high concentrations of 

MgO, CaO and FeO (Fig. 119). 
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Hawaiian silica skins generally have similar amounts of Si 0 2, Al2O3, N½O, MgO and 

K2O to the Australian and Canadian skins, whereas CaO, FeO and TiO2 are much 

higher in the skins formed on basalt than in skins developed on sandstone, quartzite and 

gneiss. This probably reflects the higher concentrations of these elements in basaltic 

dust, the primary Hawaiian source from which silica is dissolved (Curtiss et al. 1985; 

Farr and Adams 1984 ). 

The Hawaiian skins can be divided into two additional Types: Type IV (high CaO and 

FeO), and Type V (low CaO and FeO). Examples of Type IV include skin samples 1,2, 

and 12 (Farr and Adams 1984), while sample 5 is the only example of Type V. 

Interestingly, the composition of sample 11 resembles Type II skins recognised in the 

Australian and Canadian samples, indicating that the same silica skin Type can form on 

different host rocks, from disparate source minerals under apparently different site 

specific conditions. 

Figure 119 Diagram showing the compositions of clear (No. I, 2, 12) and dark layers 
(No. 5, 11) in Hawaiian silica skins (from Farr and Adams 1984, 1079), compared with 
three Australian silica skins (Gnatilia Creek (GnCk; Type I), Keech Figure (Keech; 
Type TI) and Jim Jim (Type Ill)). 
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Water content is significantly higher in Australian silica skins formed on quartz-rich 

rocks than it is in skins developed on Hawaiian basalts, presumably because the 

Australian and Canadian skins were fonned from seepage and runoff waters rather than 

by ;n situ dissolution of basaltic dust particles during infrequent wetting, by gentle rain, 

dew and fog. Dynamic wetting events (heavy rain) have removed soluble chlorides, 

nitrates, sulphates and carbonates from the weathered dust, leaving only amorphous 

silica and a minor, poorly ordered, aluminium-bearing phase (allophane, imogolite, 
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disordered halloysite or a solid solution with amorphous silica; Curtiss et al. 1985, 53-

55). 

Lavas from Kohala Volcano, Hawaii, dated to about 400,000 years B.P. have a *'thick, 

hard waxy coating with a well-developed intersecting-ridge texture. Hollows in the 

coating are inhabited by fungal or algal organisms, and it appears that some of the 

organisms may have been incorporated into the coating" (Farr and Adams 1984, 1081). 

The smooth, coalescing-knob (vermiform) texture consists of ridges more than 100 µm 

wide. Basal portions of the coatings are clear ( opal-CT) whereas the upper parts are 

composed of brown, laminated anisotropic material, similar to rock varnish. Although 

the surface textural features are similar to Type II skins these Kohala coatings are 

formed by different processes which initially led to a silica skin and then, as 

environmental conditions and surfaces processes changed, to a manganese-iron coating. 

Dom and Meek (1995) have found silica glazes developed on iron and manganese-rich 

slag piles in California that are compositionally and texturally different from all other 

silica skin Types. Silica is much lower (43.2 weight percent SiO2), whereas Al2O3 

(23.7 weight percent), Fe2O3 (4.7 weight percent) and MnO (2.7 weight percent) are 

much higher than in the Australian and Canadian skins. They propose a mechanism for 

rapid silica glaze formation on the slag piles that involves soluble Al-Si compounds and 

a complex process of very gentle wetting, mainly as dew deposition. Such a mechanism 

cannot be invoked to explain the formation of Australian and Canadian silica skins at 

rock art sites because the volumes of water are much lower and less dynamic on the 

slag piles. 

Discovery of siliceous rock surface coatings in different climatic settings and on a range 

of rock types leads me to conclude that silica skins can form in a wide range of 

environments when there is sufficient moisture to dissolve and transport silica. Water is 

the common factor at every site where silica skins occur (also demonstrated by the 

formation of silica glaze on slag). Chemical weathering of source components by water 

not only affects the major element chemistry of the resulting silica skins, but it also 
I 

affects the supply of soluble minor and trace elements. Solubility criteria then 

determine how much of each minor and trace element is included in a silica film. The 

nature of the rock surface habitat and the frequency of wetting and drying influence the 

quantity of micro-organic remains fossilised in silica skins. Micro-organisms 

encapsulated in a thin film of opal-A deposited in a succession of other films can 

therefore be used for AMS 14c dating when that layer was formed. 
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8 IMPLICATIONS ARISING FROM THIS RESEARCH 

8.1 Conservation of rock paintings 

8.1.1 Condition assessments of rock art sites 

Generally it is an archaeologist or anthropologist who makes an assessment of the 

conditions at rock art sites by reporting their observations on site register forms. While 

their observations are valuable in providing information about general site features, the 

actual conditions of paintings associated with silica skins may have been judged 

inaccurately ~ecause the composition, thickness and micro-stratigraphy of the skins and 

how they relate to paintings may not have been accurately assessed. Just because a 

painted rock surface has white deposits on it, or shows s~gns of water deposited mineral 

staining which could be silica, does not necessarily mean that a silica skin is present or 

that the surface coating represents a deleterious property. The archaeologist or 

anthropologist should report that detailed examinations of the surface accretions are 

required to find out if the deposit is silica and whether it is stable, forming or eroding. 

8.1.2 Micro-exfoliation, artificial driplines and silica skin stability 

Encouraging silica skins to form by allowing silica-rich water to flow across rock 

surfaces can either have beneficial or deleterious consequences for rock art. For 

example, thin translucent silica skins strongly bind paint to rock surfaces while opaque 

white and highly fractured skins obliterate painting and cause exfoliation. Spalling of 

silica skin flakes is a problem at several sites, but especially at Gnatalia Creek where 

small pieces of thick white silica skin are exfoliating, taking fragments of charcoal 

drawings with them. This problem is caused by an increase in stress during dehydration 

which leads to formation of micro~cracks followed by exfoliation. Small quantities of 

inorganic and organic impurities in silica skins may act as strain micro-centres that 

cause stresses to build up in a coating, producing pervasive cracks. When these cracks 

develop sub-parallel to the surface they weaken the structure and facilitate micro

exfoliation of the surface. 

There does not appear to be any obvious conservation treatment that can counteract the 

slow micro-exfoliation of silica-covered rock faces. Ensuring that a silica skin covered 

surface does not dry out may reduce this problem, but keeping a surface damp is likely 

to cause salt crystallisation on the margins of the permanently damp area. Artificial 

silicone driplines have been used to stop unsightly discoloration of rock paintings, but 

redirecting water away from the painted surface will enhance silica dehydration and 
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micro-exfoliation, and probably contribute to salt accumulation elsewhere on the 

surface. Apart from making detailed recordings of the existing figures and monitoring 

the rate of loss of silica flakes the only possible conservation option is to use an 

artificial consolidant. 

8.1.3 Artificial silica skins at rock art sites 

For a long time rock art conservators have wanted a practical option to reduce the 

deterioration of rock paintings. For example, Clarke ( 1978a, 59) stated that: 

"Silicification of rocks in situ has long been the goal of stone and rock art conservators. 

Further study of this natural process may give valuable clues on the controls necessary 

to develop synthetic silicification processes for preserving rock art." 

Research carried out for this thesis has shown that although transparent amorphous 

silica films can be made artificially using silica glass and TEOS, there are problems 

with their fragility because they crack extensively, like some natural silica skins. When 

used to consolidate rock art such films would probably cause micro-exfoliation of the 

painted surfaces. Onthe other hand MTMOS does appear to give r~sults resembling 

natural silica skins that are unaffected by cracking, and these may find application in 

rock art conservation, particularly in consolidation of friable rocks. However, the long 

term effects of residual, unreacted methyl groups in these films needs further 

investigation. 

8.1.4 Removing silica skins covering rock paintings 

Formation of thick white silica deposits that obscure paintings is a problem at the Red 

Lady, Split Rock, Jim Jim and Crowrock Inlet sites. Formation of opaque white skins 

rather than transparent silica is a delicately balanced natural process governed by the 

rate of silica precipitation, the evaporation conditions and water chemistry. Silica 

rather than water or air must be available to fill pores which may develop in a gel 

composed of very small silica particles, and such transparent gels must be able to form 

gradually from solutions containing low levels of impurities. As these processes and 

conditions cannot be readily controlled in the natural environment white coatings are 

more likely to form across painted surfaces. 

Removing white coatings that cover paintings to make the paintings more visible is a 

matter which rock art conservators should address on a site-by-site basis. Apart for 

ethical considerations about intervening on a painted rock surface, there are questions 

about the feasibility of removing sihca without damaging the paintings. Chemical 
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methods such as using hydrofluoric acid or strong alkali solutions to dissolve the silica 

may be rapid and highly efficient, but the most likely outcome is destruction of the 

paintings. 

A practical solution may be to remove the white silica physically, but this may take a 

very long period of time. A dental burr operated by a small portable power tool and 

used under magnification can abrade silica covering rock paintings - it is one of the 

sampling techniques used to collect silica powder for dating silica skins. During direct 

intervention treatment of Aboriginal rock art particular care is needed with respect to 

the naturally occurring physico-chemical and micro-organic processes. Therefore, 

identifying the nature of a silica skin, determining its rate of formation and its stability 

should be integral to the process of formulating long-term rock art conservation and site 

management plans. 

8.1.5 Evidence for periodic painting86 on silica skin-covered surfaces 

Wainwright and Taylor (1978) have reported a case of what they have interpreted as 

pigment migration through a silica skin. They believe that part of a red hematite paint 

layer has migrated upwards through about 0.1 mm of a silica skin to form a second 

paint layer at a higher level: a parallel pigment phenomenon. I disagree with their 

conclusions on the following grounds. Firstly, uniform movement of fine hematite 

particles through a silica skin is considered impossible because silica skins are neither 

consistently porous nor permeable over hundreds of micrometers. They are hydrated, 

brittle, finely fractured and often laminated, and they do not allow fluids to pass readily 

(except along the micro-cracks), and solid particles of hematite or soluble iron is 

unlikely to move uniformly through such skins. 

Secondly, why did only part of the paint layer migrate? It is hard to comprehend a 

natural process capable of moving half of a paint layer uniformly through a silica skin 

without causing 'bleeding' of paint between the two layers. If part of a red hematite 

layer did migrate across a silica skin why aren't there traces of paint between the two 

layers? No 'bleeding' is evident, yet there are potentially many small pores capable of 

retaining small amounts of iron. Thirdly, why are the two undulating layers of paint so 

parallel to the underlying rock substrate? To obtain consistently parallel layers across 

an uneven surface requires a diffusion mechanism capable of moving ions or particles 

from the lower layer to a higher level while retaining a normal relationship to the 

undulating surface; a most unlikely natural situation. 

86Periodic painting is a tenn I have used to describe occasional painting on a surface when the previous 
paint has been masked by mineral and dust deposits before another painting has been made (Watchman 
1992). 
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Hematite rock paintings are found on the present surface of silica skins at Gnatilia 

Creek, Red Lady, Split Rock, Wax Creek East and Nisula. Red hematite paint is found 

as layers in silica skins at Jim Jim, Keech Figure and Crowrock Inlet. Episodes of 

periodic painting have been found in gypsum-oxalate crusts in northern Australia 

(Watchman 1992 and 1993b ), where red, yellow and white paint layers, separated by 

thin masking layers, are clearly visible in cross-sections made through the coatings. I 

believe the parallel pigment phenomenon, described by Wainwright and Taylor (1978), 

is a similar case of periodic painting. The first layer of paint was applied to a silica 

skin, then over time it was covered by subsequent films of silica deposited in thin layers 

that followed the undulating surface micro-topography. Later, a second paint layer was 

applied to the rock face when the first painting was barely visible through the overlying 

silica film. Subsequent coatings of silica have almost completely masked the second 

painting. 

8.2 Dating of rock art 

In Chapter 5 I gave examples of the preliminary AMS 14C determinations for the dating 

of rock paintings, and the results clearly demonstrate that much more research is 

necessary before the method is widely accepted amongst prehistorians, rock art 

enthusiasts and archaeologists. Silica skin covered surfaces at each rock art site require 

detailed petrological, geochemical and archaeological examinations before they can be 

dated accurately. This degree of caution is well exemplified by the dating of the Foz 

Coa rock engravings in Portugal where some silty accretions in engravings (but not the 

silica skins), were contaminated by naturally occurring graphite from the thin 

weathering rinds over the underlying rocks, causing older than expected AMS 14C 

results (Watchman 1995b,c). The Portuguese case highlights the need to study not only 

the carbon-bearing substances ( organic and inorganic) in the silica accretions in 

engravings and associated with paintings, but also the situations "off-art" that can 

provide information about the thickness of the rock weathering rind, nature and 

thickness of accretions, presence of micro-organisms, degree of weathering and the 

approximate geomorphological age of the rock surface. Reliability in dating results can 

only be increased when all the geological, archaeological and chemical evidence are 

combined in a comprehensive synthesis. The Portuguese radiocarbon determinations 

and the preliminary results described in Chapter 5 highlight the need for taking multiple 

samples, both on- and off-art, to minimise the likelihood of obtaining misleading 

measurements from only one or two samples taken from the art itself. 
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Additional research using the laser extraction technique is also necessary. Firstly to 

obtain sufficient quantities of carbon dioxide so that graphite targets can be made for 

dating, and secondly to demonstrate convincingly that micro-excavation sampling and 

laser extraction procedures on a single lamination yield identical age determinations. 

At present the micro-excavation method generally produces targets large enough for 

measuring in an accelerator, but the determinations are only the average of all the 

carbon-bearing species present in the excavated 'layer'. Although the 'layer' is usually 

less than 0.1 mm thick, representing perhaps a millennium of silica deposition, this 

dating approach may not be accurate enough for some researchers. However, where a 

prominent lamination of fossilised micro-organisms is sampled together with relatively 

low amounts of carbon in an adjacent silica 'layer', as at the Keech Figure site (Table 

13), the average radiocarbon measurement reflects a very good approximation for the 

real age of phytoplankton encapsulation. 

8.3 Geochemical exploration potential of trace elements in silica skins 

Above average amounts of a trace element (usually in tens to hundreds of mg/kg) in 

rocks are not unusual, but anomalous amounts (two or more times the average for those 

rocks), will hopefully indicate very high potential for mineralisation within that 

designated province (Levinson 197 4, 1 ). Seepage water carrying silicic acid is 

generally acidic, and as it has passed through and over various minerals before reaching 

the site of silica deposition there is a strong possibility that acid-soluble elements, 

liberated by chemical weathering of subterranean ores, will also be present in that 

solution. The measured trace element abundances in silica skins (Chapters 3 and 4), 

may therefore give another means for assessing the likelihood of finding high 

concentrations of metallic ore minerals in a region where silica skins occur. 

Copper, lead, zinc, gold and uranium mineralisation in regions surrounding the 

Australian silica skin samples may be indicated because values determined by PIXE 

analyses reveal abundances that are much higher in silica skins than in the adjacent host 

rocks. While this study has not focused on examining the regional distribution of trace 

elements in silica skins and the relationship with known areas of mineralisation, it has 

highlighted the potential use of trace elements in silica skins for mineral exploration. 

Hopefully future researchers of this topic will take particular care not to sample silica 

skins covering rock art. 
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8.4 Microbiological ecology 

Phytoplankton were found on rocks covered by silica skins, and their remains were also 

observed as fossils within silica skins, but no studies were undertaken to determine the 

factors ( especially the quantities of silica and nutrient levels), that could affect their 

growth. Environmental conditions at rock art sites have been measured with respect to 

the formation of silica skins, but not with respect to the habitats of micro-organisms. A 

relationship probably exists between the establishment of viable micro-organic 

colonies, environmental conditions and nutrient levels in seepage and runoff water, but 

the limiting ecological factors have not been identified. Navicula occurs in silica skins 

at Gnatilia Creek and Keech Figure (and also with Nitzsc/Jia at Foz Coa, Portugal), but 

Acnanthes and Gomphonema occur at Crowrock Inlet, suggesting that temperature 

controls the diatom species on damp rock surfaces. More extensive studies of 

environmental factors that control diatom populations on rock surfaces are therefore 

warranted. 
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9. CONCLUSIONS 

9.1. Hypothesis a). Silica skins are surficial secondary deposits formed by 

accumulation of amorphous silica that is transported from nearby rocks and minerals 

that are undergoing chemical weathering. 

Evidence presented in earlier Chapters has shown that silica skins are natural 

amorphous rock surface coatings composed essentially of silica in the form of opal-A, 

with highly variable contents of aluminium and other minor and trace elements. The 

skins are formed by precipitation of small silica particles from solutions affected by 

evaporation and, or ionic catalysis. These small primary particles aggregate randomly 

in clusters around trace impurities (micro-organisms, metallic ions and plant and insect 

debris), that act as nucleating points. It is proposed that rapid aggregation induced by 

evaporation in the presence of ionic species leads to white opaque skins, whereas slow 

aggregation at low ionic strength produces translucent coatings. 

Silica skins are found in climatic regimes ranging from hot-tropical to cold-subarctic. 

They occur on a variety of rock types (sandstone, quartzite, gneiss, migmatite, schist, 

basalt), in natural rock shelters associated with seepage zones and on exposed rock 

faces where runoff waters periodically flow. 

9.2. Hypothesis b). The composition and structure of silica skins essentially reflect the 

chemistry of the solutions from which they were formed and the rates and mechanisms 

by which silica was deposited 

While I have classified silica skins into three Types, according to their surface 

appearances and chemical compositions, I suspect that the Types fall within a 

continuum covering a much broader range of components and textures. The Types of 

silica skins that I have identified are: 

Type I (low Al2O3 and high water content) 

Type II (intermediate AI2Q3 and water content). 

Type m (relatively high Al2O3, and intermediate to high water content, low SiO2). 

Two additional Types are also recognised from analyses of Hawaiian silica skins 

(Curtiss et al. 1985; Farr and Adams 1984). and these contain either high CaO and FeO 

(Type IV ), or low CaO and FeO (Type V). Yet another silica skin Type, containing 

relatively low silica, very high aluminium, and high iron and manganese, occurs as a 

silica glaze on modern slag piles (Dorn and Meek 1995). The spectrum of Types so far 
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identified therefore gives support to the hypothesis that the composition of a silica skin 

is directly affected by the chemistry of the water from which the silica precipitated. 

Textures comprising randomly aggregated silica particles in a succession of finely 

layered films suggest that silica deposition is rapid, intermittent and repetitious. 

Conditions favouring white opaque skin formation include evaporation of high ionic 

strength solutions, while evaporation of dilute ionic solutions leads to translucent skins. 

Rapid silica deposition is also demonstrated by fossilisation of micro-organisms that 

were living on the surface. 

9.3. Hypothesis c). The extent and frequency of wetting of rock surfaces by seepage 

and runoff waters influence the distribution and thickness of silica skins. 

Regular, low volume water flow with periodic intervals of drying are advantageous for 

silica skin deposition because the evidence at rock art sites shows that the thickest 

accumulations occur in seepage zones where frequent wetting takes place. Distribution 

of skins across a rock face depends on the area affected by seepage and runoff water. 

Silica skins have not been found where water does not flow or does not accumulate on 

rock surfaces. This is clearly highlighted by the thin brown skins at Mount Brockman 

and Wax Creek East (and by the silica glaze developed on slag; Dom and Meeks 1995). 

9.4 Hypothesis d). Micro-organisms inhabiting damp rock surfaces on which silica 

skins are deposited provide a source of fossil carbon for dating silica skins formation 

by accelerator mass spectrometry. 

Silica skins are not composed of a single layer, but are made up of many successive 

finely laminated amorphous silica films representing sequential deposition of opal-A 

over long periods of time. Many of these laminae contain fossilised phytoplankton and 

other micro-organisms (Chapters 2 and 3), and because the fossils partly consist of 

carbon they can be radiocarbon dated. An AMS 14c determination of carbon extracted 

from these laminae reveals when the micro-organisms in those thin films were covered 

by silica, and if the silica films cover a rock painting, then a minimum age can be 

obtained for the art. Likewise, dating carbon-bearing components in silica under a 

painting gives a maximum age for that painting. Combining the two sets of radiocarbon 

measurements, above and below a paint layer, brackets a painting in time. 

While further research is needed to increase the statistics of dated rock surfaces using 

the AMS 14c method, and thereby increase confidence and general acceptance of this 

dating approach, the preliminary results suggest that finely laminated silica skins form 

at an average rate of 0.25 mm/millennium in very wet sites, 0.09 mm/milJennium in 

moist sites and 0.02mm/millennium at occasionally damp sites. Recent measurements 
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from unlaminated modem silica glazes on slag piles indicate much higher rates of silica 

accumulation (from 0.68 mm/millennium to 2.2 mm/millennium; Dom and Meeks 

1995, Table 2 and Figure 4 ), that are attributed to a different formation mechanism and 

to local environmental conditions involving acidic solutions. 

9.5 Hypothesise). Transparent siliceous films with properties similar to natural silica 

skins can be made artificially. 

Artificial silica skins can be made using silica glass solutions or silanes, such as TEOS 

(Chapter 6), and these closely resemble their natural equivalents, especially in their 

weak, highly fractured state. Amorphous silica films, irrespective of whether they form 

naturally or artificially, have a very high propensity to crack extensively on dehydrating. 

Mixtures of methyl trimethoxy silane (MTMOS), water (at least 50% by volume) and a 

trace of aluminium chloride ( catalyst) produce translucent to transparent, relatively hard 

and stable films that offer potential as surface consolidants resembling natural 

amorphous silica. These artificial skins do not crack because the degree of hydration of 

the starting mixture is controlled, minimising the creation of internal stresses in the 

resulting film. 
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IO.RECOMMENDATIONS FOR FUTURE RESEARCH 

10.1 Dating palaeo-environmental changes 

One of the significant discoveries of this research has been finding syngenetically 

deposited organic matter in silica skins and using the carbon for AMS 14c dating to 

determine when the skins were formed. This in tum has allowed the first series of dates 

to be obtained for rock paintings masked by silica skins. As chronological control over 

depositional sequences in silica skins now seems possible researchers should be able to 

measure oxygen and hydrogen isotopic ratios in the water held by the skins to estimate 

palaeo-temperatures. These micro-analytical studies will be greatly facilitated once the 

technical problems of extracting enough carbon from silica skins using the laser 

approach have been overcome. 

Optical dating and electron spin resonance (ESR) methods, with their advantages of 

small sample size and fewer contamination problems, should be attempted to date silica 

skins. Preliminary ESR measurements of silica skins have shown that further studies 

are worth doing (lkeya 1987), but optical dating has not yet been attempted. 

10.2 Rock art conservation 

Placing artificial driplines above water seepage zones to channel water from painted 

areas covered by silica skins may enhance exfoliation of silica skins because this will 

increase dehydration causing additional shrinkage and cracking. This problem is in 

addition to salt crystallization that is likely to be created by redirecting water elsewhere 

on the rock face. No systematic studies have been carried out on the effects of 

installing silicone driplines on silica skin covered rock art surfaces, and when such 

studies are made they should examine the effectiveness of preventing damage by 

physical erosion (water wash), and on the change in stability of silica skins. 

10.3 Mineral exploration 

Trace element analyses using either Proton Induced X-ray Emission/Proton Induced 

Gamma Emission (PIXE/PIGME) or Inductively Coupled Plasma (ICP) spectroscopy 

should be carried out on a collection of silica skins from a region to ascertain if their 

potential pathfinder elements point to possible areas of mineralisation. Samples 

analysed in this present study have indicated that silica skins contain a wide range of 

trace elements, some of which may point to areas of mineralisation. Skins from the 

KakaduNational Park, containing anomalously high levels of Ru, Au, Cr, Ba, Pb and 

Ga may reflect that region's uranium-gold-platinum bearing potential. A study of trace 

elements in skins along the New South Wales south coast is worth pursuing because 

anomalous U, Th, Cu, Pb and Zn were found in the skins at Gnatilia Creek. 
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10.4 Changes in microbiological habitats 

Certain species of algae, fungi and bacteria need specific temperature, moisture and 

nutrients in order to survive~ and so knowing the type of microbiological population 

trapped in the silica skins and their survival conditions could help in understanding past 

environmental changes. Studies should therefore be made to identify the species of 

micro-organisms trapped by silica depositions in different climatic regions. 

Identification of the micro-organisms that live on rock surfaces (especially algae that 

take up carbon from water), will also help reduce possible concerns about whether 

carbon isotope exchange is a problem in the radiocarbon dating of silica skin formation. 
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Part E: 

Supporting data and documents 
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APPENDIX l: Analytical Equipment, Experimental Aims and Methods 

The purpose of this section is to describe the aims, equipment and methods used to 
obtain data for this study. Results of these investigations are presented under each 
sampling location (Appendix 2.1 to 2.9). 

Appendix 1.1 Refractive Index (n). 

Aim: To measure the refractive index of grains of silica from crushed pieces of skins as 
a measure of one of their optical properties. 

Equipment: Leitz-Jelley Refractometer and refractive index oils, Geology Department 
Laval University, Quebec. 

Method: A si:nall number of grains of crushed silica skin was placed on a glass slide, 
immersed in a tiny drop of oil of known refractive index and covered with a glass slip. 
Under a microscope the coloured fringe around each grain was observed while the grain 
was gradually moved in and out of focus. When no interference fringe was observed 
the oil and grain were considered to share identical refractive index. 

Factors influencing the accuracy of the refractive index measurement according to 
Allen (1954, 19-20) are the: 

1. limitations inherent in the mechanical design and optical characteristics of the 
microscope, 
2. skill, experience and visual acuity of the observer, 
3. size and shape of the particles, their visibility and their indices (lower indices can be 
determined more accurately), 
4. uniformity of the index throughout the specimen, 
5. precision with which the liquids of a set are calibrated for their indices and the 
accuracy of the temperature coefficients, and the 
6. accuracy with which the actual working temperatures of the liquids are determined. 

Appendix 1.2 Weight loss. 

Aim: To determine the amount of water lost from silica skins during progressive 
heating, as a means of determining the nature of bonding between water (hydroxyl 
groups) and silicon. 

Equipment: Platinum weighing vessels, 0-1200 °C Thermolyne furnace, bottled air, 
phosphorus pentoxide, calcium hydroxide, Mettler balance (0.00001 g), engraving tool 
and tungsten bit, desiccator, Centre d'Optique Photonique et Laser, Laval University, 
Quebec. 

Method: 

Samples were collected by scraping the silica skin surfaces with a tungsten carbide 
dental drill operated by a 12 V battery-driven drill. The powders were collected on 
aluminium foil and weighed in elongate platinum crucibles (boats). The platinum boat 
was placed in a quartz glass tube and connected to an air (CO2 free) inlet and the 
flowing gas ( 5 psi) allowed to pass across the heated boat and through phosphorus 
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pentoxide and dry pulverised calcium hydroxide before exiting to the atmosphere 
through a liquid bubbler containing calcium chloride solution. Each sample in the boat 
was heated in a furnace progressively in 506C intervals from 70°C to I 000°C, cooled in 
a desiccator and re-weighed. Weight loss, percent weight loss and cumulative weight 
loss were calculated, and the weights of the phosphorus pentoxide and calcium 
hydroxide tubes were also weighed to determine amounts of water and carbon dioxide 
respectively. Measurements and calculations are presented for each of the samples 
under their respective sampling locations. Samples that were extremely small were not 
determined. 

The method assumes that carbon-bearing phases, such as micro-organic remains, 
charcoal, and carbonate are only present in trace amounts and do not significantly affect 
the dehydration measurements (refer to XRD and FTIR charts showing the absence of 
carbonate minerals). The weight of carbon dioxide liberated from the samples was 
measured by the increase in weight of the calcium hydroxide tube. 

Appendix 1.3 X-ray diffraction (XRD) 

Aim: To identify the crystalline phases present in silica skins. 

Equipment: XRD patterns were obtained using a Rigaku RU200-BVHF 12 kW rotating 
anode generator equipped with a Cobalt target (1.7889 Ka X-rays) and a normal focus 
filament (0.5 x 10 mm) operated a 45 kV and 160 mA. The CoK(3 component was 
eliminated with an iron filter mounted on the incoming beam collimator. Equipment 
used was at the Canadian Conservation Institute, Ottawa. 

Method: Silica skin powders were mounted on low background glass plates and 
irradiated under a collimated X-ray beam. Scans were made from 5 ° to 55° 20 at 2° 
per minute. When discernible peaks were observed they were identified using ASTM 
tables of crystalline minerals. However, all spectra essentially conformed to broad 
humps signifying amorphous phases. 

Appendix 1.4 Fourier Transform Infrared Spectroscopy (FTIR) 

Aim: To identify the presence of hydroxyl groups bonded to silicon as a means of 
estimating degree of silica skin hydration. 

Equipment: FTIR spectra were obtained using a low pressure diamond micro-sample 
cell and a Bomen MB-120 spectrometer fitted with a microbeam compartment 
equivalent to a four times beam condenser and liquid nitrogen cooled wide band 
mercury-cadmium-telluride detector. Spectral data were collected by a NEC MultiSync 
2A computer loaded with 'Bomem Easy' software and plotted using a Hewlett-Packard 
colour plotter. Equipment used was at the Canadian Conservation Institute, Ottawa. 

Method: Small particles of powdered silica skin were placed on one face of a diamond 
cell and after positioning the second half of the cell on top, the powder was squeezed 
between the two diamond faces by adjusting the tension on three fastening screws. 
Transmittance spectra were collected in the 4 000 to 400 cm-1 range at a resolution of 4 
cm-1. Absorption peaks were compared with documented examples of hydroxylated 
minerals. 
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Appendix 1.5 Scanning Electron Microscopy (SEM/EDXA) 

Aims: Two major aims were to observe at high magnification the surface textural and 
structural details, and to obtain estimates of the major and minor elemental abundances 
in silica skins. 

Equipment: At Laval University a JEOL JSM-840 scanning microscope was used. 
Operating conditions were 15kVand working distance of 15 mm. Window Tracor 
Northern X-ray energy analytical system combined with a beryllium window fitted to 
the sample chamber permitted detection of X-rays derived from elements heavier than 
carbon. 

At the Australian National University a Cambridge S360 scanning microscope fitted 
with Tracor Northern Energy Dispersive X-ray analytical software was used to detect 
elements heavier than sodium. 

Method: Powders, and broken and polished cross-sections of silica skins were 
mounted on double-sided sticking tape attached to either carbon, aluminium or brass 
stubs and placed inside the evacuated sample chamber of the microscope. Observations 
were made at different magnifications, photographs were taken of particular features 
and spot and raster analyses were obtained. Results for the analyses are presented in 
Chapter 3, and photographs showing various textural features are used throughout the 
text to illustrate certain points. 

Appendix 1.6 Major Element analyses by electron microscope 

Aim: To obtain major element analyses of silica skins from polished cross-sections. 

Equipment: At Laval University a JEOL JSM-840 scanning microscope was used. 
Operating conditions were l 5kV and working distance of 15 mm. Window Tracor 
Northern X-ray energy analytical system combined with a beryllium window fitted to 
the sample chamber permitted detection of X-rays derived from elements heavier than 
carbon. Fe standards were used for calibrating the equipment. 

Method: Polished thin sections were mounted on brass stubs and examined by the 
microscope. Sampling locations were selected across the thin silica films and small 
rastered areas analysed. Triplicate determinations were averaged. Spectral information 
was converted to elemental percentages using standards. The results of these analyses 
are tabled in Chapter 3. 

Appendix 1. 7 Trace Element analyses (PIXE) 

Aim: To determine the trace element abundances in silica skins. 

Equipment: Particle accelerator at Lucas Heights Research Laboratories, Sydney was 
used. Descriptions of the facility are presented by Duerden and others (1979; 1980, 
453). Si (Li) detector was used to measure the proton-induced X-rays. 

Method: Relatively flat surfaces of flakes of rock surface bearing silica skins were 
exposed to the 2 mm, 2.5 MeV proton beam. Elemental concentrations measured via 
the X-ray spectra were derived using spectrtnn analysis and X-ray yield calculations 
based on the method of Clayton and others (1981, 541). 
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Appendix 1.8 Electron Microprobe Analyses 

Aim: To measure the compositional variations in silica skins with distance from the 
underlying host rock. 

Equipment: The Australian National University's Research School of Earth 
Sciences/ Australian Government Survey Office Cameca Microbeam Electronprobe 
fitted with three wavelength dispersive spectrometers was used. Analyses were ZAF 
(atomic mass, absorption and fluorescence) corrected using a LINK System Personal 
Computer X-ray Analyser. Crystals used in the spectrometers were PET (for Ca, Ti), 
LiF (Mn, Fe) and TAP (Mg, Al, Si). 

Method: Polished thin sections of the coatings were made on 46 x 30 mm glass slides. 
They were carbon coated before analysis. The microbeam was operated at 15 kV and 
39.8 nA. Calculations of mineral composition assumed 2 oxygen atoms and results 
were expressed as weight percent. 

Appendix 1.9 Transmission Electron Microscopy (TEM and STEM) 

Aim: TEM and STEM were used to observe the fine structures in silica skins. 

Equipment: At the Australian National University Electron Microscopy unit a JEOL 
2000 EX side-entry tilt stage Transmission Electron Microscope (TEM) was used. 
Turbomolecular pump/sputter ion vacuum system giving a vacuum of about 1 o-7 mbar. 
Large format camera with sheet film. Operating conditions were an accelerating 
voltage of 200 kV. Spot size selected to number 1. Condenser astigmatism checked. 
Filament was desaturated to check for halo image, and gun alignment shift and tilt 
adjustments made where appropriate. 400,200 and 150 µm apertures were centred. 
Spot size was aligned until beam spot remained stationary when size changed. 
Symmetry and centring of diffracted beam checked. Objective astigmatism was 
checked on 150, 100 and 50 µm sizes. 

At the Australian Defence Force Academy (ADFA) an Hitachi H-800 scanning 
transmission electron microscope was used. It was fitted with a side entry sample 
changer and incorporated a H8010 scanning system, Kevex energy dispersive X-ray 
analyser and was capable of providing analyses in the scanning transmission mode. 

Method: Crushed particles of silica skin were finely pulverised in an agate mortar and 
pestle under alcohol, and a small droplet of the suspended particles evaporated on a 
carbon-coated grid. Observations were made of each sample using various 
magnifications, and photographs were taken of special features. 

Appendix 1.10 Organic Chemistry (Gas chromatography, GC) 

Aim: To identify fatty acids preserved in silica skins. 

Equipment: A Varian STAR 3400CX Series Gas Chromatograph, fitted with a flame 
ionisation detector and 3000 Series inboard data-handling unit for plotting 
chromatograms and integrating peak areas, Chemistry Department, University Laval. 
Separations were done on a J&W 30 m x 0.325 mm bonded liquid phase (DB-23, 50% 
cyanopropyl polysiloxane) fused silica column with an inside diameter of0.25 mm and 
a film thickness of0.25 µm; helium was the carrier gas at 37.8 cm/sec. 
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Temperature program used was 7°C/min from 150°C to 200°C and hold for 1 minute, 
3°C/min to 220°C, 5°C/min to 245°C and hold for 5 min. Injector and detector 
temperatures were 275 and 290°C, respectively. Split injection, 1: 10, was used. 
Injection volumes were 0.9 µL. Two samples of the duplicate/triplicate were injected 
and standards were run before and after the sample injections. 

Method: Samples weighing between 20 and 150 mg were rinsed with acetone and 
methanol to remove contamination (e.g. fingerprints), then they were crushed in Reacti
Vials. Dark coloured samples were first extracted with 0.7 ml ofH2O:MeOH (80:20) 
using an ultra-sonic probe (Sonifier Cell Disrupter B-30, Branson Sonic Power 
Company) for 2 minutes at setting L This extraction was used to remove free amino 
acids and protein for amino acid analysis. 

Lipids were extracted using the following procedure: 

1. Dispense 1 ml of a mix of chloroform, methanol and Milli-Q water ( 1: 1 :0. 9 by 
volume) into each Reacti-Vial. 

2. Use the ultra-sonic probe on each sample for a minimum of 2 minutes at a setting of 
two. 

3. Centrifuge for 5 minutes and draw off the chloroform layer (bottom layer) with a 
Pasteur pipes and split into duplicate or triplicate samples in Reacti-Vials. 

4. Evaporate chloroform to dryness at room temperature under nitrogen. 

Transesterification was carried out by following the steps below: 

1. Add 100 ml ofBF3 in methanol (20% w/v; caps for Reacti-Vials contain Teflon
faced septa). 

2. Screw on caps with septa and heat at 100° C for 5 minutes (heating block must 
already be at 100 C). Cool to room temperature using cold water. 

3. Add 200 µL of hexane and 100 µL Milli-Q water. Replace caps - don't mix caps. 

4. Mix using vortex mixer for a minimum of 10 seconds. Centrifuge to separate layers. 

5. Remove upper phase of hexane carefully with Pasteur pipettes and transfer to sample 
vials with inserts. 

6. Completely evaporate the hexane layer at room temperature using nitrogen on the 
Reacti-Vap. 

7. Dilute the sample with a minimum amount (20 µL) of chloroform, cap and analyse 
by Gas Chromatography. · Store samples at <-10°C. 

Standards were analysed before silica skin samples. The following fatty acid standards 
were available (all from Sigma): 11:0, 12:0, 14:0, 14:l(n-5), 15:0, 16:0, 16:l(n-7), 17:0, 
18:0, 18:l(n-9), 18:2(n-6), 18:3(n-3), 19:0, 20:0, 20:l(n-11), 20:3(n-3), 20:4(n-6), 
20:5(n-3), 22:0, 22:l(n-9), 22:6(n-3), 24:0, 24:l(n-9), 26:0. Solid standards were dried 
in a vacuum oven at 35°C; all were weighed and made up in chloroform to a 
concentration of0.5 nmo/µL. Methyl esters were prepared by dispensing 20 µL of fatty 
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acid standard directly into Reacti-Vials (triplicate) and evaporating to dryness using 
nitrogen at room temperature. Fatty acids were esterified along with samples using the 
same procedure (see transesterification procedure above). 

Calculation of chromatography results was done using the following procedure. The 
esterified standard fatty acid ratios from peak areas were corrected to actual mole ratios 
by considering mass and purity. Fatty acid mole ratios for samples were calculated 
from the peak areas of the methyl esters. These ratios were corrected with a correction 
factor from results of the actual mole ratios of standards to give absolute ratios so the 
sample mole ratios were not dependent on instrument conditions. This results in mole 
ratios being comparable regardless of gas chromatographs or columns used. Results for 
each sample were an average of two injections. Correlation coefficients were equal to 
1. 00 for the comparison of peak areas of methyl esters for the two injections of each the 
red silica and white silica. 
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Table of common fatty acids and their occurrences. 
Fatty Common Systematic Occurrence 
ll&id.1 name name 

11:0 
12:0 

13:0 
14:0 

14:1 (n-5) 
15:0 
16:0 

16:1 (n-7) 

16:2(n-9) 
17:0 
18:0 

18:1 (n-9) 

18:2(n-6) 

18:3(n-6) 

18:3(n-3) 

19:0 

20:1 (n-11) 
20:3(n-6) 
20:4(n-6) 

20:S(n-3) 
22:0 

22:1 (n-9) 
22:S(n-3) 
22:6(n-3) 
24:0 
24:l (n-9) 
26:0 
28:0 

lauric 

tridecylic 
myristic 

myristoleic 
pentadecylic 
palmitic 

palmitoleic 

hendecanoic 
dodecanoic 

tridecanoic 
tetradecanoic 

9-tetradecenoic 
pentadecanoic 
hexadecanoic 

9-hexadecenoic 

Widely distributed, major component of some seed 
fats (palm-kernel oil, nutmeg)2 

Minor component of most animal lipids. Widespread 
occasionally as major component (palm-kernel oil, 
Myristicaceae: nutmeg) 

Bacteria 
Widespread usually as major component ( olive oil, 

animal lipids). Common in both plants and animals 
Widespread: animals, plants, micro-organisms 
(marine algae). High concentration in fish oils and 

7, l 0-hexadecadienoic 
some seed oils (pine oil) 

Mainly plants and algae 
Bacteria margaric heptadecanoic 

stearic octadecanoic Widespread usually as major component ( cocoa 

oleic 

linoleic 

cp -linolenic 

a. -linolenic 

nonadecylic 

gadoleic acid 
homoslinolenic 
arachidonic 

behenic 

erucic 
elupanodonic 

lignoceric 
nervonic 
creotic 
montanic 

9-octadecenoic 
butter, animal lipids) 

Most common fatty acid in plants and animals 
(animal tissues, olive oil), micro-organisms 

9, 12-octadecatrienoic Major component in plant lipids (com oil). 
Essential in animals - derived only from dietary 
vegetables, and plant and marine oils. (Bacteria) 

6,9, 12-octadecatrienoic Minor component in animals and some algae. 
Important constituent of some plants 

9, 12, 15-octadecatrienoic Major component of plant lipids - photo
synthetic tissues. Not significant in animal lipids. 

nonadecanoic20:0 arachidic elcosanoic Widespread minor 
component, occasionally major component 

9-eicosenoic Fish oils ( cod, sardine) 
8, 11, 14-eicosatrienoic 
5,8,11,14-eicosatetraenoic Major component of animal lipids (liver, brain 

tissue) and some algae. Rare in plants. 
5, 8, 11, 14, 17-eicosapentaenoic Widespread in animal tissues. 
docosanoic Fairly widespread as minor component in seed fat 

triacylglycerols (brain tissue, radish oil) 
13-docosenoic Seed oil ofCruciferae (rape, mustard, etc.) 
7, 10, 13, 16, 19 docosapentaenoic Animals and abundant in fish 
4,7, 10, 13, 16,19 docosahexaenoic Animals and abundant in fish 
tetracosanoic (Brain tissue, carnauba wax) 
15-tetracosenoic (Elasmobranch fishes, brain) 
hexacosanoic Widespread as component of plant and insect waxes 
octacosanoic Major component of some plant waxes 

1. The double-bond configuration in each instance is cis. 
2. Parentheses indicate important sources of a fatty acid. 
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Appendix 1.11 Dating 
Appendix 1.11.1 Micro-excavation 

Aim: To remove small samples of silica progressively from laminated silica skins so 
that radiocarbon dates can be obtained from a series of films containing fossilised 
micro-organisms. 

Equipment: Dental burrs, battery powered drill, aluminium foil, binocular microscope, 
8 mm diameter quartz glass tubing, silver foil, cupric oxide powder, Thermolyne 
furnace, vacuum pump, oxygen-propane gas burner. 

Method: Under 30X magnification the surface of a relatively smooth laminated silica 
skin is ground away using the battery powered drill and dental burrs, maintaining 
control over the micro-stratigraphic level. An area measuring approximately 1 cm x 1 
cm is removed to a depth of about 0.1 mm and the powder collected on aluminium foil. 
The powder is weighed, washed in 10% v/v HCL, then 10% v/v NaOH, both at 60°C, 
and rinsed in deionised water. After drying the residue is re-weighed, placed into a 
silica glass tube with a sliver of silver foil and 0.02 gm ofCuO. The tube is evacuated 
and sealed by melting the open end. Combustion of the micro-organic remains and 
production of carbon dioxide takes place in a furnace at 800°C. The gas is then 
converted to a graphite target, ideally weighing 100 µg, at the dating laboratory and 
pressed into a pellet for measurement in an accelerator mass spectrometer. 

Published results: 

Foz Coa, Portugal. Refer to Fischmann (1995), Watchman (1995 b,c see copy in 
Appendix 3.5). 

Unpublished results: 

East Kimberley region, Western Australia, KF and SB samples collected by the author. 

SB3, 100 µg graphite from 0.0063 gm powdered silica from an Irregular Animal Infill 
Period figure (refer to Walsh 1995 for description), gave a determination of 3,210 ± 350 
years BP (OZBU125; uncalibrated years BP). 

Appendix 1.11.2 Focused Laser Extraction System for Dating 

Aim: To focus a laser onto the cross-sections of silica skins to combust micro-organic 
matter in situ for radiocarbon dating. 

Equipment: Krypton ion laser, micro-combustion chamber, vacuum pump, liquid 
nitrogen, vacuum gauge, oxygen-acetylene cutting torch, glass tubing, diffraction 
limited lens. 

Method: .Detailed explanation of the method is provided in Watchman and Lessard 
(1992), Watchman and others (1993) and Watchman (1993, refer to copy in Appendix 
3.4). 



Unpublished results: 
GCl , AA-10930, 2-4 µg graphite. 
Jim Jim, AA-10931 , 2-4 µg graphite. 
Split Rock 6, AA10937, 2-4 µg graphite. 
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Giant Horse, AA-10938, -16.So 13c, fraction modern 1.1338 ± 0.0063 post-bomb. 
( contaminated). 

Author's photograph showing the bench top arrangement of large diffraction-limited 
focusing lens, microscope attachment (black), micro-combustion chamber (silver grey 
cylinder with plastic inlet hose), copper outlet tubes, vacuum gauges, and acetylene and 
oxygen bottles (right). 
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Appendix 2. Site and sample specific data 
Summary table: 

Appendix SITE NAME LOCATION 
2.1 Gnatilia Ck Coastal N.S.W 

2.2 Red Lady Laura, N.Q. 

2.3 Split Rock Laura, N.Q. 

2.4 Brockman Kakadu N.P., NT 

2.5 fun Jim Kakadu N.P., N.T. 

2.6 Keech Fig. Kimberley, W.A 

2.7 WaxCkE. Kimberley, WA 

2.8 Nisula Quebec, Canada 

2.9 Crowrock Ontario, Canada 

Appendix 2.1 Gnatilia Creek 

LONGITUDE /LATITUDE 
155° 25' E 35° OS'S 

144° lS'E 15° 52'S 

144° 30' E 15° 47'S 

132° 59' E 12° 32' S 

132° 30' E 13° 24' S 

126° 59' E 14° 35' S 
126° 09' E 15° 45' S 

69° 25' W 48° 45' N 

94° 50' W 49° 32' N 

SEM photograph pf the damp surface of the silica skin near GC2 showing a fungal 
mycelium (single strand lower left), abundant small ovoid bacteria, globular spheres of 
silica (upper left) and a relatively large sheet of clay (right). Scale bar is 20 µm 
(author's photograph). 
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Transmitted light photograph under plane polarised conditions of the laminated silica 
skin, GC4. Scale bar is 0.1 mm (author's photograph). 

Cross-polarised light image of the same area as the photograph above, showing the 
concentrations of dark micro-organic remains encapsulated in the silica skin (author's 
photograph; same scale as above). 

' ' 

Binocular microscope view of plant remains and charcoal particles extracted from GC4 
using hydrofluoric acid (scale bar is 0.05 mm; author'sph_oto h). 
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Appendix 2.1.Refractive Index 
Measurements were made on crushed silica skin grains, and then averaged. 

Translucent silica skin 
Gel Average of 1.41, 1.42, 1.42, 1.42, 1.41 1.415 

Average of 1.41, 1.42, 1.41, 1.42, 1.42 = 1.415 
Average 1.415 

White silica skins 
GC2 Average of 1.44, 1.41, 1.40, 1.44, 1.43 = 1.424 

Average of 1.42, 1.43, 1.44, 1.42, 1.43 = 1.428 
GC3 Average of 1.43, 1.42, 1.44, 1.44, 1.40 1.426 

Average of 1.44, 1.42, 1.42, 1.44, 1.43 = 1.430 
GC4 Average of 1.44, 1.41, 1.42, 1.41, 1.42 = 1.420 

Average of 1.42, 1.44, 1.42, 1.43, 1.43 = 1.428 
GCS Average of 1.44, 1.44, 1.43, 1.43, 1.43 = 1.434 

Average of 1.43, 1.42, 1.42, 1.44, 1.42 1.426 
Average= 1.428 

Appendix 2.1.2 Weight loss measurements 

White coating 

70°C 110°c 150°C200°C250°C300°C350°C400°C500°C600°C700°C800°C900°C 1000°( 
wt sample 2.018 
wt unheated 2.018 1.925 1.87 1.843 1.807 1.798 1.793 1.731 1.706 1.691 1.675 1.662 1.657 1.655 
wt heated 1.925 1.87 1.843 1.807 1.798 1.793 1.731 1.706 1.691 1.675 1.662 1.657 1.655 1.654 
wt Loss 0.093 0.056 0.027 0.036 0.009 0.006 0.061 0.025 0.015 0.016 0.013 0.005 0.002 0.002 
% wt loss 4.587 2.885 1.442 1.951 0.488 0.307 3.415 1.463 0.862 0.942 0.793 0.317 0.094 0.107 
Cum% Loss 7.472 8.914 10.87 11.35 11.66 15.07 16.54 17.4 18.34 19.14 19.45 19.55 19.65 

7.47 8.65 8.84 9.19 12.00 13.45 15.23 16.02 16.31 16.50 
0.26 2.03 2.16 3.07 3.09 3.11 3.12 3.14 3.14 

Translucent coating 

70°C 110°c 150°C200°C250°C300°C350°C400°C500°C600°C700°C800°C900°C 1000°( 
wt sample 2.008 
wt unheated 2.008 1.925 1.897 1.879 1.861 1.837 1.825 1.811 1.797 1.782 1.776 1.775 1.774 1.774 
wt heated 1.925 1.897 1.879 1.8611.8371.825 1.8111.7971.782 1.776 1.775 1.774 1.774 1.774 
wt Loss 
%wt loss 
Cum %Loss 

0.083 0.027 0.019 0.◊18 0.023 0.012 0.015 0.014 0,015 0.006 0.001 0.001 
4.143 1.423 0.987 0.962 1.246 0.658 0. 795 0. 763 0.824 0.357 0.056 0.056 

0 

0 

0 
0 

5.566 6.553 7.515 8.7619.41910,21 10.98 11.8 12.16 12.2112.2712.27 12.27 

5.57 6.44 7.33 9.18 10.53 11.03 11.19 11.19 ll.19 ll.l9 
0.11 0.18 0.24 0.45 0.77 0.97 1.02 1.08 1.08 



295 

Appendix 2.1.3 X-ray Diffraction 
Charts obtained for samples of silica skin from the Gnatilia Creek site. 

\ 
\, 

··1 
\, 

'¼ .. 

10 20 

CC5 

G(: 1 tnmsluccm 

30 
Degrees 2 0 

40 

GC3 

50 



296 

Appendix 2.1.4 Fourier Transform Infrared Spectroscopy 
Spectra obtained for white and translucent silica skins at Gnatilia Creek. 

GC 1 white 

I 

"l r-Cm--,i-----...,---~1-•----•• 
6000 3800 16()0 
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Appendix 2.1.5 Scanning Electron Microscopy 

SEM/EDXA spectra for each Gnatilia Creek silica skin. 
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Appendix 2.1.6 Major Element Analyses 

oxidg Gel G.{;2 GCJ GC!.I GC5 Average 
n= 3 3 3 3 3 15 
Si02 73.51 72.67 72.83 72.04 72.42 72.69 

TiO2 O.Ol 0.01 0.01 0.01 0.03 0.01 

Al2O3 1.83 l.64 1.58 1.56 1.48 1.62 

Fe2O3 2.74 2.64 2.56 2.84 2.69 2.69 

"MnO 0 0 0.01 0 0.01 0.00 

MgO 0.12 0.13 0.11 0.14 0.12 0.12 

CaO 0.05 0.06 0,04 0.06 0.02 0.05 

Na20 0.18 0.15 0.16 0.21 0.18 0.18 

K20 0.97 0.98 0.94 0.95 1.01 0.97 

P2Os 0.09 0.11 0.12 0.07 0.13 0.10 

Cl 0.26 0.21 0.27 0.28 0.26 0.26 

S03 1.56 1.87 1.86 1.94 1.94 1.83 

TOTAL 81.62 87.42 88.89 88.68 86.55 80.53 

Appendix 2.1. 7 Trace Element Analyses by PIXE 

Element -,GC..l 
F 587 

Li 50 
V 45 

Cr 15 
Mn 62 
Ni 7 
Cu 52 
Zn 53 
Ga 4 
As 18 
Se 3 
Br 0 
Rb 43 
Sr 1882 
y 12 
Zr 97 

Nb 0 
Mo 0 
Ru 0 
Ba 565 
Pb 193 
Th 7 
u 9 
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Appendix 2.1.8 Electron Microprobe Analyses with depth in skin 
(0 = below detection limit) 

Gel surface Depth in mm base 

oxide ~.02 0,5 0,8 !l,2 1,25 1,34 1.4 l.55 1.8 2.0 
Si02 88. 13 82.75 79.25 76.93 78.23 83.51 78.23 74.01 72.5 70.00 

Ti02 0.00 0.02 0.01 000 0.00 0.00 0.01 0.00 0.01 0.02 

Al203 1.13 2.26 2.43 2.75 2.56 2.49 3.23 3.73 2.84 2.52 

Fei03 003 1.23 2.54 4.48 3.12 0 56 2.52 4.82 8.26 11.23 

MnO 0.00 0.00 0.00 0.00 0.00 0.02 0.01 0.00 0.Dl 0.01 

MgO 0.07 0.37 0.35 0.33 0.41 044 0.35 0.25 0. 16 0.09 

CaO 0.03 0.04 0.05 0.06 0.08 0.13 0.08 0.06 0.05 0.06 

Nap 0.15 0.02 0.07 0.11 0.09 0.06 0. 11 0.14 0.20 0.21 

K20 0.10 0.14 0.56 0.87 0.54 0.16 1.01 l.27 0.56 1.73 

Pp5 0.00 0.06 0.24 0.44 0.32 0.20 0.27 0.34 0.35 0. 15 

C! 000 0.26 032 0.36 0.36 0.38 0.35 0 33 0 42 0.45 

S03 0.00 0.36 1.89 3.24 2.14 0.43 2.12 4.20 5. 16 6.22 

TOTAL 89.64 87.51 87.71 89.57 87.85 88.38 88.29 89.15 90.52 9269 

Plot of major elements Si 0 2, Al20 3, Fe20 3 and S03 with increasing depth from the 

present surface across a polished thin section of white silica skin GCl (the host rock is 

at the right hand side and the present surface is on left. The data in the above table are 

illustrated in the two charts below). 

90-
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- Si02 
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10 
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2 

0 

w 
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Variation in minor inorganic components across the Gnatilia Creek silica skin (GCl). 

% 

M 
g 
0 

GC2 

GC1 
Compositional variation with depth 

0.5 2.0 

0.4 • 1.5 

0.3 • 
1.0 

0.2 

0.1 0.5 

0.0 -=,:~,-:::::i= ,.---....... -1,........ __ ..,_..,_-+0.0 
0.02 0.12 0.22 0.32 0.42 0.52 0.62 0.67 0.75 0.87 

surface 

~1.idt O 02 

Si02 88.13 

Ti02 0.00 

Alz03 1.28 

Fe20 3 0.03 

MnO 0.00 

MgO 0.07 

Cao 0 .03 

NaiO 0.01 

K20 0.10 

P20s 0.10 

-Cl 0.10 

S03 0.28 

TOTAL 90.13 

Increasing depth (mm)--> 

• MgO 
K20 

Depth in mm 

Q 22 Q 42 

82.75 76.93 

0.02 0 .00 

2.34 2.75 

0.23 1.48 

0.00 0.00 

0.37 0.33 

0.04 0.06 

0.03 0.05 

0.14 0.57 

0.18 0 .44 

0.26 0.36 

0 .63 2.61 

86.99 85.58 

• Cao 
P205 

0,62 0 67 

83.5 l 74.0l 

0.00 0 .00 

2.72 2.66 

1.56 2 .82 

0.02 0.00 

0.44 0.25 

0.05 0.06 

0.06 0.08 

0.36 0.47 

0.42 0.34 

0.38 0.33 

2.54 2.35 

92.06 83.40 

-.... Na20 
-.- Cl 

base 

0,87 

78.88 

0.02 

2.52 

3.72 

0 .00 

0.35 

0.06 

0.11 

0.63 

0.20 

0.31 

2.14 

88.94 

w 

% 
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The two graphs below illustrate the compositional variations recorded in the table 
above. 

GC2 
Compositional variation with depth 

100-· 4 

% ao 1 
3 

s 60 
2 

i 40 
0 

1 2 20 

0 
0.02 0.22 0.42 0.62 0.67 0.87 

0 

Increasing depth (mm) -:> 

• Si02 .... Al203 _.,_ 
Fe203 S03 

GC2 
Minor element variations with depth 

0.5 0.7 

0.4 0.6 
% 0.5 w 

0.3 0.4 t 
M 
g 0.2 0.3 

0 0.2 % 
0.1 0.1 

0.02 0.22 0.42 0.62 0.67 0.87 
0.0 

Increasing depth (mm)--:> -MgO -• Cao ...... Na20 
1<20 P205 ........ Cl 

w 
t 
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GC3 surface Depth in mm base 
ill!iidi: Q05 Q.2 04 02 Q,7 02 
Si02 89.76 81.24 79.36 81.23 82.18 79,12 
Ti02 0 0.01 0.01 0.01 0 0.01 
Al203 2.56 2.61 2.57 2.54 2.75 2.65 
Fe20 3 0.54 1.32 2.12 3.56 3.78 4.11 
MnO 0.01 o.oi 0 002 0 0.10 
MgO 0.35 0.31 0.34 0.34 0.26 0.31 
Cao 0.08 0.05 0.08 0.06 0.05 0.07 
NaiO 0.18 0.21 0.21 0.18 0.15 0.13 
K20 0.24 0.36 0.48 0.65 0.76 0.95 
P205 0.16 0.18 0.25 0.29 0.43 038 
Cl 0,34 0.31 0.28 0.31 0.32 0.35 
S03 0.20 0.38 1.46 2.34 2.65 2.94 

TOTAL 94.42 86.99 87.16 91.53 93.33 91.12 

GC3 
Major element variations with depth 

100 5 

% 80 4 

s 60 3 
w 
t 

i 40 2 
0 % 
2 1 

0 0 
0.05 0.2 0.4 0.6 0.7 0.9 

Increasing depth (mm)--> -SiO2 •· Al2O3 
........ Fe2O3 SO3 

GC3 
Minor element variations with depth 

0.4 • 1.0 

% 0.3 0.8 w 
M 0.2 t 

g 0.4 
d 0.1 % 

0.2 

0.0 0.0 
0.05 0.2 0.4 0.6 0.7 0.9 

Increasing depth (mm)--> -MgO -• cao ........ Na2O 
K2O P2O5 -•- Cl 
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GC4 surface Depth in mm base 
.wd.t il ll o...s. ll .Ll.i 1.14. u l..ii ll 2.Q 

Si02 81.13 81.26 80.12 79.68 78.21 82.12 79.35 75.28 72.5 69.99 
Ti02 0.00 0.02 0.01 0.00 0.00 0.00 O.Ql 0.00 0.01 0.02 
Al203 l.03 2.28 2.14 2.87 2.65 2.5 I 3.25 3.52 2.74 2.49 
Fe20 3 0.02 l.21 2.65 4.23 3.21 0.65 2.42 4.76 7.96 10.52 
MnO 0.00 0.00 · 0.00 0.01 0.00 O.Dl 0.01 O.Ql 0.01 0.01 
MgO 0.06 0.39 0.37 0.35 0.37 0.54. 0.41 0.28 0.17 0.10 
CaO 0.03 0.05 0.04 0.05 0.09 0.12 0.07 O.o3 0.06 0.07 
NaiO 0.14 0.00 0.06 0.21 0.08 0.04 0.12 0.18 0.19 0.20 
K20 0.1 0.16 0.68 0.78 0.45 0.18 0.98 0.17 0.58 1.23 
P20s 0.00 0.14 0.62 0.44 0.23 0.12 0.31 0.35 0.35 0.15 
Cl 0.00 0.26 0.23 0.63 0.57 0.59 0.35 0.32 0.40 0.44 
S03 0.00 0.28 1.98 3.42 2.25 0.34 2.11 3.84 5.06 6.02 

TOTAL 82.51 86.03 88.89 92.66 88.11 87.21 89.37 88.73 90.5 92.65 

GC4 
Compositional variations with depth 

100 12 

% 80 10 

8 w 
s 

6 
t 

i 40 
0 4 % 
2 20 2 

0 
0.1 0.5 0.8 1.1 1.25 1.34 1.4 1.55 1.8 2 

0 

Increasing depth (mm) --> - SiO2 • A12O3 
-•- Fe2O3 SO3 

GC4 
Minor element variations with depth 

0.6 1.5 

% 0.5 
0.4 1.0 w 

M 0.3 t 

g 0.2 0.5 % 0 0.1 
0.0 

0.1 0.5 0.8 1.1 1.25 · 1_34 1.4 1.55 1.8 2 
0.0 

Increasing depth (mm) ---> 

• MgO -• CaO -.- Na2O 

• K20 P2O5 -.. Cl 
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GC5 surface Depth in mm base 
Hidr 015 Q3 045 Q 55 Q 2S Q 85 

Si02 85.72 80.27 78.26 80.35 81.23 76.50 
Ti02 0 0.01 0.01 0.01 0.10 0.10 

Alz03 1.26 2.52 2.37 2.76 2.52 2.35 

Fe20 3 0.14 1.23 1.18 l.37 2.11 3.92 
MnO 0.01 0.01 0 0.20 0.IO 0.10 
MgO 0.15 0.29 0.24 0.32 0.31 0.35 

CaO 0.02 0.05 0.08 0.11 0.15 0.13 

NazO 0.04 0. ll 0.14 0.18 0.17 0.15 

K20 0.17 0.23 0.73 0.87 0.91 0.78 

P205 0.06 0.08 0.27 0.25 0.34 0.31 

Cl 0.26 0.25 0.36 0.42 0.31 0.36 

S03 0.41 1.39 2.27 2.16 2.54 2.73 

TOTAL 88.23 86.42 85.9 88.79 90.59 87.58 

GC5 
Compositional variations with depth 

100 4 

% 80 3 w 
s 60 t 
; 2 

40 
0 

1 
% 
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ol--
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0 
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GC5 
Minor element variations with depth 
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Appendix 2.1.9 Transmission Electron Microscopy 

SEM view of the surface of GC 1 showing silica aggregates randomly packed on the 
micro-topographically undulating surface (scale bar is 100nm; author's photograph). 

SEM photograph of the pitted surface of GC 5 showing the random packing of silica 
particles in aggregates (scale bar is 100 nm; author's photograph). 
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Appendix 2.1.10 Organic Chemical Analyses 

Results of the integration and recalculation of peak heights of fatty acid extracts from 
GCI, 4 and 5 assuming 16:0 equal to 100. 

CARBON CHAIN GCl GC4 GC5 
12:00 0.00 0.00 1.23 
14:00 14.49 19.22 10.23 
15:00 2.55 1.00 4.35 
16:00 100 100 100 
16:10 0.00 0.00 2.17 
16:20 0.00 0.00 7.89 
17:00 3.83 1.54 2.33 
18:00 147.2 97.99 134.27 
18:10 2.93 2.00 11.95 
18:20 0.00 0.23 2.34 
18:30 0.00 0.55 0.53 
20:00· 2.06 l.69 1.14 
26:00 4.08 23.18 18.24 
28:00 0.00 0.00 1.55 

Appendix 2.1.11 Dating Results 

Gnatilia Creek, New South Wales, Australia (Watchman 1991 ): 

NearGCl 
AA-7726 
AA-7727 
AA-7728 
NearGC2 

Top surface 
Base 
Layer above base 

NZA-2560 Base 
Another sample near GC2 
NZA-2561 Base 

825 ± 5 5 years BP 
11,235 ± 85 years BP 
8,265 ± 85 years BP 

8,900 ± 130 years BP 

9,215 ± 99 years BP 



307 

Appendix 2.2 Red Lady 

Transmitted light photograph of RL 1 showing the thin accumulation of very fine films 
of silica deposited over clear and grey angular quartz grains in the ferruginised 
sandstone (scale bar is O .1 mm; author's photograph). 

Appendix 2.2.1 Refractive Index 

RLl Average of 1.42, 1.43, 1.44, 1.42, 1.43 = 1.428 
RL2 Average of 1.44, 1.41, 1.40, 1.44, 1.43 1.424 
RL3 Average of 1.43, 1.42, 1.44, 1.44, 1.40 1.426 
RL4 Average of 1.42, 1.44, 1.42, 1.43, 1.43 = 1.428 
RL5 Average of 1.43, 1.42, 1.42, 1.44, 1.42 1.426 
Average= 1.426 

Appendix 2.2.2 Weight loss measurements 

White coating 

70°C l l 0°C 150°C 200°C 250°C 300°C 3 50°C 400°C 500°C 600°C 700°C 800°C 900°C l 000°< 
-wtsarnple 1.012 
wt unheated l.012 0.992 0.972 0.962 0.922 0.896 0.867 0.855 0.843 0.837 0.834 0.833 0.832 0.832 
wt heated 0.992 0 972 0.962 0.922 0.896 0.867 0.855 0.843 0.837 0.834 0.833 0.832 0.832 0.832 

wtLoss 002 0.02 0.01 0.040.0260.0290.0\20.0120.0060.0030.0020.001 0 0 
% wt loss 2 013 1.985 1023 4.145 2.871 3.279 l.327 1.456 0.654 0.325 0.213 0.123 0 0 

Cum% Loss 3.998 5 021 9. 166 12.04 15.32 16.64 18. l 18.75 19.08 19.29 19.41 19.41 19.41 

wtH20 

wt CO2 

3.99 4.76 

0.26 

8.84 

0.32 

1 U9 \4.34 15.45 

0.65 0 98 2.65 

16.07 16.14 16.20 

3.01 3.15 3.21 

\6.20 

3 21 



Appendix 2.2.3 X-ray Diffraction 
:XRD charts for samples RL 1 to RL 5. 
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Appendix 2.2.4 Fourier Transform Infrared Spectroscopy 
FTIR spectra for samples RL 1 to RL 5. 

3300 
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Appendix 2.2.5 Scanning Electron Microscopy 
SEM/EDXA spectra for samples RL l to RL 5. 
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Appendix 2.2.6 Major Element Analyses 
(In the following tables O = below detection limit, n number of triplicate raster 
analyses). 

~ RLl RL2 RL3 RL4 RL5 Average 
n= 3 3 3 3 3 15 
SiO2 73.26 73.35 74.81 74.78 73.54 73.95 
TiO2 0.01 0.03 O.ot 0.03 0.00 0.02 

AizO3 1.95 1.73 1.81 1.94 1.75 1.84 
Fe2O3 1.41 1.31 1.38 1.34 1.39 1.37 
MnO 0.00 0.00 0.00 0.00 0.00 0.00 
MgO 0.3 0.24 0.31 0.32 0.34 0.30 
CaO 0.63 0.64 0.59 0.62 0.61 0.62 
Na2O 0.51 0.48 0.49 0.41 0.42 0.46 
K20 0.48 0.54 0.52 0.46 0.54 0.51 

P2O5 0.55 0.51 0.48 0.42 0.46 0.48 
Cl 0.35 0.38 0.42 0.34 0.35 0.37 
SO3 1.14 0.98 1.03 0.94 1.01 1.02 
TOTAL 80.59 80.19 81.85 81.6 80.41 80.93 

Appendix 2.2. 7 Trace Element Analyses (PIXE) 

(* signifies the host rock under the silica skin). 

Element ..BL..L ..BL..1.. ~ 
F 21 21 81 
Li 16 20 21 
V 8 0 17 
Cr 6 3 15 
Mn 70 38 104 
Ni 7 5 3 
Cu 2 5 3 
Zn 13 5 17 
Ga 1 2 0 
As 10 9 13 
Se 0 1 2 
Br 0 3 0 
Rb 7 9 8 
Sr 11 10 34 
y 0 0 6 
Zr 0 0 12 
Nb 0 0 0 
Mo 0 0 0 
Ru 0 0 0 
Ba 0 560 0 
Pb 0 0 0 
Th 0 0 0 
u 0 0 ·o 
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Appendix 2.2.8 .Electron Microprobe Analyses 
(In the following tables O = below detection limit). 
RLl 

ElementDistance from the silica skin surface (mm) 
.il!d.t QJli O 15 Q.2. Q..ll Q..ll .QA2.. il 
Si02 78.94 81.24 85.26 79.57 78.36 79.82 82.31 
Ti02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
AI20 3 6. 13 4. 16 2.47 5.23 6.26 6.37 4.01 
F~~ O.M 0.00 QOO 0.00 0.00 0.00 0.00 
MnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
MgO 0.84 0.56 0.83 1.14 1.25 1.08 0.62 
CaO 0.13 0.1 0.09 0.1 0.1 0.13 0.05 
NazO 0.00 0.00 0.00 0.01 0.01 0.02 0.02 
K20 0.24 0.2 0. 16 0.12 0.13 0.24 0.2 
P20 5 2.31 1.15 0.34 0.91 0.98 1.25 0.43 
Cl 0.1 0.12 0.12 0.12 0.14 0.15 0.16 
S03 0.67 0.56 0.61 0,83 1.01 1.12 0.41 
TOTAL 89.44 88.09 89.88 88.03 88.24 90.18 88.21 

Major element variation with depth 
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RL2 
Element Distance from the silica skin surface (mm) 
2XHk Mi Q_J_ Q.li Q.2_ Q.2i Q.1 0.35 
Si02 79.84 80.26 83.24 77.59 75.68 78.92 80, 13 
Ti02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Al203 5.91 3.86 2.74 2.32 5.86 5.89 · 3.94 
Fe20 3 0.1 0. 1 0.1. 0.18 0.2 0.12 0.1 
MnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
MgO 0.74 0.63 0.56 I.IS I.23 1.17 0.58 
Cao 0.16 0.11 0.07 0.24 0.12 0.15 0.07 
Na20 0.00 0.00 0.00 0.02 0.01 0.03 0.03 
K20 0.27 0.23 0.24 0.13 0.18 0.29 0.35 

P205 2.13 I.SI 0.35 0,97 0.96 1.34 0.51 
Cl 0.16 0.21 0. 16 0.14 0.21 0.14 0.21 
S03 0.73 0.65 0.53 0.92 1.13 1.09 052 
TOTAL90.04 87.56 87.99 83.66 85.58 89.14 86.44 

Major element variation with depth 
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RL3 
Element Distance from the silica skin surface (mm) 
~ .Q..Q2. QJil Q.M Qfil. Q.M. MI Q,__Q.8_ Q..92 Q..l .Q.ll 
SiO2 79.87 82.41 87,27 78,41 78.65 78.91 79.2 78.9 79.1 85.73 
TiO2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Al2O3 6.28 4.25 2.86 5.47 5.87 6.23 6.56 6.65 7.15 3.79 
Fe2O3 0.09 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.07 
MnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
MgO 0.78 0.65 0.6 1.15 1.13 l.l2 1.1 1.07 1.08 0.58 
Cao 0.12 0.1 0.08 0.1 0.1 0.12 0.1 0.12 0.13 0.05 
Nc1,zO 0.00 0.00 0.00 0.02 0.01 0.02 0.02 0.03 003 0.02 
K20 0.23 0.21 0.19 0.13 0.16 0.24 026 0.28 0.3 0.2 
P2Os 2.32 1.24 0.43 0.95 0.98 1.36 1.54 1.78 1.82 0.34 
Cl 0.1 0.11 0.'15 0.13 0.14 0.15 0.16 0.13 0.14 0.14 
SO3 0.77 0.65 0.59 0.95 0.99 1.12 1.21 1.29 1.35 038 
TOTAL 90.56 89.62 92.17 87.31 88.03 89.27 90.1590.25 91.l 91.3 

Major element variation with depth 
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Element Distance from the silica skin surface (mm) 

2-mk Mi OJ.. Q.li il .Q.ll .Q..l _Q,_J2 M 
SiO2 78.96 83.21 85.96 74.92 76.58 78.23 78.26 79.23 
TiO2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Al2O3 6.18 4.61 2.74 5.26 5.72 6.32 6.42 6.56 

FeiO3 0.08 0.00 0.00 0.00 0.01 0.00 0.00 0.01 
MnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
MgO 0.68 0.63 0.58 1.21 1.11 1.25 1.16 1.05 
CaO 0.11 0.14 0.07 0.12 0.1 0. 17 0.1 0.11 
Na2O 0.00 0.00 0.01 0.02 0.01 0.01 0.01 0.02 
K20 0.26 0.18 0.21 0.13 0.21 0.43 0.28 0.31 
PzOs 2.28 1.16 0.37 0.92 0.87 1.28 1.56 1.67 
Ct 0.13 0.09 0.13 0.15 0.16 0.16 0.14 0.12 
SO3 0.76 0.76 0.61 0.84 0.89 1.27 1.23 1.34 

TOTAL 89.44 90.78 90.68 83.57 85.66 89.12 89.16 90.42 

Major element variation with depth 
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RL5 
Element Distance from the silica skin surface (mm) 
Jmik 005 Q.l !Lli Q.2- Q_,]_ _Q,__li M .Q& 0 53 M 
Si02 79.26 82.36 86.21 75.91 77.39 78.32 79.,56 78.56 80.12 85.34 
TiO2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Al2O3 5.43 5.01 2.46 5.13 5.64 6.01 5.24 6.21 7.16 3.25 
Fe2O3 0.15 0.00 O.ot 0.03 0.01 0.00 O.ot 0.02 0.02 0.06 
MnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
MgO 0.45 0.57 0.64 1.34 1.35 1.13 1.14 1.14 1.1 l 0.62 
CaO 0.05 0.15 0.07 . 0.16 0.1 0.15 0.1 0.12 0.13 0.02 
NaiO 0.00 0.01 0.01 0.03 0.01 0.02 0.01 0.02 0.04 0.01 
K2O 0.13 0.17 0.21 0.15 0.24 0.38 0.23 0.28 0.26 0.31 
P2Os 2.01 1.13 0.41 0.97 0.78 1.19 l.46 l.36 1.84 0.43 
Cl 0.19 0.14 0.16 0. 16 0.13 0.14 0.14 0.14 0.15 0.17 
SO3 0,73 0.68 0.58 0.82 0.76 1.27 1.32 1.31 l.26 0.38 

TOTAL 88.4 90.22 90.76 84.7 86.41 88.61 89.21 89. 16 92.09 90.58 

Major element variation with depth 
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Appendix 2.2.9 Transmission Electron Microscopy 

SEM photograph of the surface of RL 2 showing the random clustering of silica 
particles, making up the amorphous silica skin (scale bar is 100 nm; author's 
photograph). 

Appendix 2.2.10 Organic Chemical Analyses 

CARBON CHAIN RL2 RL4 RL5 
12:00 0 00 000 0.00 
14:00 9.23 11.46 16.54 
15:00 158 184 3.67 
16:00 100 100 100 
16: 10 0 00 0.00 1.00 
1620 0.00 0.00 2.56 
17 00 178 2.3 l 2.46 
18 00 102.35 95.23 122.75 
1810 2.04 3.74 5.68 
18 20 036 0.58 1.00 
18:30 0.67 1 12 1.16 
20:00 1.48 3 24 3.65 
2600 3.65 1157 13.84 
28 00 0.00 0.56 125 
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Appendix 2.2.11 Dating Results 

At Laura the rock paintings are restricted to shelters in which the rock consists of well 
sorted quartzite with sub-angular quartz clasts enclosed by overgrowths of secondary 
quartz and minor interstitial clay. The cement to the quartz clasts is highly variable 
from shelter to shelter but generally consists of silica and iron oxides (Henderson, 
1973). Originally the sandstones may have contained calcite matrix but this has 
probably been dissolved and replaced by silica and iron. Cavernous weathering of the 
rocks is well developed and surface case hardening has formed hard impermeable 
margins to the friable sandstone underneath. The friable core rocks behind the case 
hardened surface retain their high porosity and permeability and thus allow free 
movement of solutions. 

RLl was processed for dating to attempt to determine the antiquity of the painting, date 
for onset of silica deposition and to establish approximate rates of precipitation for 
silica. The polygonal rock sample measures 10 x 17 x 14 x 12.5 mm and shiny, 
translucent silica (RL 1.1) covers the present surface. This layers provides a blurring 
mask and partly obscures the underlying red paint. Under the top layer, about 0.07 mm 
thick, lies an opaque white to cream, finely laminated coating. The upper part of this 
coating (RLl.2) was removed after the translucent surface was scraped. Red paint was 
slightly more visible after these layers had been removed, but a white coating was 
intimately associated with the red paint (RLl.3). Most of the red paint and associated 
silica was removed in another micro-excavation. The remaining coating and residual 
red paint was scraped (RL 1. 4). 

RLl.3 weighs 0.0075 g. 

RLl.4 weighs 0.0066 g. 

No results available. 

No results available. 
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Appendix 2.3 Long Quinkan Figures, Split Rock 

Summary of the author's unpublished report on geological and conservation 

observations at the Long Quinkan Figure site (Queensland Department of Environment 

and Heritage, Cairns, 1995). 

At first glance the painted surfaces appear unstable because of exfoliation scars and 

water wash zones, and it seems as though the surface is exfoliating at a relatively rapid 

rate. Water that has flowed across the rock face has left dark vertical stains and these 

reduce the clarity of the large red hematite paintings. However, cross-sections of silica 

skin covered surface flakes reveal an interesting pattern of textures and compositions 

supporting the view that the painted surfaces are stable despite a seemingly contrary 

outward appearance. 

On close inspection of cross-sections of flakes taken from near Long Quinkan Figure I a 

micro-stratigraphic sequence of layers is found. Paint occurs on the surface, resting on 

an extremely thin (0.01-0.05 mm) yellow-brown, hydrated amorphous silica coating 

(silica skin). This coloured skin has developed over a 1- 2 mm wide band of 

ferruginised sandstone ( iron-stained) which overlies a I mm wide zone of white quartz 

and feldspar. Beneath the white feldspathic sandstone is a narrow (0.3 - 0.5 mm) band 

of gypsum. Feldspathic sandstone then forms the mass of the boulder. 

In contrast, sections of flakes near Long Quinkan Figures II and IV show a different 

textural and compositional sequence. Extremely thin paint occurring as barely visible 

spots and fine lenses (in cross-section) rests on a finely laminated opaque white silica 

skin. The skin, ranging in thickness from 0.2 to 1.3 mm, is developed over a very 

uneven surface of thin white gypsum lying on top of white feldspathic sandstone. There 

is no ferruginous band, and as the gypsum layer is thin and incomplete it suggests that 

the gypsum layer was partly eroded before silica skin development took place. This 

residual gypsum layer is correlated with a similar gypsum band found in flakes near 

Long Quinkan Figure I. 

Why is gypsum present near the sandstone surface? Gypsum generally forms just 

beneath the surface of porous sandstones because groundwater that percolates through 

the rock evaporates near the surface. As gypsum is insoluble it precipitates in pores just 

beneath the surface. Over time a thin band of gypsum develops about 1- 2 mm beneath 

the surface. Often, sufficient stress is created during gypsum crystallization to create 

fractures sub-parallel to the surface. These weaknesses lead to exfoliation of the 

overlying flake. Expansion and contraction of gypsum through wetting and drying, and 

heating and cooling may also contribute to these fracturing and exfoliation processes. 
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Why is iron-stained sandstone found beneath Long Quinkan Figure I and not near 

Figures II and IV? Iron staining represents the product of prolonged rock weathering. 

Over a long period of time not only is gypsum brought to the surface, but the 

percolating water also brings soluble iron substances. When the water evaporates the 

iron is left behind in pores, cementing quartz grains together. The rock surface changes 

colour from white to brown and then red-brown as increasing amounts of iron are 

deposited. However, if gypsum develops strong fracturing forces beneath the iron 

stained surface, then the overlying ferruginised sandstone can exfoliate exposing 

residual gypsum and white feldspathic sandstone. I believe the iron-stained rock 

surfaces near Long Quinkan Figures II and IV have exfoliated because of gypsum 

crystallization. There is no evidence suggesting another cycle of iron staining and sub

surface gypsum formation beneath Figures II and IV. 

The yellow-brown colour of skins near Figure I reflects iron impurities dissolved from 

the ferruginised rocks over which water has flowed in that part of the sandstone 

boulder. In contrast, the white skins near Figures II and IV contain significantly less 

impurities and have formed from water which has flowed across un-ferruginised quartz, 

feldspar and clay minerals elsewhere on the sandstone boulder. 

Differences in skin thickness across the rock face reflect variable frequency and amount 

of wetting by runoff water. Extremely thin iron-stained skins near Long Quinkan Figure 

I indicate either a relatively short period of silica skin formation or infrequent wetting 

and drying. 

Though the rock face near Long Quinkan Figure I is ancient its stability is potentially 

threatened by exfoliation caused by gypsum crystallization. However, the risk of 

damage to the surface is minimal because water does not seem to be a problem on this 

part of the rock face as it does not lead to silica skin formation and the ancient surface 

is intact. 

In marked contrast, the rock surfaces near Long Quinkan Figures II and IV have much 

thicker silica skins and the rock face is very stable because no subsurface gypsum band 

is forming. Silica skins started to form after the ferruginised sandstone surface 

exfoliated on this part of the rock face. Since the exfoliation regular wetting by run off 

water has enabled relatively thick silica skins to develop. Surfaces on this surface are 

therefore younger than near Long Quinkan Figure I. As paint is only found on the 

surface of the skins and not in laminae within the skins or on the white feldspathic 

sandstone beneath the skins, it indicates that painting has been a relatively recent 

activity on this part of the rock face (if one assumes that silica skin formation is 

continuing today). If water runs across the rock face today, then there is every reason to 

believe that silica skins are still being formed. 
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Will silica skins eventually cover the paintings? Yes, if natural processes continue. 

The time that this will take depends on the rate of silica skin deposition and the time 

that has already elapsed since the paintings were put there. Under the tropical Laura 

environment the rate of silica skin formation is estimated at 0.1 mm per 1000 years (See 

Chapter 5 of this dissertation). So, it is likely to take another 1-2000 years to cover the 

paintings completely with natural opaque amorphous silica. On the same basis, the 

antiquity of the Long Quinkan Figures is estimated at less than 1,000 years. 

Conservation aspects 

The rock face at the Long Quinkan Figures is stable. Potential damage could occur near 

Long Quinkal') Figure I if gypsum or other salt crystallization increases surface 

exfoliation. The present stable situation should be maintained by doing nothing to 

change the flow, direction or percolation of water. Changing the run off water regime 

at the Long Quinkan Figures site will influence not only where silica skins and gypsum 

form, but also the rates at which they form. Disastrous consequences could happen 

relatively quickly if artificial driplines are installed at this site without a thorough 

hydrological study. 

Conservation and Management Recommendations 

In assessing rock surface conditions at painting sites it is recommended that detailed 

observations be made of the micro-stratigraphy of surface deposits. Rock surface 

textures and compositions should be examined as part of the essential process of 

understanding antiquity, weathering and factors affecting stability. 

Close monitoring is necessary at the Long Quinkan Figures site to ensure that the run 

off water regime does not change. Regular surface inspections near Long Quinkan 

Figure I should be made to look for evidence of gypsum crystallization leading to 

fracturing and exfoliation. 
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Appendix 2.3.1 Refractive Index 

SRI Average of 1.44, 1.42, 1.42, 1.45, 1.43 = 1.432 
SR2 Average of 1.44, 1.42, 1.42, 1.45, 1.43 = 1.432 
SR3 Average of 1.43, 1.42, 1.44, 1.44, 1.40 1.426 
SR4 Average of 1.42, 1.45, 1.42, 1.43, 1.43 = 1.430 
SR5 Average of 1.44, 1.44, 1.43, 1.43, 1.43 1.434 
SR6 Average of 1.45, 1.42, 1.42, 1.44, 1.45 = 1.436 

Average= 1.431 

Appendix 2.3.2 Weight loss measurements 

White silica skin (SR5) 

10°c uo0 c 150°c 200°c 250°c 300°c 350°c 400°c soo0c 600°C 100°c soo0 c 900°c 1000°c 

"t sample l. 004 

wt unheated 1.004 0,9738 0.9545 0.9364 0.921 0.9076 0.8977 0.8885 0.8799 0.8727 0.8695 0.8684 0.8674 0.8674 

wt heated 0.9738 0.9545 0.9364 0.921 0.9076 0.8977 0.8885 0.8799 0.8727 0.8695 0.8684 0.8674 0.8674 0.8674 

wtLoss 0.0302 0.0193 0.0181 0.0154 0.0134 0.0099 0.0092 0.0086 0.0073 0.0031 0.0012 0.001 0 0 

%wtloss 3.012 1.978 l.894 l.6456 1.453 l.094 l.023 0.968 0.824 0.357 0.136 0.1152 0 0 

Cum%Loss 

wtH20 
wt CO2 

4.99 6.884 8.52% 9.9826 l 1,077 12. l 13.068 13.892 14.249 14.385 14.5 14.5 14.5 

4.99 6.88 8.11 10.45 12.76 13.03 13.33 13.40 13.49 13.49 

0.42 0.63 0.71 0.86 0.92 0.98 1.01 1.01 
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Appendix 2.3.3 X-ray Diffraction 
The charts below were obtained by the author from silica skin samples collected at the 
Long Quinkan Figure site, Split Rock, according to the analysis conditions described in 
Appendix 1. 
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Appendix 2.3.4 Fourier Transform Infrared Spectroscopy 
The charts below were obtained by the author from silica skin samples collected at the 
Long Quinkan Figure site, Split Rock, according to the analysis conditions described in 
Appendix 1. 
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Appendix 2.3.5 Scanning Electron Microscopy 
The charts below were obtained by the author from silica skin samples collected at the 
Long Quinkan Figure site, Split Rock, according to the analysis conditions described in 
Appendix 1. 
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Appendix 2.3.6 Major Element Analyses 
SR2 and 3 were considered too thin for reliable analysis. 
(0.00 signifies less than the detection limit). 

oxide 
n 

Si02 
Ti02 
Al203 
Fei03 
MnO 
MgO 
CaO 
Na20 
K20 
P205 
Cl 
S03 
TITTAL 

SRl SR4 SR5 SR6 
3 3 3 3 

73.68 
0.00 
2.97 
1.84 
0.00 
0.37 
1.57 
0.5 
0.79 
0.98 
0.36 
0.82 

83.88 

74.31 
0.00 
3.16 
1.58 
0.00 
0.46 
1.77 
0.46 
0.56 
0.95 
0.38 
0.71 

84.34 

75.06 
0.00 
2.78 
1.79 
0.00 
0.44 
1.08 
0.75 
0.78 
0.98 
0.42 
0.84 
84.92 

75.21 
0.00 
3.93 
1.93 
0.01 
0.42 
1.69 
0.7 
0.99 
1.02 
0.38 
0.77 
87.05 

Appendix 2.3. 7 Trace Element Analyses (PIXE) 
(* indicates the host rock underneath the flake bearing silica; 0 signifies less than the 
detection limit. 

El~mtnt .BASR.£.~ 
F 46 36 95 
Li 16 21 27 
V 19 0 0 
Cr 0 4 4 
Mn 27 23 23 
Ni 3 5 0 
Cu 4 4 3 
Zn 7 3 5 
Ga 2 4 1 
As 3 4 4 
Se 3 3 3 
Br 3 17 0 
Rb 5 8 14 
Sr 54 93 101 
y 0 4 0 
Zr 0 55 5 
Nb 0 9 0 
Mo 0 0 0 
Ru 0 0 0 
Ba 902 58 854 
Pb 0 11 0 
Th 0 4 0 
u 0 0 0 
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Appendix 2.3.8 Electron Microprobe Analyses 
(0 signifies less than the detection limit). 
SRI 

ElementDistance from the silica skin surface (mm) 
nm Q...Q2_ Q..Qi Q.fil Q.J2_ Q.ll 
SiO2 73.17 73 .71 74.29 76.8 79.85 
TiO2 0 0 0 0 0 
Al2O3 6.62 5.o3 4.56 4.14 3.66 
Fe2O3 0.05 0 0 0 0 
MnO 0 0 0 0 0 
MgO 0.2 0.15 0.09 016 0.26 
Cao 0.07 0.06 0.03 0.05 0.07 
NazO 3.97 2.84 1.4 1.12 1.11 
K20 0.24 0.18 0.11 0. 1 l 0.12 
P2O5 1.09 0.67 0.48 0.45 0.43 
Cl 0.49 0.46 0.39 0.32 0.2S 
SO3 0.24 0.11 0.1 0.1 0.1 
TOTAL 86.14 83.21 81 .45 83.2S 8S.85 

Q.2. 
77.29 
0 
11.3 
0.09 
0.04 
1.17 
0.14 
1.46 
0.38 
1.59 
0.99 
2.44 

96.89 

Major element variation with depth 
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SR2 and SR3 were considered too thin, mostly less than 0.05 mm thick, for 
compositional trend analyses. 

SR4 Element Distance from the silica skin surface (mm) 
oxide Q.2_ Q..1 0.4 Q.i Q.Q. .Q.2 Q.j_ Q.2 ll 
Si02 72.34 74.16 72.13 73.94 73.26 75.64 80.21 78.23 76.32 
Ti02 0 0 0 0 0 0 0 0 0 
Al203 6.26 5,13 5.82 4.87 4.61 3.98 3.52 6.24 9.56 
Fei03 0.04 0.05 0.01 0 0 0.02 0 0.04 0.08 
MnO 0 0 0 0 0 0.01 0 0.01 0.03 
MgO 0.16 0.24 0.18 0.14 0.08 0.18 0.24 0.86 1.16 
CaO 0.09 008 0.05 0.03 0.07 0.04 0.05 0.09 0.12 
Na20 3.79 3.56 2.94 2.65 1.35 1.13 1.09 1.25 1.64 
K20 0.27 0.27 0.21 0.19 0.14 0.17 0.18 0.29 0.41 
P205 l.16 1.06 0.83 0.76 0.39 0.54 0.34 1.12 1.43 
Cl 0.53 0.78 0.72 0.64 0.41 0.23 0.29 0.64 0.87 
S03 0.26 0.22 0.21 0.16 0.03 0.1 0.09 1.29 2.21 
TOTAL 84.9 85.55 83.1 83.38 80.34 82.04 86.01 90.06 93.83 
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Element Distance from the silica skin surface (mm) 

JW.d.t Mi Q.l_ Q.li Q.2i {U 0,35 M Q.i M 
SiO2 71.82 72.31 71.23 74.69 73 .21 76.42 79.26 77.25 78.53 
TiO2 0 0 0 0 0 0 0 0 0 
Aip3 6.01 5.94 5.73 4.62 4.23 4.01 2.58 7.21 11.23 
FeiO3 0.03 0.03 0.01 0 0 0.02 0 0.01 0.09 
MnO 0 0 0 0 0.01 0.01 0.01 0 0.05 
MgO 0.23 0.24 0.21 0. 17 0.09 0.21 0.16 0.53 1.21 
CaO 0.09 0.09 0.07 0.05 0.12 0.05 0.12 0.04 0.1 1 
NaiO 4.05 3.65 2.83 2.57 1.26 1.16 0.94 0.86 1.46 
K20 0.35 0.3 I 0.3 0.21 0.17 0.24 0.21 0.14 0.21 
P2Os 1.14 0.94 0.81 0.68 0.42 0.45 0.43 0.86 1.27 
Cl 0.69 0.78 0.75 0.46 0.38 0.23 0.16 0.25 0.52 
S03 0.31 0.29 0.32 0.17 0.05 0.1 0.15 1.02 1.23 
TOTAL 84.72 84.58 82.26 83.62 79.94 82.9 84.02 88.17 95.91 
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SR6 
Element Distance from the silica skin surface (mm) 

~ Q.2_ Q.1 .M. .Q..i M. Q.1 M Q.2. ll .u 
SiO2 73.59 74.01 73.59 72.54 72.68 74.29 78.66 79.25 77.34 78.23 
TiO2 0 0 0 0 0 0 0 0 0 0 
Al2O3 5.23 4.98 5.46 4.78 4.53 3.89 3.24 5.94 10.02 11.21 
Fe2O3 0.02 0.03 0.01 0 0 0.01 0 0.03 0.08 0.09 
MnO 0 0 0 0 0 0 0 0.01 0.03 0.05 
MgO 0.19 0.18 0.14 0.09 0.07 0.21 0.29 0.68 1.11 1.24 
Cao 0.14 0.09 0.06 0.05 0.08 0.05 0.06 O. ll 0.13 0.13 
N32O 3.95 3.27 2.59 2.54 1.53 1.06 1.15 1.32 1.46 102 
K20 0.28 0.26 0.26 0.23 0.23 0.21 0.21 0.31 0,39 0.54 
P2Os 1.26 104 0.81 0 88 0.41 0.45 0.36 1.09 1.23 153 
Cl 0.35 0.77 0.78 0.65 0.45 0.32 0.31 0.46 0.78 0.94 
SO3 0.29 0.25 0.26 0.17 0.06 0.11 0.09 1.18 2.06 3.21 
TOTAL 85.3 84.88 83.96 81.93 80.04 80.6 84.37 90.38 94.63 98.19 
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Appendix 2.4 Brockman Panel 
Photograph of the transmitted light view through a thin section of the host quartzite at 
the Brockman panel. Scale bar is 0.1 mm (author's photograph). 

SEM image of the surface of the silica skin developed on MB 2, showing salt, quartz 
and clay particles strongly cemented by amorphous silica (scale bar is 10 µm; author's 
photograph). 



333 

Appendix 2.4.1 Refractive Index 

MBl Average of 1.69, 1.72, 1.80, 1.86, 1.68 = 1.758 
MB2 Average of 1.72, 1.70, 1.72, 1.69, 1.71 1.708 
The measurements were stopped after 10 readings because of the large range between 
individual grains. 
Average = 1. 729 

Appendix 2.4.2 Weight loss measurements 

Red-brown coating, MBI, was considered too thin for sampling, and only 0.0013 g of 
powder was collected from MB2, and this gave a net weight loss of 11.37%. The 
dehydration was 11.24 weight percent and 0. 13 weight percent CO2 was measured. 

Local occurrences of quartzite on which the silica skins are found consist mainly of 
well sorted, sub-angular to subrounded quartz grains (0.75-1.00mm in diameter), 
cemented by optically continuous silica outgrowths which contain minor amounts of 
very fine-grained iron oxide and rutile. Circulating pore fluids have attacked the silica 
cement at grain boundaries liberating silica in solution and leaving clays, carbonate and 
sulphate salts. 

Appendix 2.4.3 X-ray Diffraction 
The charts below were obtained by the author from silica skin samples collected at the 
Mount Brockman panel according to the analysis conditions described in Appendix 1. 

XRD 

MBl 

CPS 

MB2 

IO . 20 30 40 50 
Deg1·ees 2 0 
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Appendix 2.4.4 Fourier Transform Infrared Spectroscopy 
The charts below were obtained by the author from silica skin samples collected at the 
Mount Brockman panel according to the analysis conditions described in Appendix 1. 

f FTIR 

1\tIB 2 

MBl 

Appendix 2.4.5 Scanning Electron Microscopy 
The charts below were obtained by the author from silica skin samples collected at the 
Mount Brockman panel according to the analysis conditions described in Appendix 1. 

·MB 
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Appendix 2.4.6 Major Element Analyses 
(0 signifies less than the detection limit). 

!!.llik MBl MB..l. 
n 3 3 
SiO2 71.52 72.82 
TiO2 0. 0.01 

Al2O3 9.66 0.21 
Fe2O3 0.89 1.59 
MnO 0.02 0.02 
MgO 0.01 0.10 
Cao 0.16 2.16 
Na2O 0.30 0.45 
K2O 0.64 0.33 

P2Os l.52 1.52 
CI 0.75 0.75 
SO3 l.14 1.14 
H2O 13.16 11.24 
CO2 0.05 0.13 
TOTAL 100.82 100.47 

Appendix 2.4. 7 Trace Element Analyses (PI.XE) 
(* signifies the underside of the flake bearing the brown silica skin; 0 signifies less than 
the detection limit). 

Eltmtn1 BP 1 BP l* 
F 474 64 
Li 26 13 
V 73 0 
Cr 113 46 
Mn 2143 2209 
Ni 3 66 
Cu 13 3 
Zn 247 17 
Ga 13 0 
As 6 0 
Se 7 0 
Br 0 0 
Rb 225 5 
Sr 1746 20 
y 31 0 
Zr 131 16 
Nb 0 0 
Mo 0 0 
Ru 10 0 
Ba 467 0 
Pb 87 0 
Th 0 0 
u 0 0 
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Appendix 2.4.8 Electron Microprobe Analyses 
(0 signifies less than the detection limit). 
MB2 

ElementDistance to surface of silica skin (mm). 
uuk 0.02 0.22 t.42 f.Mi2 u.tz !l.8Z 
SiO2 71.2 68.6 69.3 71.2 15.6 73.2 
TiO2 0 0 0 0 0 0 
Al2O3 11.4 9.35 9.12 8.59 9.15 10.35 
Fe;iO3 5.18 0.86 3.85 1.23 2.54 3.65 
MnO 0 0 0 0.02 O.ot 0 
MgO 0.06 0.03 0.06 0.35 0.04 0.06 
CaO 0.15 0.25 3.56 2.14 2.31 4.52 
Na2O 0.4 0.5 0.27 0.5 0.06 0.04 
K20 0.2 0.35 0.3 1.15 0.78 1.03 
P2O5 3.15 1.03 1.64 0.63 1.67 0.97 
Cl 0.95 1.12 1.09 0.09 0.58 0.68 . 
S03 1.13 1.03 3.05 1.08 0.08 0.47 
TOTAL 93.82 83.12 92.24 86.98 92.82 94.97 

Appendix 2.4.9 Organic Chemical Analyses 

CARDON CHAIN MB1 MB2 
12:00 2.11 1.23 
14:00 21.53 19.67 
15:00 3.64 5.74 
16:00 100 100 
16:10 1.24 2.11 
16:20 3.68 4.75 
17:00 7.29 8.26 
18:00 151.63 134.79 
18:10 7.98 9.75 
18:20 3.65 2.64 
18:30 2.65 1.87 
20:00 3.86 4.21 
26:00 16.47 13.37 
28:00 1.67 0 
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Appendix 2.5 Jim Jim 

The sample is a relatively thick, clear to milky, semi-transparent layer on a red-brown 

schist The silica surface is generally smooth and has a few small irregularly shaped 

crystals developed on it. Fungal mycelium (see photograph below) and branchmg 

filamentous bacilli radiate across the surface and several hemispherical cocci and 

individual bacilli rods also cover the skin. Rectangular holes in the silica surface also 

confirm the presence of microbiological activity. 

Photograph of the surface of the skin showing a fungal mycelium attached to the 
smooth and cracked silica skin surface (scale bar increments in 30 µm; author's 
photograph). 
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SEM photograph of the surface of the Jim Jim silica skin showing the random packing 
of silica aggregates (scale bar is 100 nm; author's photograph). 

Appendix 2.5.1 Refractive Index 

JJl 
Average of 1.42, 1.44, 1.43, 1.43, 1.43 1.430 
Average of 1.44, 1.44, 1.43, 1.43, 1.43 = 1.434 
Average of 1.44, 1.43, 1.43, 1.44, 1.44 = 1.436 
Average 1.433 

Appendix 2.5.2 Weight loss measurements 

White silica skin, JJL 

10°c 110°c 150°c 200°c 250°c 300°c 350°c 400°c soo0 c 600°c 100°c soo0 c 900°c 1000°c 

wt sample 0.9874 

wt unheated 0.9874 0.9579 0.9408 0.9281 0.9158 0.9034 0.8932 0.8835 0.8757 0.8688 0.8648 0.8626 0.8616 0.8616 

wtheated 0.9579 0.9408 0.9281 0.9158 0.9034 0.8932 0.8835 0.8757 0.8688 0.8648 0.8626 0.8616 0.8616 0.8616 

wt Loss 0.0295 0.0171 0.0127 0.0123 0.0124 0.0102 0.0097 0.0078 0.0069 0.004 0.0022 0.001 0 0 

% wt loss 2.986 1.784 1.354 1.325 1.354 1.125 1.09 0.879 0.793 0.462 0.251 0.21 0 0 

Cum.%1..oss 4.77 6.124 7.449 8.803 9.928 11.018 ll.897 12.69 13.152 13.403 13.613 13.613 13.613 

wtH20 
wt CO2 

4.77 6.12 7.13 

0.32 

9.2 

0.73 

11.08 

0.82 

11.73 

0.96 

12.07 

1.08 

12.18 

1.22 

12.31 

1.30 

12.31 

1.30 
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Appendix 2.5.3 X-ray Diffraction 
The chart below was obtained by the author from silica skin samples collected at the 
Jim Jim site according to the analysis conditions described in Appendix 1. 
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Degrees 20 
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40 

Appendix 2.5.4 Fourier Transform Infrared Spectroscopy 

50 

The chart below was obtained by the author from silica skin samples collected at the 
Jim Jim site according to the analysis conditions described in Appendix 1. 
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Appendix 2.5.5 Scanning Electron Microscopy 
The chart below was obtained by the author from silica skin samples collected at the 
Jim Jim site according to the analysis conditions described in Appendix 1. 

Appendix 2.5.6 Major Element Analyses 
(0 signifies less than the detection limit). 

oxid~ J:.U 
SiO2 62.71 
TiO2 0.07 
Al2O3 18.42 
Fe2O3 1.03 
MnO 0.01 
MgO 0.12 
CaO 0.76 
NaiO 0.15 
K2O 1.40 
P2O5 0.38 
Cl 0.67 
SO3 0.04 
TOTAL 79.28 

Appendix 2.5.8 Electron Microprobe Analyses 
(0 signifies less than the detection limit). 

JJl Thickest part of skin 
surface Increasing depth (mm) 

oxide 0.1 0.2 0.3 0.4 0.5 
SiO2 55.78 50.26 46.25 48.72 52.34 
TiO2 0.01 0 0 0 0.24 
Al2O3 35.26 37.95 35.67 36.92 32.16 
Fe2O3 l.12 0.98 1.53 1.13 2.03 
MnO 0 0 0 0 0 
MgO 0.1 0.01 0 0 0.46 
CaO 0.23 0.26 0.05 0.06 0.1 
Na2O 0.01 0 0.01 0.01 0.24 
K2O 2.34 l.14 0.04 0.45 5.68 
P2O5 0.15 0.09 0.11 0.06 0.01 
Cl 0.01 0 0.03 0.01 0.23 
SO3 0.06 0.02 0.01 0.01 0.05 
TOTAL 95.07 90.71 83 7 87.37 93.54 

0.6 0,7 
68.24 79.26 

0.21 0 
21.69 18.23 

0.57 0.02 
0 0 

0.23 0.03 
0.2 0.04 
0.27 0.01 
4.25 0.08 
0.16 0.24 
0.07 0.11 
0.02 0.02 

95.91 98.04 
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Major element variation with depth 
Jim Jim 
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Appendix 2.5.9 Organic Chemical Analyses 

CARBON CHAIN JJl 
12:00 0 
14:00 12.25 
15:00 2.64 
16:00 100 
16: IO 0 
16:20 0 
17:00 2.76 
18:00 135.26 
18:10 l.98 
18:20 0 
18:30 0.68 
20:00 2.26 
26:00 7.54 
28:00 0 
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Appendix 2.7 Wax Creek East 

Appendix 2.7.1 Refractive Index 

WCE3.1 

349 

Average of 1.53, 1.57, 1.60, 1.62, 1.59 = 1.587 

Appendix 2. 7.2 Weight loss measurements 

Red~brown coating. Sample size of 0.0065 g, gave a net weight loss of 12.97%. 

Appendix 2. 7 .3 X-ray Diffraction 
The chart below was obtained by the author from silica skin samples collected at the 
Wax Creek East site according to the analysis conditions described in Appendix 1. 
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Appendix 2.5.10 Dating Results 

No dates are available for this sample, but another relatively thick(0.2 to 0.8 mm), 

white siliceous coating from Kakadu National Park (5472P0909) in a polygonal shape 

measuring l 0 x 8.5 x 6 x 11 mm was subjected to micro-excavation of the layers. The 

surface layer of grey white silica was about 0.2 mm thick. The upper part was removed 

as Layer I and the lower portion as Layer II. This was underlain by a yellow-brown 

coating containing a discontinuous red paint layer (Layer III). An off-white basal 

coating was deposited directly on the sandstone substrate (Layer IV). Layer IV weighed 

0.0007 g, yielded 15 µg graphite and gave a date of2,190 ± 230 years BP (AA-11789). 

The total weight of powders from Layers I-III were insufficient to produce 40 µg 

graphite. All these individual layers yielded less than 15 µg graphite, insufficient for 

separate or combined dates. 
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Appendix 2.6 Keech Figure 

SEM image of the acid etched upper part of the Keech Figure silica skin, showing the 
remains of an extremely small, unidentified phytoplankton frustule in the skin which 
also contains abundant tiny taranakite crystals (scale bar is 1 µm, author's photograph). 
The layer containing these diatom remains was selected for AMS 14C dating (see results 
in section Appendix 2.6.11 ). 

SEM photograph of a cluster of taranak:ite crystals on the surface of the KF 1 silica skin 
(scale bar increment is 10 µm, author's photo aph). 



Appendix 2.6.1 Refractive Index 
KFl 

344 

Average of 1.52, 1.51, 1.45, 1.52, 1.52 = 1.504 
Average of 1.52, 1.50, 1.52, 1.51, 1.52 = 1.514 
Average of 1.52, 1.52, 1.51, 1.52, 1.52 = 1.518 
Average= 1.512 

Appendix 2.6.2 Weight loss measurements 

Brown coating. Sample weighed (0.0096 g) and gave a net weight loss of 14.84%, but 
because of the variety of hydrated minerals and salts, a true water content of silica was 
not possible to measure. 

Appendix 2.6.3 X-ray Diffraction 
The chart below was obtained by the author from silica skin samples collected at the 
Keech Figure site according to the analysis conditions described in Appendix 1. 

20 30 
:Degrees 20 

40 

Appendix 2.6.4 Fourier Transform Infrared Spectroscopy 

50 

The chart below was obtained by the author from silica skin samples collected at the 
Keech Figure site according to the analysis conditions described in Appendix 1. 
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Appendix 2.6.S Scanning Electron Microscopy 
The chart below was obtained by the author from silica skin samples collected at the 
Keech Figure site according to the analysis conditions described in Appendix 1. 

Appendix 2.6.6 Major Element Analyses 
(0 signifies less than the detection limit). 

oxide 
Si02 
Ti02 
AI2O3 
Fep3 
MnO 
MgO 
CaO 
Na20 
K20 
P2O5 
Cl 
S03 
H20 
CO2 
TOTAL 

KFl 
71.16 
0 
7.76 
0.95 
0 
0.05 
1.98 
0.50 
0.67 
0.99 
0.26 
0.59 

13.23 
1.61 

99.75 

KFl 
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Appendix 2.6.7 Trace Element Analyses (PIXE) 
(0 signifies less than the detection limit). 

ElementKFl 
F 64 
Li 13 
V 0 
Cr 46 
Mn 2209 
Ni 66 
Cu 3 
Zn 17 
Ga 0 
As 0 
Se 0 
Br 0 
Rb 5 
Sr 20 
y 0 
Zr 16 
Nb 0 
Mo 0 
Ru 0 
Ba 0 
Pb 0 
Th 0 
u 0 

Appendix 2.6.8 Electron Microprobe Analyses 
(0 signifies less than the detection limit). 

K.Fl 
ElementDistance from the silica skin surface (mm). 
uitk. !W2. o..u U1 fill. ~ 
SiO2 81.56 79.68 80.32 81.64 82.21 
TiO2 0 0 0 0 0 
A120 3 2.56 2.03 2.86 3.91 3.15 
Fe20 3 0.54 0.96 1.14 1.98 2.13 
MnO O 0 0 0 0 
MgO 1.3 1.75 1.93 1.86 1.63 
CaO o 0.01 0.04 0:03 0.05 
N320 0.01 0.03 0.05 0.04 0.03 
K20 0.32 0.57 0.63 0.94 1.10 
P20 5 1.58 2.16 0.92 1.67 2.04 
CJ 0.01 0.Dl 0.05 0.03 0.01 
SO3 0.31 0.52 0.65 0.98 0.64 
TOTAL 88.19 87.72 88.59 93.08 92.99 



82.5 

% 82.0 

347 

Major element variation with depth 
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Appendix 2.6.9 Organic Chemical Analyses 

CARBON CHAIN KFl 
12:00 1.12 
14:00 18.26 
15:00 4.65 
16:00 100 
16:10 1.55 
16:20 2.86 
17:00 5.49 
18:00 126.84 
18:10 6.93 
18:20 4.21 
18:30 2.36 
20:00 5.01 
26:00 15.97 
28:00 0 

Appendix 2.6.10 Dating Results 

Four samples of brown coating measuring approximately 2 x 2 cm were sampled. 

Three were used for micro-excavation of the siliceous coating to determine the 

antiquity of the silica coating,, rate of accumulation of silica and age of the painting. 

The upper surface of the coating consisting of vermiculated brown silica with a thin 

dark lamination weighed 0.0104 g, yielded 55 µg graphite and produced an AMS 14c 
date of 1,490 ± 50 years BP (uncalibrated date; 0.8310 ± 0.0042 fraction modem; 

CAMS#16755). The underlying layer of white silica and red paint weighed 0.0096 g, 

and produced a date of 1,430 ± 180 years (OZB351). Also from K.Fl, 100 µg graphite 

was obtained from 0.0096 g powdered silica from the Tassel Bradshaw paint layer and 

some overlying silica. The AMS 14c measurement on that powder was 1,520 ± 290 

years BP (OZB124U). 
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Appendix 2. 7. 7 Electron Microprobe Analyses 
(0 signifies less than the detection limit). 

WCE3.1 
ElementDistance to the silica skin surface (mm). 
Disk QJU Q.Ql Q.fil. Q..Q1S. 
SiO2 73.28 71.76 69.43 72.56 
TiO2 0 0 0 0 
A120 3 9.56 13.22 10.12 14.18 
Fe20 3 3.68 3.12 2.54 2.58 
MnO O O 0.01 0 
MgO 0.02 0.04 0.03 0 
CaO 0.06 0.08 0.02 0.04 
NaiO 0.07 0.06 0.05 0.09 
K20 0.06 0.26 0.78 1.68 
P20 5 2.54 1.03 0.21 2.18 
Cl 0.08 0.03 0.04 0.09 
SO3 0.53 0.67 0.54 0.91 
TOTAL 89.88 90.27 83.77 94.31 
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Appendix 2.7.4 Fourier Transform Infrared Spectroscopy 
The chart below was obtained by the author from silica skin samples collected at the 
Wax Creek East site according to the analysis conditions described in Appendix 1. 

FTIR 

\ 
·t \ / V 

~I -cm------------------"""! ~nun 26'00 1900 sou 
Appendix 2. 7 .5 Scanning Electron Microscopy 
The chart below was obtained by the author from silica skin samples collected at the 
Wax Creek East site according to the analysis conditions described in Appendix 1. 

-ray energy 

Appendix 2. 7.6 Major Element Analyses 
(0 signifies less than the detection limit). 

01idll WCE3,1 
SiO2 69.80 
TiO2 0. 
AlzO3 10.80 
Fe2O3 1.21 
MnO 0. 
MgO 0. 
CaO 0.05 
Na2O 0.38 
K20 1.05 
PzO5 l.57 
Cl 0.68 
S03 0.85 
H2O l l.69 
CO2 1.28 
TOTAL 100.42 
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Appendix 2.8 Nisula 

Summary of the unpublished report on the geological, conservation and dating of the 
Nisula site (D. Arsenault and L. Gagnon 1994). 

The geography and setting of the Nisula site at Lac Cassette have been well documented 
by Arsenault and Gagnon ( 1993) and the information contained in that excellent report 
is not repeated here. One aspect mentioned in that report, however, which needs to be 
reiterated is the fact that the exposed surface on which pigmented figures were painted 
was shaped by glacial actions. A generally smooth surface was produced by the 
grinding actions of ice and associated debris. When glacial conditions ceased, 
approximately 10, 000 years ago (Richard 1995), the accumulated strain in the rocks 
was slowly released and planes of subsurface weakness formed about 2 to 5 mm below 
polished rock surfaces. These planes, or capillary fractures; are now slowly affecting 
the stability of the rock face by assisting ice wedging processes that lead to exfoliation. 

The rock type on which the paintings were made is a migmatite, a metamorphic rock 
formed by heat and pressure acting on the previous rocks in the area ( see composition 
Table 1 ). Dark sub-rounded blocks and large inclusions of pre-existing igneous and 
sedimentary rocks (xenoblasts) are preserved in the partly migmatised rocks. These 
features are clearly seen below the main painted panel at the Nisula site. Quartz and 
feldspar veins which traversed the rock prior to structural deformation, during late-stage 
migmatisation, are now preserved as distorted and folded structures in the cliff 

Table 1. Major element analysis of the migmatite host rock at the Nisula site. 

um Nisula Migmatite 

SiO2 64.39 
TiO2 0.50 
AI2O3 13.98 
Fei03 7.98 
MnO 0.06 
MgO 2.22 
CaO 4.11 
Na20 3.51 
K20 2.96 
P20 5 0.16 

TOTAL 99.87 

The principal minerals in the migmatite are quartz, feldspar and biotite. and the feldspar 
minerals are very susceptible to chemical weathering. Silica is mobilised in solution 
and clay is left behind. Biotite is also attacked by acidic surface water, lichen acids and 
bacteria with silica also removed and transported across the rock face. In cold, damp 
environments these chemical weathering processes are very slow in comparison to 
physical disruption of rock surfaces. Frost action, release of stress and expansion and 
contraction forces lead to breakup of the surface. Evidence of chemical weathering is 
observed on rock faces around the shores of the lake in the form of white water-wash 
zones. Dark staining on cliff faces is attributed to algal and other biological activities. 
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Structural features 

The most obvious structural property of the Nisula cliff face is the series of sub-parallel 
joint planes sloping at 10-15° to the horizontal. A subordinate set of vertical joints is 
also present. Minor structural elements include transverse joints at steep angles, 
discontinuous fissures and short, wide fractures. Previous structural instability is 
indicated by large scars left by fallen rock slabs. 

The long-term stability of the pigmented rock face is threatened by two major fissures. 
The first fissure is associated with the large painted slab located immediately above the 
area from where a large slab has fallen. This fissure weakened the rock support behind 
the slab and the lower section fell into the lake because there was insufficient strength 
between the slab and the main body of the cliff to support the rock. 

A similar situation is occurring with the rock mass directly above the zone of the fallen 
slab. The lower 1 m to 2 m of rock in this area is weakly supported because there is a 
fissure behind the slab. Expression of the plane of weakness is seen in two vertical 
fissure lines on each side of the painted slab. Although the rock support is currently 
intact the slab will eventually fall. Frost action leverage will increase the size of the 
fissure and reduce the strength of the supporting rock. Geodynamic forces (e.g. an 
earthquake) will lead to massive rock slab fall along areas of cliff not strongly 
supported. 

The main panel of pigmented rock is not directly affected by this structural weakness. 
However, this does not necessarily mean that the painted rock face is structurally sound. 
On the contrary, about 1.5 m to 2 m from the comer of the main painted rock face a line 
of weakness runs vertically from the water line up to the top of the first cliff level. As 
the extent of fissuring on the top of the first level of the cliff is not known the degree of 
structural stability of that portion of the cliff, in the vicinity of the painted panel, cannot 
be properly assessed. Frost action and groundwater seepage will slowly make the 
fissure larger and one or more major earthquakes will cause the cliff to collapse. 

Silica skin 

A thin veneer of a transparent substance coats the rock surface. The coating has been 
deposited in a non-uniform manner - occurring as a thin layer and in undulating mounds 
or 'pimples'. A minute sample of the surface collected by A. Bergeron (Centre de 
Conservation du Quebec) was identified as hydrated amorphous silica using FTIR. The 
spectrum obtained is typical of other silica skins from around the world. X-ray 
diffraction analyses by Ian Wainwright (Canadian Conservation Institute; personal 
communication 1993) has confirmed the identity of the siliceous accretion. 

A description of the coating cross-section made by Ian Wainwright was briefly reported 
by Arsenault and Gagnon (1993; Annex 3, page 13). The photograph in that report, at 
500 X magnification, shows a finely laminated coating about 0.04 mm thick above the 
migmatite. A pigment layer is visible about 0.006 mm below the present surface. 

I have also examined the silica skin and the finely laminated nature of the coating is 
typical of other siliceous rock surface accretions described from Australia (Watchman 
1992). However, the Nisula 'skin' is much thinner than all other coatings, presumably 
reflecting a combination of relatively young age and slow accumulation rate. During 
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After a piece of the surface has been dislodged the process of spalling is accelerated 
because the opportunities for access by water are increased. Fine rock debris, 
microorganisms and organic matter also accumulate in the cracks. As the rate of water 
entry is increased the extent of frost damage also increases. Wedging actions are 
assisted by the leverage created by small deposits of debris that lodge in the subsurface 
fissures. These processes generate a new series of radiating cracks around the initial 
area of exfoliation. Linking of the cracks together with ice leverage gradually weakens 
the margins of the spalled area and flakes are slowly forced away from the underlying 
rock. 

Hydroloa)' 

Generally, the water which falls as rain on the top of the cliff filters down into the rock 
after passing through trees, low vegetation, leaf and bush litter and thin soils. Passage 
through the rock is mainly along joints and fractures rather than through the rock mass 
because the rock itself is not porous. A series of joint planes, dipping at a low angle to 
the horizontal, direct the water towards the cliff face. Seepage· points and planes along 
the cliff release the water so that it runs down the cliff face. 

Black stains running vertically down the cliff face are associated with seepages. The 
dark stain is thought to be made up of algal matter and other biological substances. 
Algae inhabit these zones because the rock surfaces remain damp for long periods. 
Fungi may also inhabit the damp rock surface, but no micro-biological studies have 
been undertaken. Areas of cliff face covereq by white and transparent coatings indicate 
periodic wetting. Evaporation of the water leaves insoluble residues on the surface. 

Narrow white stains of amorphous silica on the painted rock panel indicate small scale 
deposition of insoluble substances from seepage water. The starting point, a small 
fracture or hole on the surface, is usually found immediately above the upper part of the 
deposit. This mode of formation of silica deposition indicates that water moves freely 
along fissures behind the rock face before exiting at the surface. The structural 
weakness of the cliff is therefore more pronounced than is evident from the surface 
fractures and joints. Water seeping from fractures in the cliff removes unstable mineral 
components and leads to weakening of the rock structure. This process also assists rock 
slab collapse. 

Direct rainfall on the cliff face also wets the surface. Sustained periods of rain are 
necessary to permit chemical weathering processes to occur on the rock face. In other 
cases, rapid drying of the surface leads to fast expansion and contraction of clay 
minerals. Direct rain is thought to have a relatively insignificant deterioration effect on 
the painted surface. 

Indications of previous, higher lake levels are observed at the Nisula site and on other 
cliff faces around Lac Cassette. There appears to have been a major high-stand of the 
lake in the past, about 5-6 m above the present lake level. This line is marked by a 
sharp break in the growth of lichen. 

The paintings on the Nisula panel are found below this high water mark, but above the 
second prominent old lake level (L2). The lower line, about 2 m above the present lake 
level, is marked by a band of brown staining along the cliff face. The present lake level 
(L3) is well below the painted panel, and out of reach for a person standing in a canoe. 
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the prolonged winter at Lac Cassette surface water freezes and the process of silica 
deposition ceases. Therefore, given the cold temperatures, slow seepage and short 
seasonal period of silica precipitation at Lac Cassette a rate of silica accumulation at 
least one third that found in tropical conditions probably exists at the Nisula site 
(between 0.01 mm/ millennium and 0.025 mm/ millennium). 

Exfoliation 

The painted rock face has partly exfoliated. From calculations made using photographs 
of the main painted panel, it is estimated that about 5% of the surface has exfoliated. 
The pattern of spalling appears to be random, controlled by the location and extent of 
micro-fissures. Once the process starts it slowly continues and spalled areas gradually 
become larger. Extensively spalled surfaces on nearby rock faces indicate that this 
pattern of deterioration is inevitable for the painted panel. 

Exfoliation takes place through the combined actions of several natural processes. 
When a small crack develops normal to the surface water can penetrate the subsurface 
capillary stress fractures. Chemical reactions by the water on minerals in the rock 
weaken the structural fabric of the surrounding rock. Freeze-thaw forces lead to 
expansion and contraction strains along microfissures which increase the wedging 
action, lifting a flake from the surface. These natural forces acting on the rock surface 
in a cyclical manner gradually raise a small piece of the surface until it is no longer 
supported, and it falls off. 

Photograph of the surface of the sample used for radiocarbon dating the organics 
trapped in the silica skin (DeEh-lA). Note the dark biotite flakes on the surface of the 
rock and the dispersed red pigment. The shiny surface is caused by light reflecting from 
the amorphous silica coating. (scale bar is 0.1 mm; author's photograph). 
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It seems reasonable to suggest, therefore, that the paintings were made on the rock face 
during a period when the lake was falling from the high-stand to the second, 
intermediate level. 

BioloCY. 

Most of the smooth rock surface is devoid of lichen. However the lichen, Umbilicaria 
muhlenbergii and Xantho parme/ia tasmanica, are established along fractures and in 
exfoliated area (Arsenault et al. 1995). These microsites are inhabited by lichen 
because they provide access to mineral nutrients and are secure places for attachment. 

The problems lichen cause are twofold. Lichen thalli penetrate subsurface 
microfissures and lift small flakes from the surface. Lichen also produce a range of 
strong organic acids which assist in the chemical weathering of minerals in the 
migmatite. These physical and chemical weathering processes combine to speed up the 
exfoliation and destruction of the smooth painted surface. 

Management of the paintings requires close monitoring of the lichen to determine their 
immediate and potential long-term impacts on the paintings. The area surrounding each 
lichen colony needs to be examined to determine both the physical damage (lifting 
flak.es from the surface) and the chemical effects (acids attacking the rock). Although 
lichen have a smaller impact on the stability of the paintings compared with major 
structural and exf oliation defects, their localised effects nevertheless deserve 
conservation attention. 

Conservation Perspectives 

Arsenault and Gagnon (1993:89) have listed the major concerns they saw as problems 
causing deterioration at the Nisula site: the presence of algae, fungi, lichen, erosional 
processes, insect and bird activities, water infiltrations and freeze-thaw stresses. Other 
parameters, such as fire, avalanches, landslides and earthquakes may also have impacts 
on the rock face. Interferences by humans were also considered to be potential threats 
to the site. I concur with their assessment and make the following additional 
comments. 

I believe the major conservation concerns are: 

Structural weaknesses 

In the long-term the cliff face will collapse and the paintings will be lost. The major 
vertical joint system together with weaknesses caused by fissures and fractures make 
the cliff vulnerable to dynamic earth movements. Strong earthquakes will test the 
mechanical strength across the joints and fractures, and some massive slabs of rock will 
collapse into the lake. There is no practical, economic and aesthetic solution to this 
problem. 

Exfoliation 

Freeze-thaw forces acting along weaknesses on the surface of the painted rock panel 
will slowly dislodge thin flak.es. Loss of small flakes will progress until patches of 
spalled rock cover the panel. Growth of these patches is continuous and small patches 
will merge with other exfoliated areas until the cliff no longer has the smooth, glacially 
polished surface. Cementation of micro-fractures and consolidation of partly raised 
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Appendix 2.3.9 Organic Chemical Analyses 

CARBON CHAINS SRI SR4 SR.5 SR6 
12:00 0 0 0 0 
14:00 2.24 5.31 12.24 8.26 
15:00 l.13 2.75 4.56 2.94 
16:00 100 100 100 100 
16:10 0 1.32 0 0 
16:20 0 0 0 0 
17:00 0 0 1.15 1.27 
18:00 89.21 143.78 122.94 134.61 
18:10 1.14 2.89 5.93 3.27 
18:20 0 0 0 0 
18:30 0 0 0 0 
20:00 0 3.42 5.15 l.73 
26:00 3.21 0 3.67 2.35 
28:00 0 0 0 0 

Appendix 2.3.10 Dating Results 

SR5, surface of silica skin and red paint from Ancestral Figure, 6,530 ± 1,380 years BP 

(OZB349), from 0.0060 g of powdered silica. 
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rock surfaces around spalled areas may be worth investigating on an unpainted portion 
of the same cliff face. 

Previous studies of rock surface stabilization elsewhere have not been directed at 
controlling the rate of exfoliation around previously spalled areas, especially in cold 
environments. The information from such an experiment at Nisula should provide 
valuable baseline information, especially when conservation actions are discussed in the 
future for Nisula and other Canadian Shield rock art sites. Decisions concerning 
consolidation of the rock face require considerable discussion before actions are taken. 

Lichen 

Organic acids secreted by lichen inhabiting small fractures and exfoliated areas are 
causing chemical degradation of minerals in the surrounding areas. In addition, the 
hyphae (fibrous 'root' system) cause wedging along microfissures and enhance processes 
of exfoliation. Removing lichen may be necessary around particular micro-fractures 
and exfoliation areas where their actions will cause more rapid loss of rock surface than 
through frost action alone. Care must be taken to document precisely the nature of the 
organic chemicals used to remove lichen and the locations where those treatments have 
taken place. 

Previous Conserva~ion Work 

The only documented conservation works undertaken at the site include general 
cleaning of cobwebs and insect carcasses and mechanical lichen removal (Arsenault 
and Gagnon 1993:93; personal communication). None of these actions has any 
consequence for the dating of the silica skins. 

Small samples were collected for mineralogical and biological analysis. Such sampling 
is usual during the documentation of rock art sites and the actions will neither affect the 
overall stability of the site nor impact on the dating investigations. 

Appendix 2.8.1 Refractive Index 

Nl 
Average of 1.42, 1.41, 1.41, 1.43, 1.42 = 1.418 

Appendix 2.8.2 Weight loss measurements 

Translucent coating. Sample size too small (0.0029 g). 
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Appendix 2.8.3 X-ray Diffraction 
The chart below was obtained by the author from silica skin samples collected at the 
Nisula site according to the analysis conditions described in Appendix 1. 

XRD 

20 . . . 30 

Degrees 20 
Appendix 2.8.4 Fourier Transform Infrared Spectroscopy 
The chart below was obtained by the author from silica skin samples collected at the 
Nisula site according to the analysis conditions described in Appendix 1. 

l 

FTIR 
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Appendix 2.8.5 Scanning Electron Microscopy 
The chart below was obtained by the author from silica skin samples collected at the 
Nisula site according to the analysis conditions described in Appendix 1. 

.,0 
l 

N 1 
' , '.o'\ M ,,.u I •• ..,.., ,. , • ,. ,~, " ~, • '.•• , • v 

t ~~----------~ 
... SI 

N2 

X-ray energy 

Appendix 2.8.6 Major Element Analyses 
(0 signifies less than the detection limit, n.d. = not determined) 

Element 
~ NI 

Si02 75.13 
TiO2 0.01 
Al2O3 3.67 
FeiO3 0.15 
MnO 0 
MgO 0.81 
Cao 0,03 
Na2O 2.25 
K20 0.15 
P2O5 1.15 
Cl 0,25 
S03 0.31 
H20 n.d. 
CO2 0.2 
TOTAL 84.11 

Appendix 2.8.7 Organic Chemical Analyses 

CARBON CHAIN N1 
12:00 0 
14:00 7.23 
15:00 0 
16:00 100 
16: 10 0 
16:20 0 
17:00 1.34 
18:00 89.24 
18: 10 1.47 
18:20 1.02 
18:)0 0.78 
20:00 l.94 
2600 11.24 
2800 0 
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Appendix 2.8.8 Dating Results 

Nl weighed 0.0029 g, produced 50 µg graphite and gave a determination of2,500 ± 275 
years BP (uncalibrated; OZA403). 

N2 weighed 0.0052 g, produced an unknown quantity of graphite (not notified by the 
dating laboratory despite requests), and gave a determination of2,440 ± 610 years BP 
( uncalibrated; OZB350). 
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Appendix 2.9 Crowrock Inlet 

SEM photO!:,'Taph of phytoplankton scattered across the silica skm surface at Cro\\-TOck 
Inlet (scale bar is 10 µm, author's photograph). 

Appendix 2.9.1 Refractive Index 
CII Average of 1.44, 1.44, 1.43, 1.44, 1.43 1.436 

Appendix 2.9.2 Weight loss measurements 
White coating. The net weight loss measured on O. 007 4 g was 15. 72%. 
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Appendix 2.9.3 X-ray Diffraction 
The chart below was obtained by the author from silica skin samples collected at the 
Crowrock Inlet site according to the analysis conditions described in Appendix 1. 
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Degrees 20 
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Appendix 2.9.4 Fourier Transform Infrared Spectroscopy 
The chart above obtained by the author from silica skin samples collected at the 
Crowrock Inlet site according to the analysis conditions described in Appendix I. 
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Appendix 2.9.5 Scanning Electron Microscopy 
The chart below was obtained by the author from silica skin samples coHected at the 
Crowrock Inlet site according to the analysis conditions described in Appendix 1. 

Si 

Appendix 2.9.6 Major Element Analyses 
(0 signifies less than the detection limit). 

oxide Cll~ilka skin 
n 3 

SiO2 69.73 
TiO2 0.09 
Al2O3 8.16 
Fe2O3 2.66 
MnO 0 
MgO 0.86 
Cao 1.09 
NaiO 0.09 
K2O 0.58 
P2O5 0.04 
Cl 0.01 
SO3 0.96 
H2O 14.68 
CO2 1.04 
TOTAL 99.99 

oxide CRI gneiss 

SiO2 65.21 
TiO2 0.48 
Al2O3 12.34 
Fe2O3 8.91 
MnO 0.07 
MgO l.96 
CaO 4.92 
Na2O 2.89 
K20 3.03 
P2O5 0.21 

TOTAL l00.02 
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Appendix 2.9.7 Electron Microprobe Analyses 

Compositional observations by SEMIEDXA revealed that silica skin was not formed 

across the entire surface, but that it was discontinuous and mixed with a wide range of 

sulphate and phosphate salts. Consequently, it was decided not to measure the micro

stratigraphic comp(?sitional variations in the silica. 

Appendix 2.9.8 Organic Chemical Analyses 

CARBON CHAIN Cl1 
12:00 
14:00 
15:00 
16:00 
16:10 
16:20 
17:00 
18:00 
18:10 
18:20 
18:30 
20:00 
26:00 
28:00 

0 
16.47 
3.23 

100 
1.01 
0 
2.44 

138.56 
1.95 
0 
0 
2.17 

22.34 
0 
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Appendix 3. Author's silica skin publications 

The following copies of the author's articles on the examination and dating of silica 
skins are included below to facilitate access to published information in sources that 
may not be readily available to the reader. 

Appendix 3.1 Silica skins: a Panacea or a Dream for rock art Conservators. 
Rock Art Research (1987), 4(2), 164. 

Appendix 3.2 What are silica skins and how are they important in rock art 
conservation? Australian Aboriginal Studies (1990), 21-29. 

Appendix 3.3 Composition, formation and age of some Australian silica skins. 
Australian Aboriginal Studies (1992), 61-66. 

Appendix 3.4 The use oflaser technology in rock art dating. The Artefact (1993), 16, 
39-45. 

Appendix 3.5. Recent petroglyphs, Foz Coa, Portugal. Rock Art Research (1995), 104-
108. 
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Appendix 3.4 

KEYWORDS: ,iJfiS dating ·~ LMer axitltttwn - Rock painting, • Petrofllypl,s 

Tbe use of laser technology in rock art dating 

ALAN WATCHMAN 

Ahm'ad. Roc"k ~urf&.~ .ffl:crctkm1> mld rock an bave tettndy been dat...-d by ai.x:eleratm mass 
~mmiwy {AMS, 14C, using ~ dlo,i.ide ~ by ~,ii l.al\er Bi.traction of Cawon
.beating S.i~ fl-1.0CS-~'). Toi!! n~ of t:iwnA~ ~~lioo ruld d~umpo!\itkm "f 
i;tlrtxm-hearing ~~ ill, Bnd.lf 311d 6w.r rtlcil: ffl:t <.w~ porential pfoblems of introducfog 
!.~l:l,)~ll~)it ~h~ pb:,~i ffli(l • .mit.al: e~uai.m>e pro.:C$.'ltllf of mo~ /;~$ pri!Jr to d~ting, 
TbJs ~~r btieflf dellC.tibtHhe PLF.CS-AMS ~ s!ll1d iUu~es i~ apptwal:km tlJ the da11ng of 
rock. pltintiagi; ffid cngnwinns, 

~ ... 
l.a~~ ~~ .. foo.ud .. ~y applk.tliom; in ~ic:inc, 

~~i~.• &U~Jll1$< pb,~~. pm>t~gmpby. mii::~~~ 
iU14;~l\¥$;t, •~·CI.W•~ u~ ~1 mea~ ~i$ta~.and 
ti~.~(U'.~Jy, tQt~ llp·affll. &lQ'W d!:)Wn fflelllOOOtl of 
•vf?~ ~j¢.l..~ ~ • ~ .. cool s.ubstaJiteis .anJ .•. to 
~~4~gl~t~~ni.They aree~ly~te. 
t~•~~w~~J~n~~~y~·,n~ oL~~ 
t~t.·.~•fll:!~~~ msuit e~~itlc appliC{t~,·Tt!e 
t'l'J~~~~~.w~~1.>~t~. by ... ~fuUy.!i~~'f:-

--~~~ ro~ifW.~i~ 
iW~¢! ~: H:193}. . · •• . ··.•·•· ·. .• ·. 

•.•. J1li~.a~ 1•~~11 ~¥!m~"$. tbt, .·t-tn1¥¢ss .• '8AA~ 
mcnt u~ to p~~ Ct¼f.rom c~t~f ~t~ 
~bY:J~•lbewf~Wl ~ng.mi,~ ~ti,:itiand 
~ira~/r:~~..:iw imti.1.{I'if'~lfl ~t~ 
~)! ~••u~.~~'lwe·(~~ .and 1&$/iard 
l~IiW~,fi~;~.~t l~J}, '~.·paper wndude1 b)• 
~ly. ~•mig ..• tl;le .. ·miabii,hy of the FLECS-AMS 
tdo;.t 

{~t'.'!~~--•·--·~.diftid~ 
~~~~ ~ng & r.ook; $Udat.-e ~t reti~ on 

fin4t~W"trt"~~,,~v.g ~nc,$ tn· the .ai.~~~ 
tiQtJ ffl nm~;,eU(fJ;'I~ (Jll.1 f(!l' prt!i;t.iution 9f a gr~ite 
Ul,!!~J ~~~.!p,~j~~~ in ~.t.11 llt.-C~ mali~ 8~ 
trome~ri w~~ ~~ an:. po.ssi~ ii»'.· C.ll:t~itj.ug 

:::i~~~~~~~:~:t::~::!:t: 
(mies,;; ~fJ of~ ~~w~ htW do~n itu sin~de ~V~4'f 
:J:vtr 3.:.i.bt>r:t ~. ~ll tlating a, ~~itriw~tll·. 
ting Qf a ~i. .()f c~~ng laml.na¢ n,. t9tal 
:rombuitio,n resulii> in·~~ 'a\'~••· ag~ fol' all.,\lf t~ 
.::.arbon in the ai:.:t..retj~, tt it more appropa:iatc in geomo,
~logy and ar,-n~logy u, .fin4 ~ ag¢ (lf a . !!in~ 
~~~g mmi~~•.wh~ r;,"tlatigrapbic cont~t is 
~ist~,~.the m:ed for a tmcly focused extf'<K;-: 
tf~~y~~ih·~~ .. fLECS. . .. · 

Jt~k • ~•f~ a.;c1'et.ioo~. iiui;;h .~· silka. !ikins, .. o:uil!lte 
;~l!;~,.¢-~i,,. ~o~g!. .. -. rock llMlli.shei IUl! ~ner• 
~ly le~ ~ll~tllffi. tbid:. Single laminae. in such t'i~J.Yc 
:lepmikd a.:-c~ioos may he less thlln o.m mi,t octi:isll. It 

is not pltysi<:.ally « chemically poi;sible to remm,e carbon
~ri.ng s~bstanl::e, in one eure~Jy line lamination, 
altbt)Ugb it is pra1.,~icabk w remo,:e a series of fine I.um
.. (Ylatelnnanin press). A better way of l}btawng the 
de,~ rcw1t is to focu.i. 11 laser oot() the setected tmiina
tio~; A~ r~f cobt.'fe.tlt lasn light can be focused by an 
approprjit~ lens so thllt tl~ diameter of the focal wai~t is 
l~s •. ·qn 0.005 tJun. Jf the Hp bas sufficfont energy 
d\,1~ity,.t:'4Pid ~hemical and photothennal. reactioni. 
~ miti,ii;tcd ~ the swf&.'e of an objm..1 plactd at the focal 
length of tlle iem;;. 

.. 'I'~ ~~~ ~f~ a. iaminated OC{.:re~ion u~:ing a 
~.; .a,~"~·~ the rod,. <:oatiog nmst · f~ he 
m.~ ~ ~"~al tb¢~i,ience of ,a1nin~, Thi~ is done in 11 

l~Mm "*~lled.,;;r1nditi.ons. to minlmh.e .c<tnta• 
m~;. t\ii~tif•.~f 3 .._~ ~f~ i.-. cut using a 
~ltMOOtld;~lffi\ted wire .or. saw blade v..it.lmut fingering 
~ .. ~ use. q( -0rg1~. lnbricant~ and mfuesives. The 
mineralogy li©ii ~~itioo of l.iminae in the sectioned 
f~ .• ~ ~ined Wling polarised light microscopy 
(PL.Ml, X-ray .ditfr8'1;tion (XRD>. fooricr transfurm infra
red spettr~y (FTIR) and lieanning electron micro-
scopy~rgy .. di!iper.sivL\ X-ray ana1y~il\. (SEM/EDXA), 
Tµe ~~,r, Qf mgamcs, o~alate salts and carlxni.ate in 
the dep(lsit ~, ... n~t.krufously re(.-oroed 1.0 Iha~ particular 
lamiJ~.~~"' ~ se.te .. 1ed.for dating. 

'l'he ~t ~~ is alMt t'JllTioo $l in a lam)fatory, U$ing 
a ware.r-cooled krypton lasc,r mounted ~m a level, vibra• 
tion-:,ffld~ ~ !dab fFig5 t, 2), Thi;s equipment ii'\ not 
~le ooe~sc ·the. 2 m long la.,w souree is fragile, 
~\t'eS s•r .•. hlgh voltagti power supply, water for 
cOQUttg . and a· .. stab~ plllti'om1, Liquid nitrogen, pure 
~ygea, w• cµru~ equipment and a v.wwm pump are 
also.~'ICQ1' 

Fooosin,tt th~ tase:r eonce.ntru~;; the light <~11ergy and 
p,oou~. po'tl'ef densitie~ of the order of 7 x l O 1 W cm· 2. 
Thui.e ~~~ th1t slfwg.iy ~ me mooix,hromatic 
t~ tigtlt {4ll Alll- vi1>ible-ulttavkileti undergo photo
~i tr1:1~orm.uiooi (rapid im:re,a.<,e in temperature 
foflow.e.d .. by '*~ ct.'ltiilimtfon or decompoi;iti®.l. fa the 
FLOCS-All,iS methoo. tnt:• continuous la..."tlr ls focused 
onto a ~. lamination in a ~~sectiim {lf a mck 
i.U:rf~e.i indu~e oombusfa.m t)f tbe organic,, cakination 
of ~~.e minf'-ta~ and decomposition of oxlll!lti! ;mits. 

Theoretically, tbe diameter at the focal point. of the 
l~ is..~t 1 µm, but the actual si1~ ,.1f the crater 
pnxiU1..0ed by fa.,ier ablation depend:. on the heat conduct!-
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¥it y, abrroroaoc-e, tQJ:X.)gr'4Jlfi), aru.l. iext~re .of the target 
surflkc'C, poaltion of the focal waii.t relative to the i.nrt'ace 
und rm the powtT ,knslry and energy profile of the laser 
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iraphite au.i th.; fl'/$1,lhi.ng t)\}W\kr is preli-&ed. intQ a thin 
target for dating by AMS 1 ¾._· (.lull et al. 1986). 

ooam. Pffillerties ~,r the target matmal control tl'Wi ab:sor- Dating rnck paintings 
bm14;tc lim:l .tra.nsf~ of treat, siw of ttro heated zone, effi- Paintings ean only be r-<1diocarbon dated when organic 
ci~ncy of cornh~,;tj~ ffl'ld,.the "~'Jflt and \'l,~O$Jfy ~f:. .~terd~. tb.u~ iq_timatdy m:ixed wl.th the tnorg:ank 
molten prodtwts, ~«ing ~ mg.el surface snghtly iri fhmt pigments. Blood, fire. ash. plant jukes and fil:m:s. milk. 
of th,t foc.iJ wiust cre~res a 11am)w ooni.cal · ablation egg~ fut, urine and !!aliva were ~uppoSt.'d to have been 
depre~~ion in tbl:'! s,mtpfo, the bottvm of which~rdily . mixed with pigments tWatd1m~m l993a), but few paintli 
n~a:mreli abool 5 µm .icm&s. Crumneis ablated. b)' the nave tested J:k'.>Sitive fnr nrganic vehide~, Many 1mintings 
laser on the surface <Jt' gypsunH):itaia&.~ 1-~rusts typkaHy will thl•refore not be dated directly because organic vehi·• 
rangiitromSO-t(){}µnl.mwidtb(Fig. 3}.a-ndupto.l30J.un clffl. ate rurety found in paints. The be~t approll(;h, 
depth (r~ed 1;1sit1tta SJiMin sections. c1;1i normal~ . cimemly. iij t() dittermine the ages 1hr t'filhlm~bear1ng 
the abl~oo i:.hafmel) ... Pm,jd,~ing. Jhe • \sample .. stigJu.t~ i,<\Lrn.ta~~ foorid in laniin~ under ~nd over pai.ntings. 
dUSt,--r to the kns ~ the.f-O!;!a! waist optimt~#the size or' . It ha& bet-'Jl <lemcmstr<.1ted that bacteriai and other fatty 
tbr abllition cbimnef rel~i~ to the width of the lamination . &"i:di are eru:apsnlattd in fincly lamim1tt'ld i.Hka skins and 
and ge1set1ll).'ll'! ~Jat:h<ely large 1mK1unt"' of carbon dlo,dde · t!mt these t'a.b be p.byi,icaH} removed arid dated u:.ing 
it1 a r.ingte 'bum'. AMS 14c (Watduw,n 1991,.~j. Tiie PLECS-AMS mel!K'li 

In smca skii~, ~:i: and amorphous smca have very ls 11 mudt better w,i} of rem<.wing carbon from :<;ifo:;a skms 
low ab$1'1iptfotrcodf.klt-"11t:1o at4'3 001. They m,e therefore because the pt1,s&ibility of imrodudni c0:t1ta1ni:nutio11 is 
troospamnr to dre ~i&hlHtltrav.iolet lignt,; A~ the la.>ier mgnit'teantfy redi~'tt (:arbon•beaiing lamination~ in a 
11~m i5' pm1rty ab~ by t:lrei;e s:ub&taooes, lit.Ile heat is ;;.kin 1ean be ablated ~uentially t{> esmblhh a mkro-
gell:l.t~ at: ,it fi1eus>(Jn the nther himd, t~~~l and clwono~rign(phic seqoc'.fl.ce. The FLECS-AMS prnce-
odwr wcgmr~ .· $Urn!tanc,ts · $t«ingl)' ab~)® lhe fui;:u~ dure ·¢at'i pot.enti.:.tUy he· m:ed to date fatty acilfa in silica 
beam amt +~idly ,tf',i1£1~fumt tbe I1gbt ~1wriy Into ooa i.lhls fn,at a r.mgt! (}f rock art painting tdte:. 1:hroogh.oot 
Reai,/fiettS take piaer:: very qukk1y with t.,~)tt!bu~ot1 ocdtt- the world .Poosible ;sOUre~~ oi' old i!iOl~anic c.ufu.in 
:ting m~ ii the pm!!en~e ttf 6xyien, High yields of (~rt!ll:e arid bk .. -uoonate minends} which could affect 
CO;, :itre~~nbdhta po....ttiv~ ~~re oftJitreexygcn(:!5 r-Mftoe&'bun age determination . ., have not been found in 
kr\1): Howe~if tht'fasct e-nergy·is 1oo•high,.v~\i!• anyM'trutl:ll'mHpbdos s:i.licttetlattng!i.(Watchman in prep.}. 
tkn1 or I.he a~icff# i.ruface wilt proooc-e :im unde#~fjie Mn11kfat or eoi~!tled prunrlngi covt~red by :mfr atid 

.· . . .. ··.··. . ·.. .. .. .. . . ·. •·· . ·• . . . it~ il.00 dU.~f ~ thiml-'f in r«it ct"U$bl ~t Aboriginal s:ites in ·oorfb..-

•· t~ij ~fi,.n~Hi~,~~pf~,tmlated tro;~~1: :!:1:rt!:~t~:=!~~~ ;:;::;nt: ~:!,"':~!! 
··,<··· the.<i.g~?Jff•~tkmt"dt~ o~~te salwin tbe.'>t lami:ootlld 

·~1tif~fi aeS~ ·whl:s (W$i-~~ l9Wt, 1991}. Mk1i:'1,e.xcav~1tion and 

!=~=.1$~1~ =.,~~=~'.!-it:Z'i~:: 
'b$ilf} H\f~tdtt a~~ s\ll'fa(:C. Swi£i;bt l~.s c~n · lbe miem---exciw;itkm metb-Oct wa;. used w determine 
~ ijbl~tei:1-gt~ iimgtl'.i of a ei'osiH,e!."tti.lli of i.tr'dhilY the a~l< \lf Olllfate--rieh la:minatiom, ju ,;;rust:'\ from the 
att~ri.lirig #}~rial bjeitrefully mo"",ng ttic kn:u~ed beafu Laur-.1; Chillagoo arid Noudangie area-., {,f northern Auh-tru
al~ga ~ingtc ~'lii}ltiri~RRI~ l11~imidon in the t-~t Th~ tia (Wi'lf.Ubtitan 1992c, in pre~&~ Campbell and Man:lag,,
v'i.'>tl.frri~ tif ~ ptt'lcluced dept'.mh nt.'lt tmly ontiw dinwri- CarrrpheU 1993; Co.le et al. in pre.;s~ ffatte and Watchman 
1kmi M the trench.. fast:r ern::rgy ru:id la<ier-&tlid interai::t- in prep,; Chippindal.e and Ta~on 1993), The prol..,edure 
ti.oo~, hut alliO on the et~n~➔ilt,dti of t~ eatbi.'lti~b'¢aring involves suecessivdy rem(rvim, fine larnim1e in the crusts 
.~ub.¼t,;it'lci,r and the efftclencks of their eombustrori t.V by using strntU d~ grim'Hng -too!~. The ox.a!ute min.:~rals 
t1t~tW~mkm. . · · in the powders are dts:.-,oc.iaJed mti, 0.1,2 rit 80(fC um:le:r 
· •r&fi~ft~~ uf !a:ser,,~rfat.~ imeracttt.ml; are higher 11.acum:n,and then redt!ieedtn graphite (Jull ,>;tat 198{1). 

,Jrt~ghi~~ils tha.u polh,h.,ediaresot' amorphoi:1$~m~i · ~,~wally ieffl\lVing lamlna1iom, le$~ than 0.1 mm •ti.. (.'(zjt~nmg pill!nt AW lnwtffl~ fatty aeil,h; ltilck: n, iiltt:fel'IW½}' dlmcult and Cffl,iei; the risk of intro• 
b¢ca.•>t~•tf-. ~as .tre la.r~er aud rcflech'<'ilie~l()WCr, t1.t~ing: 1;ontart1#lantl'i to the powdern, f't.ECS•AMS over
Cwnbt~titm "ttrtlptrantres uf ·t!i,t; fatty add.-;; ~. (lf the ~ thli. ~i!tnt.1111 pn'Jbkm, e:nlll>h11g the datirig of !"'mi
nnkr {~I' l()(:l(f'C antj s1nall sphe.reli .and gloout~ of~ rttli je,~i; man 0.:03 nuinn.rek. SarHple:;s of co., hav(t been 
magt~'liinffi~ gfas~ ,lte prtxlu~ (the· tow~t me:ltlat procbmat using mkl':t•e!!.<;i'.,\?>'a!k)D and FLECS method<; for 
eute.ifi~ fi#i,~)(ht-tinJ~·gla.!>" J$ about 72.'i"C! MoreyltJ& oom1'tiitliU~ dating nf bt1r11nated (.'rusti,. ia northern 
t2, fig, 4 ':amt $), (m.afat~0 :rid1 ~:num, ~bly re~ Au~tralfo (Klilbdu Natiooul Puri;., Luurn, Chill.agoe and 
1e111¢1.¥tuxer. OOO\'~ JtJ)"'C\ tbe l-0wei limit of oxalate the VkwtiaRiver di;itricti. 
~6d:ipmif a11 {Wk'\i.h:#l~irt · and Ba~r. f989t; Si1nifo.t 
~~rat~ ~l'¢'iiktfy t(i be i:¢adi~.I during l.a-.;f!f o~ida-
. · ·· · l:n ma~gMeis❖i•id:i tt~k varnf~i · · 

: t~r {)j)etating: ctmtlitkml to . tnduee 
e(lfubti!ltitm · in ·•pl!~ · my_s~ ·rJther thafl va~i~i-On 
mihlmi~•w t~ Hktfihrnl · of ftu,,ttonntiun · ,if . cnm 
i~t~!%. ani;t ~es h~ yie,kl;; ,,f im.. CX); cofle\.'ted in 
,i>'t,ll(M1nger' ilrimersed jn liquid ntlrt.,gen is rtdui;.'ed to 

I~nklk engravings 
flk.M ·am:t· tnfm.:ratm-v ohsen-·atiom; of en}\raved rodrn 

reveal fkt me si1rfaci;;; are eidrer devnid 1;f eittrruieou-;; 
material, plirtly C<wen.>d by an ai:<:retiomttJ d~•poliit or 
compJe!dy Manke~d by a mlnenil coating, A mmimum
fimitirig age for· in engrovint:. C'.ln he determined by 
lfle'~u:ring <he age of 1:.arbon-beariog substani,es at the 



~ t.f the mioo:ral dep,.,sit O\'f.<.rlyi11g the engraving. Rock 
engraviug1¾ wlU1wt asiK~iated carbc,n canoot bt dated by 
AMS 14C, ·. 

· /x:(ifrtdary 1-1:1.tl:~iiate depo.sm, are smnetimcs found 
w.~wi~ti'ld widl va.rrushed Mtl eitgra~'f<i ~~ks. Md tadio-
~arlmn dari11g. me ba,~i c~ret~i ~':fetitin may ~'ide 
an rstimare t}f the lmtlJ;J.Ult); (If that milltr'..U accwnulaoon 
(Dragovich 1987:t How accurate d1itt estimate i~ depends 
i.:in the .ex.rem. ,tf i,<,otopk e:¥:change betwoou caldDm 
.. ~e iu the a(."Ctetitul and ~phe.ru.\: petkt!tenic arid 
geok>tift ootm.~s of carl'loo;. Where exchnnges of i.arboi1 

i~'itopiiiis · hav.e rx:ttwi'ed. the cak-aret.m_>s ~1.:redoo,i cannot 
be. r.iidiocad.ll}n daled. • mfi1ll!mty, Ahlmuih the·. li.~r ter.:h
ffl4Ul! can he· tt~ed. ia de(.-ompui,e, clil'booatc minerals in 
thinly . Jamina~ cal~ooui; a1,,.:rctiot1J>,.. apptylt1g the 
met~ is potentially Stl$pect btx:au...~ the extent •:t.f fa(Jfope 
moNlitv itt·the <:.iitbl:mme is llrlkoown, 

Rrni: '.!l,1m1,h: al~ (.-oyeni eng.:r,wings, ~,;;e tbi:u,. day, 
mm:1gfille~ . filld ironsrlch. coatings oftoo ,::ont.tlift 1:raee 
amo1:mt& of variOWi organic substanw.~ nin:dwnly 
dilflpl:!~lnrt)Utl"l the. r;Ht f6 day••$i:red l.uninationi,< f~r
tni~~l the tum®.atbon ~~ of ttie organk matter in basal 
pt)ttit~ . ~f rpcl varnisit . i.wer. an tttpaving has re,..•e11tly 
rep~oo. the umdiabte e:Uimvnufo datitig medmd i~t> a 

. ~~J~f 5tinuitlng lful mintrnum•lhniting age of an engrn
vfo,J(Dnm~at l')9'l; Winclunan 1992d). 

oi:2anks ~ the bare of a mi:...½ varnish .ill- a 
•· vel:l whit,, arg.mks are foui.ut the prtil:i·· 

l~ . {t JWt~cJ()!'n.tM4~ : . , '°'tts 
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<Xlitltings, sampling the rock surfo,:e ~tilt pose3 prnhlem:s 
for tlw rock art chro11ologist lliedna:rik 1992). C.ire must 
be taken to Umit the sire of the sample C<JtltXted $(} that 
damag~ to the l.'Ultur.:d relic is mi11imised. On 100 other 
ham!, the ~~ie rnu!l:t he cho!l<?.n large ~nough to em.ure 
that it cunrains iiufi'ideot ci.rb:)n-lxmring tubstances for 
dating. 11)e size of the nxk "orlace ~as.nple u1ll~"'-'t:ed for 
dating d~t~'> to a large exre1)t {m the percetttateJi and 
cmnpolliliom, of.tlw car.br.in.-..::ootairiing .sub.."\tances in the 
coating, Ai-. the chemistry (tf a c-oating is nm .known until 
after analytih; it l~ Sl-1\md prai.::1:ic,o 10 collect and analy~ a 
~Mnf)tt: nf the oocretfon from the sam~ rnck face as the art 
before dati11g the et1Cl'Uslt1:d. i.lft, 

A.:knOl-1,ftdgme.m.s 
R:~er I.e~-t lkoni1;s Le,~Mrd and Marcel Deni~ provided 

i:,rofe!isimia1 imd ad,111,inism,tlve ~Uj:,port at L:ncal Univer~ity 
during devel~m::11t of the FLbtS-AMS mi::thrnl, Advice on 
AMS i.ic dati~i wa~ p«ivi«d by Tim J111t Larry T,x.ilin and 
.fofui Head. C,;mstru-,'1;ive 1.'(>11lmem~ oo thi:: 1I1,mw,cript we're 

made by C,)l.in f'ellrl><~ ,.md R<Jbert Bcdn~rik, 

Al~n w atchnlllll 
~a~R<JC!lc Watchlli.-in In.:, 
rn.11 roe f,0011 · 
Aiwretrne~Lt'1t'!le 
Qtlel'll:X'. 
Cm.too 02E 2N2 

.(tJ~, fihi~i1 ln wi.k. art l'l.,!J(!an.'ll a™l cti~, 

Ait;~tlft'ly :t; 11-22, .. 
· ii-•. - M, MA}ll}AGA,CAMPBt!&.L .l91#J, 
10 ·"mie~.andh.<lri-· 

ii~~J§~n&f. me dtt«idltiing 
. 1Jr ti:it;,k,.;m: • '1'he WAl\.oo&r~', ('ltUfll!!Jlle tmnh ~~ 
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RECENT PETROGL YPHS, FOZ COA~ PORTUGAL 

Alan Watchman 

A,hstnu:t. Radio,:arlmn dating of mia::ro-organil: &ubsulnce& trapped in the base ,if thin rock surfa(.:c 
~i!ka. films {a~'t."fetioos} cat1 give ag~ estlmate& for pc1rng:lyphs, provide(! conmminalim, by olde, or 
y(.lunger caft>t,11.!)earing eomp<.ltUid$ has not occurred. Rece.n1 application of thi8 n'l¢tho.:l combi_ned with 
fidd •lh~ervath'ls and detailed mim!$Copk and geochemical analyse$ has produced age r.1.1ima!e.s 
nmgfog from IO'J ro i 700 year& for .ome highly CC>lll.roYersial Portugue,~ pctrogJyphs a1 fo1. Coo. 
The,<;e results contradict pn:viOQs opinioni; _about the age of the perrogfy111ts ba.'ied soldy ;:n stylistw 
t.omparisons with ~lkged Upper Palaeolith4: ~gravings elsewhere m Europe. 

Introduction 
Damming the V-shaped C,1a Ri,;;:r valley in rionh•east 

Portug11L near Vila Nova de for. (;o;~, for economic and 
sttategi,c wa1er resnurces purposes is strongly <!pt)()Sed by 
a.n::haeol.:igfats, conservationists and other people who 
regard the area a_,; 1he hirges1 open-ait ke Age petroglypi 
s11e it1 Eun,pe {Bednarik 1994, 1995a, 199:Sb; Bahn l9(J5; 
Clottt-s 199,5: Rchanda 1995), As the central argument for 
~t.:tpping dam eoostruction apparently revolv'-'S around the 
slgnilkam:e t)f the pc1roglyphs' Pal>1CQ!ithk aruiquity, the 
Eiectricidade de Portugal (EDP). the C-Ompllll}' te$Jk>nsible. 
for the ds1m' & 1X1ns1mctioo. initiated an investipt11m to 
date the petroglyphs -a& putt of their . sc.ientific 
doouioo-t1tatiM1 of the river valley (ft f.loni, F.· Phillips and 
R. Bedn~rik were commis.~ioncd separately to detennine 
!he age. of 11le pctroglyphs by radiocamon dating the 
weathering rind ,)I§imics, me.asuring CO$tnogenic ¾Ct 
accumulation$, ar.d analysing the petmglyphs' 
mkroe~ion chal'llC'.leristics, re.ip,..-ctively ). 

P:itroglyphs. ,:,n 1h1;1 banks of the present C&a Rh·er s:re 
thought by European archaeologists to depict uurocbs, 
horseli. il:>,!x and red deer, and to ha~·e Upper Palaeolithic 
antiq~1ity (Solu~ao or from 10 000 • :lt) 000 years old; 
Bahn 1995: Clotk~'I 199$; Rehanda 1995). 'i'hls wbjective 
dating. based i.-oltlly on -.tyle and using ·the rela~ivc 
dfro1mlogkal fmmework of Leroi-Gourhan ( 196S), is 
que$liooab!e on several gmnnds (see Bednarik 1995c), but 
al$o hocause the engraved figure., call be interpreted as 
:.imple (1i1tli11es of cows, horses and goats, and as their 
unweiithered appeaxaric.es sugge-£t much younger antiquity 
(per.s. obs.), Significantly, none of the typic.il Ice Age 
animals, ~uch a.~ bis•>11, woolly rhinoceros. mamm<)th and 
giant deer (roeg.il()~ero.~) lire represented in the C.111 vlllley 
petroglyph$. 1\dditiocna!ly, tire often elaborate representa• 
1ion:. of ears, eyes, muzzles, bocwes and manes that typify 
mm,y engravings thought 10 be of Upper Palaeolithic agi:, 
{for ex.u-ople as illustrated tn L'Art de:; Cavernes 1964; 
Bahn and Vertot l 988), aic ament in the Potniguese FC:lt~ 
glr phi., arguably because the fine detuils have wea~ 
in th.cir unprotected i;ettittgti. Ex.cavat.ed engravings, a.~ 
<•i>'PO.Cd to paintings. oR Frc11Ch cave wall$ that are 
unquestionably P.ilatmlithic in origin have been deeply 

buried {see, for example, Clottes e1. ;i.l. 1990. 1991 ), but in 
the Coa valiey all the known petroglyphs. e:u:ept the lower 
ten centime1res or so of five that are partly c<,vered by 
modern silt (FC22, 27; Table l), ex.ist above the present 
soil level, The ab!;tra.c1 .'ICratehings comprising the cxcn• 
va1ed Palaeolithic engravings in France also do n<.'l resem• 
ble the incised outline,, of some animal figures in Portugal. 
These dis1im:tive rontrML~ 1oeether with the fidd observa
tions (de.'!Crihed below} provide the first clues 10 signifi• 
c.ant age differences between Ponuguese open-air petro• 
glyphs and French cave c11gravi11gs, 

Field obsenatwm; 
The Foz Coo petroglyphs occur 011 vertical joint planes 

in dark grey-green, low•grade schist or phyltite mnsisting 
essentially of quartz, mu~covitc. ulbite and chk>ri1e wilh 
accessory ilme.nite, zircon and graphite. Joints and frac• 
tures in the :1ehiM arc generally lined by sill, compo~ed of 
rock weathering products, charcoal particle~, di,1tom !'rus • 
rule;;, inooct remains, plaitl stems and gra.s.s fragments. that 
ha.'> washed in from .:olluvial d.:pt>$i,s and thin, stony soils 
t>n tile steep •.-alley slopes. Weathe.ring rind~ (the thin outer 
margins of rocks) vary in thicknes& from frncti1>11s of a 
millimetre in rocks bearing pe:u:oglyphs up to several centi• 
metre-8 on m.unodified rocks nearl>y, ill<lkming !hat 
e-ngrav'ed ~urfaceis have no1 been expooed to the atmt>· 
sphc-re for w; long a;; other rocks in the area. 

Unmodified surfa«,~ are geni,rnlly characterise.d b!' 
black manganes.:Hich M~k varnish, ex1ensive patch:is of 
lichen, deeply Ollidised and iron-stained schht and loca
lised w-ea.~ of st>ft, brown silty deposits ovedying fomi 
grey-white silica lay1?.r.1 i.n s1w11gly bonded lll:cretions, ilp 
to 0.45 mm thick, C<)1wen;ely, the engraved joint plane:s. 
are relatively clean, unweathere:d and either sparsely pati
nat«I by dark mineral stains and 1.rimsparcnt films (less 

. than 0.02 mm thick). or piir'ily covered by loosely bonded, 
brown silty accretions, hut they do not contain layers l>f 
grey-white ijifo:a. Brown silty ac.cretions have therefore 
only recently started !{1 a..-cumulate in petroglyph~ that 
we:re incised and pecked directly into relatively unweath
cred schist. It is possible, tfJ<mgh conjectural, that the 
unv.-e.athered joint planes used for r:ngraving were exposed 



387 

"' a result of historic <1uurrying ac1i11ities to obtain rectan
gular 1st1)00 blo.:ks for c<>nStr,Jcting t\earby fooccs. wei~. 
f.irm buildings tmd water mills. 

A series of petroglyph te<:hniqueij. evident on unfi• 
11i~hed figures, indicate that fine lines were scratched lint 
to outline th.: shap<1 ,,I' an ;mimal and ·tfum hard angu:lar 
t1lOl:1, pnibubly metal were used initially w peek oblong, 
inverted pyramid, half-,ru)(lll, conk.al ,md square-~ 
depressimis in the rehllive!y soft .chli;t, and !hen tt) rub or 
ind~e V-shaped cll.am,el!I following the pecked line. lnrer• 
estingl)''. 1hi$ petmglyph produt1ion seqiiem:e docs ool 
al>P\lar w have been used in t!K engraving(( of Freflcll 
taves. fL'Art des Cai;eme!I 1984, Balm and Vertut 198&; 
ClotM$ et al. 1990, 199!; Bahn 1995). The ja~edgl?8ilf 
i)l.-ckings and ttw sharp V-shape<I ind~ liot<s indicate lhllt 
mi!fty Coo valley petroglyph;; 1!.fe generally unweathe.J'Cd, 
pointing lo relatively recent engraving acti\'ity. not Pl!lae,:,. 
!ithic. 

Samplklg am:1 dating methods 
Carbon-bearing i:umpo.11.ent>l in ~ihceous: ll(;cretion.<1 in 

pwxiglyphs and on their adjacent surf,1.:.cs w~re mdiix:ur
lxm d~ W'ling accelerator rnai.~ ~p!'eem>mel.l'y (AMS 14C) 
10 determine when the accretions first suirted to form, The 
ull.(1¢1'itning priru.~iple of dating petrog,lyphi. by rbht meth{,d 
.is~umes !hat sucre,;s_ive thin films 1>f amorphous stlica 
were precipitated on e~sed rock iu.rfaces from seepage 
and mn~ff water containing silicic acid (Sf(OHJ,.). 
derived fr<;.'M cbeniical weathering of the 11eru&t' s silicate 
miner,dt,., Ai algae, diatoms. b-acteria and fungi live on 
pcrk)dic:dly dam.p nx:k surfaces t!rey <:,m become fost,i• 
!ised in ~U(.X.~!(sive mms of silica. and dating the fo~sil 
mkwt>iolog!cal camen trapped ir. a film determines whtn 
the micro---0rgani,.._rn.,., \!<-ere 1,•nvet~d by ~ilka (Watchman 
1990, 1gg2., 1994), 'f'he time of accretion ti:it-niation in a 
petroglyph. the minimum ensr,aving ll!(e, i:;. rnea.wred by 
dating organic (~m.>on from the b.lse of such a film, Orga
ni<'Sc trapped in l:111sui silica on an adjacent surface (<1ff.art} 
yield a l'flaximum petroglyph age. Th¢. dating method also 
a~runei. that ancient cm'l:!tm ia not a contaminant in tbe 
silk~. at.'Cfetioo component~ are Slllhle. immomle and d~ 
not eJr:clumge i~top,i.~ with other c-artKtn SQW-~~s, and that 
exfoli.itim1 um.I reformation of ru::cretitm-~ do not occur. N-0 
f!Vkieru:e for theu: i)OsH!eixv.iitkmal pro<:es..,;e11 was 
(lh&efYed al the Coa fl~. 

Tu.mty-eight ~n,➔.les wt,'re colla:te<J i;,y using a small 
batt~r)1··PQ~ engraving tooi and u selection of denial 
bum to remove suci:.-es.~r"e layera from accretiom in- and 
off,an. Perinis.~ion 10 liamp!e WM given in writing by the 
rn~titttto PortOgues d◊ Patrimonio Arquitecl6.nico e Arque
.;;;togk-o (lPPAR), The und .. druiog Mni'ace layer, aoout 0.02. 
mm thkk, WM (fo~<fflk.d to eliminate f!O$.~ibl.e modem 
~'Q-11tmninatioo. Comparative field mim~ .of a~ 
!hfolmes~ Wffl.l made ~sing ,1.tuminimn foil (0.02 mm thick} 
al'Jd ~ {O.H mm thick) under JO x fl'.lllgnitkatioo. 
Micr;)meter .:~tipers arid SEM measuremcntt1 of ::ro~ 
=tiol\s were uMed u:, cheek ~cretk111 thickne$ in the 
tabora1ory lll 45 x .imi I 000 x magnlfieatior., ~lively. 
Powder!; produced from the mic.-r!►e,::cavatfomt were 
collected oo ah1mi~ium foil, ;,;ti)red in small sea!able plru.~ 
tie vialli,labelled, sub-sampled in the labor..i.ttiry fur imaly•· 
~. W¢~bcd and lltfflf for AMS •4(: dating at the Ulwrenee 
U.,'ID'inore National Laboratory, Cl!.lifornia (Table I), &tch. 
powder was pre~treated using .! N HCI and tmm IN N.!OR 

105 
,omcated at 60"C, The residue wa, .:mt1b1;,1lc.J .n a l.ealcd 
evacuated quartz gla.~s tube iu 9UO*C and the rt~u!ting CO2 
was convc:1'ted to graphite targ.el~, wdghi,;ig betWl!en 0,025 
and (!.1)9 mg (yieldJ; of 0.2% • , ,g% J. Uitrn,:;mal! ,;,unpie~ 
of a radiocaroon ,,tamlar<l {/);<a.lie Add U and a 14f:: .. frc.e 
bltmk (eoal. w\th an AMS mem11m:d ,ige of appro.,imatdy 
43 000 years} were al~o mea~ur::d, aoJ ,xm"Cctium; w,:re 
1:m1.de for contemporary ,md 'dead' carho11 <:ontmmna!i<.lll 
~n oc-;;ount for adsorbed CO2 ;Jo labnratory >¼pparatus ar.d 
pump oil, respectively, AMS 14<: resultJ; are quoted i11 
radiocatoon vearn (Mlf lifo of 5568 veal'!>) and 6i3C value~ 
of .25 per mil are 8!l.<;Umed (Sl:ui;er and Polach 1917). 
Cal.ibnrtion <lf the radiocitroon results was only dm1e on dw 
um:ootaminated grey-white ~mca la;ter3 using the method 
of S1ui¥tt and Reimer { 1993.), 

10 [ 
cm 

c,+--FC4 
FC5 Penascosa 

FC3 
~ 
FC2 

Ribeira 
dos Piscos 

Flgun 1. Sampli~ frication, in engmwd.fif!ures-muf ,m 
adja.cen.t rock su.,fi1c~, at Ptmis<.·osa ,.nd Ribt·im d,H 
Pim}s, fF,.1,; Cmr, Ponugal. Hon,ed animal ( rT3) W<1S 

engraved 011er the J:.imiquartt?"r,, of a,u.uh,·r hm-,w:t 
tmimal (/!Ci), which was engraved. acrm1,; u lwr~-e-W:e 
figure (FC2}, A bl.act sur/tKI' layu ( FC4J t•i•erliti <1 

brt»1-'ff dlry deposil ( !-'CS J 1-esting directly mi .td1ist. 
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106 
Ac<:retlons from lnciM:d or pecked Utti:$ in four ticilty brown ac.::re1ionJ1ry particles give radiocru-oon 

«nt.raved a~ima!s \ka$criood l>y Buropean specialists as . meallUremerns far okler than the age of the a$~rn::i,ited 
M!{JWtog t;;i,lcal Palaemilhlc i.tylittic traits (FCl-3, ~). mkro-tlrgiu:ti$t1W ~,cau;;e 14<.:>l'ree graphite from the rind 
,md thi:ir adjm,>erit rnck iurfiu.::es (FC'4. 5 and FC8: Figure makes up a substantii!.I fraetkm of t!J<:: carbon• bearing 
!), were dated using this metood. We.ak.ly bonded. brown ph~e&, ~ in 1he i:a.ilway quurry $llb•~amples (H:15, ::rn 
ac;;rctioos, up ID (US mm thkk. and their underlying compured with FC2l). Grey•wllite sillc& does not <:nutain 
}'eUow•bmwn we.athering rinds in the petroglyph& and off. graphite bec..u~ it i~ a chemical precipitate from sih-free 
art were easily re1Mvcd becau&(l they were eotl'lpati• Wlltffl, Beca~ the !>Uku is rigid and s1ro11gly bonded to 
ti<m.uUy similar ;mo po<!r!y cemented to the grey-green the rock it effecti't-eiy pre•.e11t.~ silt particles 1hat were 
,,chtst. Adjacent mck surface uccreti~, thicker than (U5 deposited la1cr from mir.ing with accesm.:>ry grnphiie in the 
rr.in, were re?ooved hi a serie,~ of ;;ub-;;.u:nples down I.O, 1:1n<.1 rinds. The uno>ntuminated silicm, (FC6, 7 and 181 faU au a 
h:icluding. ihe hard gn.sy silfoa l>asal layer, bltt l1Qf into the curve of increa$ing thickMiis with increasing ..gc /Figure 
un.k-dyi1ig i;r.:h.ii;t, A IDlty brown accr~tion on rocks in .\\ 2), · •35 expected 1heoretkally. but 1he mtKtore:> of silty 
100-ynr-,,ld raihvay quarry wu collected as an ~ brow11 ac<.1'llltions and thin weathering rind ,:mmponent(; in 
,fatb1g ~~)ntml {.a hroke:11 metal drilling t'Olhm~ in petroglyphs {PCl-3, 8 and 13) and on 1heir adjacent 
the cliff proves modem exploillltion of the rock fac~). · . i;urfm::e& (FC4, 5, 9 ~nd 12) plot ti> the right of the curve, 

~\t~ they htt¥e had tht.ir contemp,;ll'ary (m(Xkml 
carbon contaminated by varying proixmions of ,mcil.ml 
graphire f((1m their weathering rind!>. 

l~rttmg the dating mulls 
AMS 14C determinadoos for .accretions in petroglyphs 

w;zre ~tiri>ri~ingl~ ht>.t-m 2 t ·m ami almoot 1t)OO ye.u:i; old 
Cl'able O, !.Ind thdr ildjaL'ent t.urfac.es \\>~re incredibly oo!y 
up to 2640 years o!d. Although !he AMS l4C data for 
umnooifiel,1 surface~, up to appro>.imatcly $000 yeim; old 
(FCi.8), !Are con~istent with. the ~erved weathet>ed 
!<.:hiM,f foa!l1,e.~ a!l(i !ffl'Jiminary dates for river gravels 
1neru;ured by opiica1 dating rnetlk1ds {M. f,,amo(he, 
Uniwtl!.it~ Q~l>ec Mt)nm¾I, <.ibtahied preliminary optical T 
dafrng re,;ult.~ of Hl()() y~ .ago !.Ind 4000 - 6000 years h 
ago, 1-«s?('.etiv~iy, for Md&par graini, cclll!ctlld fu:nn l.04 m i 
lc'.lmi 2..46 rn bd~>w ~em wil level in the ooa.-ly 
i;mitif'ted C&a Ri\<er semmemi. adjacent to Penas.-::~ iwng 
the methed de.'11:ribed in l...utll.W et al. 1994) ih3t reflect 

· mid~Hol!X'elle expi~ure. the :re~ults for petroglypfui ..ire 

tui.bclkvably too tild b~~use they contradict their app;irent n 
re1;'flm .mt:iqu1ty ~ugge>,ted by their lad. of weatttmng, e 
scarcity oi rook vamhh development, r.egligible H<1hen 
<:olo~i,:;:a1i<m, ~nCI! of lfh:alkiw weathering rind-;. and the S 
~~f!Ce of thin, loosely bonded aci::retions. The di.spa- a 
ritt ootw-e.en giio~al field ob.servatfons and the· AMS 
1~c dam f~ petroglyphi. ii1 coufimred by ~!ti i)l(lic,ning: 
that IN: ol~t tad:looatbon meaiurements ~ une~
edly · from thin, loosely bonded accretiorul in· pcooglypbs m 

· ~n4 tllM fmm d1kk ri8tunti ~urface dltpesits t'f'i~i:e 2). 
,'\be; lbe railway qull!f)' rock: face a,x,etkm {FC15. fC28, 
nbtt: l 11nd RQm. Fig.um 2), the historic 1..-ontm:l ~mpl.e, i!I 
obvioudy clmtaminated by old ,.urb<;n. Why li. the railway 
ql,l;!ll'ry al:cretion wntamiruitcd'r Doe-; ihe contaminatk,n 
ia:ffect the ;)thcr ~amplei,1 Why are !he r . .i<liooarbon 
mtasurem>m~l\ for ac,:;redcn~ in ~.trogl)ll)hs old whHe the 
g;;cologl~a! observ atkms ~ 11ggest the petroJ!yphs are 
)'\l'<!Wg:'1 

&:unning ek::,;'.mm mic~ope ,;tudies of hydrot1ooric 
icid {it dlt!!<llvei m~1 silicare miiiemls} restdues of gtey· 
whil~ ~Iii >'llic.t. brown · ~ihy ~urf~e laye~, weathering 
rinds. nJ;<ldnrn tilt and unweathMt.d rock reveal tffll.t anciffflt 
graphiw. (f:ID ~~Y>l)' mineral in !he :¾'!hl$tS) it a mm 
~~timponent in all "'1mpie$, except the grey~wrute amor
phoffl. !itlka iliat oniy oceuri; oo u.umooified mets.,. Silt in 
;k>il'!ls ~fld frdetnrfi yiekls m<ldem age& (FC22·25, 27: 
Ta bk l ), because IP'a.¢llte doei not coexist ( or if it does, 
the:n in <tttly Ira..~ .amounts) with abundant <'OPlemporary 
.::h~"f>tt! and (;llffllr m<.-dem t.itrboo•bearittg ~-utmt~. 
However. mix.ti.Ires of chemically and mioeralogic.alfy 
irnw;tingui$blilile friable wea1herif!g rind tomponeots amt 

Fig,,lnt 2, M,-u:imimi ,w:rnttl1m tliid<n('~S rc1.11ges pfottul 
agmrmAMS 14C determinationsfor gny•white 
amorphtut,t silica ( +.-+l, broivn silry <u.:r.·reti<ms 0,1 

imm.Jdijkrd rock suTji;'llw { 0-0) ar.d fU:cretion~ from 
,'1etrogtyphs ( 0--0 }. RQm mui RQa are th11 m,·a.rnred 
radwt:<J.rlxm (IJ,d actual i,tges for the rcti/w~1y quarry 
accnrliOII, resptcti,t'ly. and tht1 arrow between 1hem 
ittdicme,t 1he effect af anciellt graphite c1,ti1mriination. 
Tie-line.s lutk petmg(yph.r mul their ,uli<.-cent rock 
.iurjrJCe ,wcretiom. 
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""' i'ltt>, ~ffJ.fUl ; ff>; tir ~ ,,,~_,:' ... , / '!'-•·. ~~ '.,., ~ 

101 
Panel 3. l:'eilw;m 

f(: t 1<1148 E, cow-likt. Bl (10$-0.10 (10128 0,0!! 0.4lll ;1: 0.00$6 ·S7"9"' S.ls 637(),k !H) =~ 
fC:I :!()749 E,hofle-lil:~,Wt! 0.05-010 0.0119 086 0.455?"' 0.00$7 -544.:HS1 6JIO,!, ll{l Con-'.L'!V.,'11,\ed 

fCJ 10150 IE, ®"'-lib, Wh 0.03•0.09 0,00'!}! 0.06 0.5402: * O.OOU -45!U*U 4g3C±; 1)0 ~llmluted 

fC4 msi l,tll~ct 0.0:3-0.075 O.G.163 O.:!S O.!Wl:t.0005!1 -74.hH 62() * 6C 54\},6',7 

FCS 2'>)1,2 l!l.,Btl!Me (1.15-4.:W ◊.OllO O.tU 1t1199 * o.oo;; ,;?M.l.t7.3 2640.t: 90 00111&..,,,~w 

f(: ii l<l1SJ a, -appor .s.iliq v.~.CJO OOIW <l.OS 0. 77:l'h. 0.00o13 •Zl!U ;;4,& 2v6'J± ~() 19$8 .:Zl® 

FC1 20114 ~~-sili<:6 O.J0.0.40 0.0237 0.04 0.641$ .t 0,007<) -3S2.2 ck 1.0 3400,1. 90 3645. )8$,tl 

F{:22 :Zlllli !'"UICI iht.:lion of $lit !loo, joint n.6. >0.5 11)'1«),o:1)0054 76.0,d.6 !!)!)<Wll, llro<lem 

fC25 21H)6 Sm}'~ 11,4, 0.1 1.01!/,4,H'OW, 'M.4,kll 6 m,."<kr:, modern 

fC27 21108 Sill, Jl&flly~\'ffl ~"11li$ 11.d. ~.s o.~"' o.0065 ,9.2=6,S 'l'O * 61} m,-,d;,,'r. 

had'l.Pfflaffllff 

PCli :l{'f/'$0 ll.G\<Mlcalwe 0.-40-0.44 0.0171 0025 l>.5127 * ll.0095 --"11.3,e~.s 4341);, t,l() 4'!31 -1245 

!"Cl9 nd a ww-lllce, Bf 0.05--0.12 0.0170 ~~lbr~ 

fClil n.d. E.~4ikt,Br 0.0,-0.12 OJ)US ~sra~ r111·~ 

Mt!ra•""'-
rca 201SS s.~&- O.Ol.O.® 0.01$1 0.°'4 0.7&2 :1: 0.0069 ·216.hdl.~ 2)70.;; so 1149, !Sl6 

FC? W156 ff, .&r silty 0.10-0.a 0.0,W o.aJ . lil.1261 z 0.0056 •lU.~,1,U l$JI);. 60 ~llU'ni!lllled 

FCJO 1ut fl, Br slb 0.2!).-0.40 0.00!» ~~~~s 

FC2J 21104 Silt~,iowm~ ll.d. ~-.S 10889:0.0012 839.!:?2 mooeni J?'.o<!ern 

C-u co tarmto 

PCll n.d. E,jMt-ll~.lir iHlS.OHl O.Ol6i 0.04 o. wso <I> 11.00'13- ,.i84.C,t, 71 2630:!: 90 i:Ot\tamvlllted 

FCJ2 l01S1 fl.Br 0.10--0.lS O.OZt'.1 0.02$ 0 70:?9 «d.l.009! -297.! .::I\ I 2l3lH llG ~lltM'&.'lllt.:d 

FCll 20758 £. lmrac>-lrlcc, l!lr 0,03-0.10 O.ll!U mdi;ieat~ll.,{~ 

FC14 11.d. lt,'Sf Q.15-0,20 (\.(1146 _._~for amlysis 

1''Cl4 11.d. it, Bt10p ◊.tl:U:Uj 0.0172, l~~wa.'1411y,is 

Ft:f1 20.1$? R, Gy-\\<luilla 0.1$..0.:U 00123' o .. w 0.8343 ¼ ll.0076 .J6H;..7.6 1460+. 110 i195 • 141 l 

f(:;1-4 was Silt fu:im joint in~ n.d. >-G,5 i.020-4 .t 0.0067 20.4 ,d;.1 modfrn ll',»ffll 

~Qunr~fllC'r;DNR Rivttc.av-•y 

Pets P.Q lt,Btwlmh 0.01-0(~ 0.tlll1 ~ pNlimillllly ~ 6SOO oomamitwoi 

fCI 2U02 ~.'8rt1;,pOllly tMll.006 o.om ow 1.0115:tt0.0%79 7U:tll.~ ffi(>dffli modtm 

FCU 2169& a, lml! plua riGd 0.08--0.Ul 0.0167 o.ro.s 0.5970 * OJ>JOO -403.(hl: J<l.O 4140±,fl() ~ted 

QunJ~liodtalllei-... .._PiMothdC.-dado tnremo 

rpis 21101 !:i:ar'!?2 <01 (I.ti:! o.oa 1.0llOa 11012:? . ll.O.id:Z '1 !l!OO<!n\ modt:m 

T~ I. Sampling irifomt«tioo a111l dating re:,J.t111 C&i 11r4~y, Porrugal. {CAMS= Cim1r, fi>t Acee/erator M,u.; 
~trometry tUDMl!r; n.cl = ,wt ik1.t1td; T!: = ~rro11lyph; R"' r0t-"i: s11,rfa,:,e; Bl"' !Jfock; WI,= Whi<e: Gy = Gr,;y; 
Br"" Brown; De.p1h = !'114Xim«m e.t#.mattd thidn.e.1,.r nuige wmpled; W.rigkt., weigh: of p,,1wder scraped from 

actmimt befonr J,>re,treatment: n,d. = ni'Jl ri.tttermtned; Gmphilt! = graphite larger w1tiglu: ,. 011/y usmplif,\ 
«mitdtred t.tt!Co!'l.tam,11ated by mm,ral grophite wer~ c,alibroY!cd us.ing tht! M('!he!d of'Swive,· w1d Reim.-r f 1993,l: 

' thiI preliminary tt.Htlt -.w:1.1 J11ter wirhdmwn ¢"r mn.iideri1tg it.t w.r1 /Qw r:<·celt<rtlfm• sow·c,· c1,rreru. 
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AMS 14C re;;ult." and the sequence of ac~' lW a 1700 a.m.ees pm,r q..elques ,grovul'f!.t rup-a1rrs porr,,gauN, 
lay.mi obi,etved in croi;.,;.M!Ctions for FC6, 7, i 7 and l S tre., cnntmwtrsl,•,;, a F<>~ Cmi. Cu rbultotJ ct>ntr<?<i,'sen! d"'" 
lead lo the ::OllClusion that grey,white amorphous llilicu Qt1int1J11£ .MttmJur,:,Jt au :;:ii.-t !1£ i'ilg~ des gmv«res; apillimis 
was ,'>lowly cteprn1hoo 1;1n exposed rock wrt'aee.'> until about estimlfiis 1miquemen: iur <:ornr,,uai.wn.~ .mi/.s:iq.u<'., ,Mic v,1<·ur;,s 

~oo 2""" , ... ~ '--· · , I .__ ""'~ufflifes f>altoU1him;1<1, Switrieu.- ,,il/ew:; e,; Eua,,•;;,-, b B:l · "''" years ago, ,,.,,ewe muwn l>ilty tnale:mt <"-gufl ,,.,. ' ' 
t,> be ikpc:,sited. Textt.1rn! and ci)mpositlona:l i::ontr<l$tll 
l:-e~wcen cllemkaHy precipitated i.ilica and gnwity~~uled 
:lih particles in a<:<;rf;!tipns ~,rm1gly ,111ggeit UI..-t a regional 
{mviri)nmentai ch~%le occurred at that time, either brought 
:iboot by drastic chimges ii; \:!imate or local li100 use, Thi:\ 
tmn1,itim, hi ,;.cdin:1llntatiun from 'lliita to $lit eo~,POfld~ 
Bl the diversification (If humim activlttei;, fr-0m pa1,toml t-0 
awkttltural practicei!, !hat took place about 1700 years ago 
wh.m the steep Coa valley s!o1:>e$ ·wen: firnf l::ttltr\•
fbawd on convlfflllimal rad~rh<.1n dltting af ~>al 
frt.m1 a Rommi site 0ettr Ribeim <k.1& Pist'.llS, Ct Gui~ 
p~. i;omm.). The hypothesi.,~ that imca wa.-. ~ by 
~iti lJ$ ~fm,ton im,'tt~i;ed with inw.n~ifted c~ltiva6oo is 

Zu.sammenf~un.g. Das R,uti,-i<:arv,md,i1iet<!n mikm,orga
ni.f<'hei' Sulmrmum. die m de,· Ba,i;; durm.:r Sililwt"Mcy•'l'imgt'l! 
.t1n Peh,;,b,:tjUk:hn, einge.rchfo:r:i;en ,ind, karrn Alrers,w:!w:tt-,;m.~,m 
W${1.fChi,~htikher f'titmg{'f(M<llt um.l.igfi,:he11, .wf,m,e V,mm,,.,, 
ntgimg nir:111 $lartfand. Eirie ,uufkh;, A11wend1mg die.rer Metha• 
de. >'<'1'VlffldeH mi, ffe,:;bm:i11m1gi>" ,im On. Si>Wilf! detuillil!'Mtm 
mili.n>llwpi:1d1en im,i g,toch~mi,ichi!n A1w(vs,m. !ml A!tns
.r.cblJt:z:w:.g,m vim 100 bis 1700 Jahr-, fiir s,.Ju· ums1,·i1t,m•· 1><.•rtu• 
gkdsche P<!'lmg!ypffl i>f'I F,n C,><t e,tmt(:h/. l)i,·se. E,'rgd,,.,Me 
widerft11,!M vm-f!erigt A.nsit·h1e11 iii"'r da.< Alter dt1r Pelrnglyph,•n. 
die Jich ausst·hli£.<ilid: ,1uf stilisti~i::he Vergleil':h,, mit a»geh!ic!i 
jungpaUl,;Jitbistlum (iraviero/1¥,m ,mdu;~wo fa EurY!p,1 Mri,tftn. 

~upported by a three-fold in.:reai1e in river gravel deposi- REf£rt!Nl'l'.S 
th:m at P~i1aS¢0!,11 during tlie la~! miltenniurn. <:Qfflpttred 
with the previou~ 4f.l00 years, 

Age of the petmglyphs 
The m.i1iitmirn age J(.11' the petroglyph& is th:«! at ~ 

I 700 yew.. ago. whoo amorpi:ioo,; 1,ilica ceased to be depo
sited on rock sud'aee., llftet hHi ~fope euJ1h,,atkm fm-t 
J!Ulrted ,md iilt begim to w~h ~ eitposed tWk w~ 
and inf() pt:troglyphs after they were ca.rved. A$ the ~des.t 
Coa vaHty inhnbu~ reineffi~ ~Ing 11W pettogl}:13& 
early (his century. and beeaose similar accftltil:Hm &oollf in 
~troglypllll and m, 19th i.'etttury qu.any mck f~ 
(ini:tudins the r-atlway {{Uatty}, the minimum ag~ ,.,r the 
~tfl}glyµhs 1!1 put at .I 00 yem Historic rak than Palae
oWhic aruiq1.1.ity il! therefore demonstmoo for the Poz caa 
~trogfyt)tit. 
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pm ea c:~imid~ par car~me pt«i jeu,11.• mi 11bt$ tmi~ 
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