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Australia produces over 90% of the world’s precious opal from highly weathered Cretaceous sedimen-
tary rocks within the Great Artesian Basin. Since opal was first discovered around 1870 until the present
day, opal mining has been carried out by private operators working a claim no larger than 50 x 50 m,
usually in the direct vicinity of areas that have yielded precious opal in the past. Currently there is no
formal exploration model for opal and its formation in the geological environment is poorly understood.
Here we make the first systematic attempt to formulate a predictive model for opal exploration using a
powerful data mining approach, which considers almost the entire Great Artesian Basin as a potential
reservoir for precious opal. Our methodology uses all known locations where opal has been mined to
date. Its formation and preservation in weathered Cretaceous host rocks is evaluated by a joint analysis
of large digital data sets that include topography, regional geology, regolith and soil type, radiometric
data and depositional environments through time. By combining these data sets as layers enabling spa-
fio-tfemporal data mining using the GPlates PaleoGlIS software, we produce the first opal prospectivity
map for the Great Artesian Basin. Our approach reduces the entire area of the Great Artesian Basin to a
mere 6% that is deemed to be prospective for opal exploration. It successfully identifies two known major
opal fields (Mintabie and Lambina) that were not included as part of the classification dataset owing to
lack of documentation regarding opal mine locations, and it significantly expands the prospective
areas around known opal fields particularly in the vicinity of Coober Pedy in South Australia and in the
northern and southern sectors of the Eromanga Basin in Queensland. The combined characteristics of
these areas also provide a basis for future work aimed at improving our understanding of opal formation.

KEY WORDS: opal, Great Artesian Basin, data mining, data layering, prospectivity, mineral exploration,
Cretaceous sedimentary rocks, Australian regolith.

INTRODUCTION

tematic approach involving the investigation of

) associations between known opal localities in the Great
Although Australia accounts for over 90% of the world’s Artesian Basin and particular features in a variety of

producti'on. of precious opal'that is. almost exclusively open-access spatial geological and geophysical datasets,
found within the Great Artesian Basin (Smallwood 1997),  guch as regolith and soil type and radiometric data that
the mining community has been struggling over the past  }ave a relationship with the occurrence of opal. By using
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20 years. This is, in part, the result of an aging and dwin-
dling mining population comprising individual miners
working on single 50 x 50 m or smaller claims under
harsh conditions, the rising cost of mining necessities
such as fuel and equipment imposed by the global econ-
omy and the fact that demand for precious opal is driven
exclusively by its use as a decorative gem (opal is Aus-
tralia’s national gemstone) with no known industrial
applications. Additionally, a critical factor in contribut-
ing to the decline in opal production is that no new sig-
nificant opal discoveries have been made since the early
1900s (Barnes & Townsend 1990). As opal mining in Aus-
tralia is largely a cottage industry, the majority of opal
exploration simply occurs in the immediate vicinity of
locations that have already yielded precious opal using
traditional exploration techniques such as machine ex-
cavation and hand-held tools. Here we have used a sys-

data layering and feature extraction (Tan et al. 2006)
from these digital datasets we have been able to tease out
pertinent associations between opal locations and the
data sets, and have translated them into an opal prospec-
tivity map of the Great Artesian Basin, thus providing
the first step towards predictive, systematic opal
exploration.

GEOLOGICAL SETTING

Opal consists of amorphous SiO,.nH,O comprising a net-
work of silica spheres, which in precious opal are of sim-
ilar size and form an ordered network allowing light to
diffract into a spectacular array of colours (Sanders
1964). Precious opal is found in sedimentary and volcanic
environments and is commonly referred to as
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Figure 1 Map of Australia showing the extent of the Ero-
manga and Surat basins and the location of the major opal-
producing townships. The Eromanga and Surat basins rep-
resent the southern eastern and western extents of the Great
Artesian Basin.

‘sedimentary opal’ and ‘volcanic opal.” Sedimentary opal
is classified as opal-A and volcanic opal is classified as
opal-CT based on X-ray diffraction analysis although
other major differences include the degree of crystallin-
ity, water content and density (Smallwood et al. 2008).
Virtually all opal mined in Australia is sedimentary
opal-A, which is thought to have formed from enriched
silica solutions derived from the chemical weathering of
feldspars in the host sequence (Smallwood et al. 2008). In
Australia, sedimentary opal is found within fractures
and primary and secondary pore spaces in the top 30 m
(Barnes & Townsend 1990) of heavily weathered

Cretaceous sedimentary rocks within the Eromanga and
Surat basins that together comprise a significant portion
of the Great Artesian Basin (Figure 1). The stratigraphy
of Eromanga and Surat basins is dominated by alternat-
ing layers of sandstones, claystones and siltstones that
were deposited ca 125 Ma to 95 Ma as a consequence of a
sequence of regressions and transgressions (Frakes et al.
1987; Campbell & Haig 1999). The Jurassic formations are
consistent with a non-marine, fluvial-lacustrine deposi-
tional environment while the Cretaceous formations are
consistent with a cyclical marine environment (Senior
et al. 1977; Krieg et al. 1995). Precious opal has been
found within three formations (Figure 2): (1) the early
Cretaceous kaolinite-rich, marine Bulldog Shale in the
Eromanga Basin (Coober Pedy opal fields) where the
opal layer is typically found within cracks and joints
proximal to the interface between heavily weathered
and partially weathered shale (Barnes & Townsend 1990;
Robertson & Scott 1990), (2) the late Albian to Cenoma-
nian volcaniclastic Winton Formation (Exon & Senior
1976) in the Eromanga Basin (Queensland opal fields)
where it is typically found within the upper 1-2 m of a
claystone layer underlying a sandstone layer, and (3)
within the late Albian Kkaolinite-rich flood-plain Finch
Claystone (Griman Creek Formation) in the Surat Basin
(Lightning Ridge opal fields) where it typically occurs in
fractures. The Mintabie opal field on the edge of the Ero-
manga Basin of South Australia (Figure 1) is exceptional
as the opal is found within Ordovician fluviodeltatic
sandstones of the Mintabie Beds (Barnes & Townsend
1990) and thus the oldest opal host rocks in central
Australia. The sedimentary succession of the Eromanga
and Surat basins has experienced intense weathering
that has resulted in extensive silicification throughout
the Tertiary regolith (Thiry et al. 2006) with the wide-
spread development of silcrete caps (shin crackers) that
are characteristic of the outback landscape (Senior &
Mabbutt 1979). A major period of uplift between 100
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Figure 2 Summary of Cretaceous stratigraphic units and their depositional environments in the Surat Basin at Lightning
Ridge, the Eromanga Basin in Queensland (NE) and the Eromanga Basin in South Australia (SW). In the South Australian
part of the Eromanga Basins, the Oodnadatta, Mackundra and Winton formations have been completely eroded. Formations
known to be opal-bearing are shown in bold. Adapted from Exon & Senior (1976) and Alexander & Sansome (2006).
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and 65 Ma resulted in erosion and removal of up to 3 km-
thick sequence of sedimentary rock (e.g. Raza et al. 2009)
that was eventually deposited within the Ceduna Basin
(Norvick & Smith 2001). Due to its low uranium content
Australian sedimentary opal has not been dated radio-
metrically (Gaillou et al. 2008a) so its age is potentially
anywhere between 130 Ma to 1 kyr B.P. based on the age
of the host rocks in the major opal fields (Exon & Senior
1976; Thiry et al. 2006), associated minerals (Newberry
2004), silcrete genesis (Senior & Mabbutt 1979; Thiry
et al. 2006) and carbonaceous material inside cracks in
opal (Dowell et al. 2002).

Although there has been considerable research on
the geochemistry and microstructure of opal (e.g.
Smallwood et al. 1997; Erel et al. 2003; Brown et al. 2004;
Gaillou et al. 2008a, b) its formation in the geological
environment is still poorly understood. However, its oc-
currence close to the surface in association with a
strongly altered kaolinite-rich profile suggests that
weathering is the main process driving the local supply
of vast volumes of silica-rich fluids and the subsequent
formation of opal (Darragh et al. 1966; Thiry & Milnes
1991; Gaillou et al. 2008a). It typically forms in regions
of high porosity and permeability enhanced through
localised faulting and fracturing and dissolution of
unstable mineral phases in volcanogenic sedimentary
rocks. Darragh et al. (1966) suggest that concentration
of silica spheres would have been facilitated through
evaporation during episodes of aridity with the
formation, growth and settling of silica spheres in a
confined space ultimately resulting in a prospective
opal deposit.

SPATIAL DATA MINING

Background

Over the past decade, extensive high-resolution geologi-
cal datasets for eastern Australia have been compiled
and published. Complementing this are significant
increases in computational power and the ability of
computers to rapidly analyse and synthesise vast
amounts of data. Geographical Information Systems
(GIS) provide a platform for the simultaneous visualisa-
tion, assessment and integration of multiple datasets,
having found extensive use in analysing the wide varie-
ties of spatial datasets typically required for mineral
exploration in general. Bonham-Carter (1995) outlines
two primary approaches to building a predictive explor-
ative model using GIS software: knowledge-driven mod-
els and data-driven models. The former approach is
based on human expertise in assigning weightings to
various associations and is generally used when the for-
mation of the mineral deposit is well understood and
constrained. The latter is based on empirical, explor-
atory data analysis and statistics, and an extrapolation
of associations or correlations that are determined
within given data sets.

The basic principle involved in both approaches is to
use known or pre-determined geological associations
and correlations between mineral deposits as a proxy

for determining or constraining where else they are
likely to have formed. Gardoll et al. (2000) describe the
broad methodology and underlying principles used in
prospectivity analysis of mineral deposits, using gold
within the Yilgarn Craton in Western Australia as a
case study. This concept is typically used in the eco-
nomic geological community as a tool for classifying
and for predicting potential prospective orogenic gold
deposits. The maturity of orogenic gold deposit
exploration pertains to long-term investments in explo-
ration and data acquisition owing to the attractive
commercial opportunity. This is predominantly as a
consequence of the global economic significance and
cultural importance that gold possesses but is also due
to the wealth of data (e.g. Groves et al. 1998) that are
available concerning the geology of orogenic gold
deposits.

Groves et al. (2000) used stress mapping of the Yilgarn
Block in Western Australia to statistically confirm asso-
ciations between structural features and orogenic gold
deposits. The prospectivity map that was developed as a
result of these associations classified 80% of produced
gold from the Yilgarn Block into the zone of highest pro-
spectivity (Groves et al. 2000). Similarly, Bierlein et al.
(2006) used fault zone and gravity gradient data, to deter-
mine that a preferential distribution for orogenic gold in
the Yilgarn Block occurs in small faults that are influ-
enced by longer, more deeply penetrating faults in their
proximity. In an alternative approach, Holden et al.
(2008) used only regional aeromagnetic data over the
same area to identify zones of high prospectivity based
on the degree of magnetic complexity in close proximity
to magnetic discontinuities representing large shear
zones. Their study identified the location of 76% known
orogenic gold deposits based on the single aeromagnetic
dataset.

Outside Australia, there have been similar studies fo-
cussing on associations between Carlin-type gold depos-
its and deep-seated crustal structures in North America
(Crafford & Grauch 2002), as well as between shear zones
and gold deposits in Canadian Archean greenstone belts
(Harris et al. 2001). A fuzzy logic approach has been used
to combine incomplete or uncertain datasets in order to
constrain and develop prospectivity maps for gold depos-
its based on proximity to geological features in the Phil-
ippines (Carranza & Hale 2001) and in prospectivity
modelling for iron-oxide copper gold IOCG) deposits in
Finland (Nykanen et al. 2008). The approach taken by
Nykanen et al. (2008) is similar to this study, in that vari-
ous data layers are prepared separately and then amal-
gamated together using GIS software to highlight areas
of high and low prospectivity. An important difference,
however, between Australian opal and the more thor-
oughly analysed gold deposits, is that Australian opal is
associated with surficial sedimentary processes, specifi-
cally weathering, rather than deeper, large-scale meso-
thermal fluid movement (Groves etal. 1998).
Consequently, there is greater dependence on small
(1-10 m) microfaults, surficial geology of the study area
and the development and preservation of the regolith
associated with the opal-bearing Cretaceous sedimen-
tary rocks.
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Application to opal exploration

In this study, we adapt the basic methodologies and
principles described above to evaluating the prospectiv-
ity of opal within the Great Artesian Basin. Our method
involves a hybrid approach in which known informa-
tion about the nature of the opal host sequences is used
to steer and optimise the selection of spatial datasets
and relationships of interest, but also involving the ex-
traction of several proxy-features from spatial and spa-
tio-temporal datasets that demonstrate significant
associations. In this way, a limited conceptual under-
standing is complemented by a data-mining approach,
with the potential to develop a predictive targeting
model and to expose associations that may ultimately
lead to better overall understanding of the underlying
physical processes. This is the first systematic attempt
at linking multi-layered data to known distributions of
opal, thus providing a map of potential areas for future
opal mining. Several informal attempts have been made
to associate opal occurrence with particular features
such as mesas and localised fracture networks for
small-scale exploration. D. Horton (pers. comm. 2011)
identified large (~100 km) topographic domes present
at most of the major opal localities (e.g., Lightning
Ridge, Quilpie, Winton) and suggested that further ex-
ploration could focus on identifying other domes
throughout the Great Artesian Basin as prospective
locations for opal. Smaller scale opal exploration (of the
order of 10 km) has previously been approached in
many different ways. Pecover (1996) outlined a scenario
of opal formation based on fluid concentrations and
pressure gradients through fissures and microfaults,
suggesting that opal exploration should focus on areas
of the Great Artesian Basin that have experienced
high degrees of stress and that exhibit significant brec-
ciation. Similarly, J. J. Watkins (pers. comm. 2011)
suggested that opal exploration should focus predomi-
nantly on identifying structural lineaments as targets
for potential opal deposits. D. Robson (pers. comm. 2011)
proposed that exploration efforts (of the order of 1 km)
could use local, airborne, high resolution magnetic sur-
veying to determine the location of faults existing
within the upper ~30 m of the weathered profile. This is
similar to the models proposed by J. J. Watkins (pers.
comm. 2011) and Pecover (1996), in that the fluid move-
ment along faults is treated as a primary criterion in
opal formation, and therefore a useful tool in opal explo-
ration. Finally, Senior & Chadderton (2007) outline how
gamma ray logging of drill holes can be used for precise
opal exploration (on a 1 m scale) by locating the contact
between a sandstone and claystone layer where opal is
typically found (Senior et al. 1977; Barnes & Townsend
1990).

The approach that is being used here is to provide
a ‘greenfield’ exploration methodology for opal
exploration to assist in finding new potential opal lo-
calities in an efficient fashion over a large area. Impor-
tantly, the methodology proposed here is flexible in
that it allows different combinations of base map
layers to be integrated. This is an important feature
for such a new study based on data of relatively low
resolution.

Methodology

Our prospectivity mapping approach is based on estab-
lishing associations between particular features in indi-
vidual map data layers with known opal mining sites.
We assume that different layers represent independent
data sets, thus allowing a succession of these layers to be
combined in order to reduce an overall integrated layer
comprising a combination of the base layers. The final
layer is produced via a weighted sum of base layers,
allowing a degree of confidence/uncertainty to be
encoded. The datasets used in creating the layers each
have their own accuracies and shortcomings, and have
in some cases involved interpretations and extrapola-
tions leading to a non-uniform spatial accuracy. Thus,
the layer combining method proposed in this paper takes
a flexible approach where data layers can be added/re-
moved/weighted at ease during the experimentation
phase.

In this study, a training set comprising all known
opal localities (1036 opal mines) was assembled using
published maps from state geological surveys (Carr
1979; Robertson & Scott 1989; Carter 2005; Geological
Survey of Queensland 2012). The location of each opal
mine was digitised and geo-referenced using GIS soft-
ware. Opal mines from Mintabie, Lambina and the
smaller opal mining districts in the vicinity of Stuart
Creek and White Cliffs were omitted as their locations
were missing from published maps and reports. A
necessary assumption made for the data-derived
generation of prospectivity maps is that this dataset
represents an unbiased and representative sample of
an underlying population. There are, however, some
limitations. Australian state laws limit extensive opal
mining in many locations. For example, opal mines
around Lighting Ridge tend to have a large cluster of in-
dividual mines within a relatively small area. However,
the potential sample bias resulting from this local clus-
tering of mines is alleviated by the large set of spatially
well-separated mine site clusters across the Great Arte-
sian Basin, sampling a wide range of formations
(Figure 3).

Data layers

Six data layers have been used in the opal data mining
analysis: regional geology (Figure 3a), soil type
(Figure 4a) regolith type (Figure 4b), topography
(Figure 5a), radiometric data (Figure 5b) and paleoge-
ography (Figures 6, 7a). Faults were not included be-
cause there is no dataset available at the small scale
associated with opal deposits. Each layer has been
clipped to a bounding box [(131.5106°E, 17.8604°S),
(151.8217°E, 32.6709°S)] that encompasses the extent of
Cretaceous sedimentary rock (the predominant
chronostratigraphic opal host; Figure 2) within the
Eromanga and Surat basins, thus minimising computa-
tional time. The base layer of the prospectivity map is a
1:1 000 000 digital geological map of Eastern Australia
(Figure 3a). Each subsequent layer was then added on
top of this layer in order to minimise the targeting area
(Table 1). For each layer the probability of opal occur-
rence was determined using the associations and
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attributed a probability value between 0 and 1. For the
purpose of brevity, the combination of Surat and Ero-
manga basins will be referred to as the Great Artesian
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Basin. However, it should be noted that the Great Arte-
sian Basin also includes the Carpentaria Basin to the
north, which is not known to contain opal.

LAVYER 1: GEOLOGY OF EASTERN AUSTRALIA

The digital 1:1 000 000 geological map of Australia
(Raymond & Retter 2010) used for this study was
acquired from Geoscience Australia. The dataset covers
the geological units throughout the entire continent,
and the metadata include relative and absolute ages of
most formations, a brief lithological description and the
sub-group, group name and super-group (where appro-
priate) of the formations. This dataset was created by
the amalgamation of the pre-existing 1:250 000 geological
maps of Australia. In generating the layer used for the
prospectivity map, the geological map was clipped to the
bounding box. The Cretaceous sedimentary rock forma-
tions that have a minimum age ranging from the Albian
to Cenomanian were attributed a probability value of 1.
All formations/units older than Cretaceous were given a
probability value of 0. Areas characterised by patches of
thin Cenozoic cover were assigned probabilities between
0.8 and 0.2 depending on their distance from the nearest
Cretaceous surface outcrop (Figure 3).

LAYERS 2 AND 3: REGOLITH AND SOIL TYPES

The regolith dataset used in the analyses is the digital
compilation of the Regolith Site Classification Map
(Kilgour & Pain 2000). The dataset contains a qualitative
classification of the Australian landscape based on dif-
fering regolith features such as major and minor land-
forms, soil types and a description of the regolith. Two
data layers were created based on qualitative associa-
tions between opal and the regolith type/soil classifica-
tion. The first layer is based on a description of the
regolith and the second is a classification of the soil
(Figure 4). Using the data-mining suite (Landgrebe &
Miiller 2011) incorporated as part of the GPlates Paleo-
GIS software (Boyden et al. 2011), six regolith features
and nine types of soil (see Figure 4) were determined to
be associated with the presence of opal, and all were sub-
sequently attributed probability values of 1. Note that
our original opal dataset excluded two additional rego-
lith classifications that are associated with precious opal
as described by Kilgour & Pain (2000) but for which we
do not have exact locations of opal mines (White Cliffs).
These two areas were attributed probability values of
0.5. All other classifications of both regolith and soil
were given probability values of 0 (Figure 4c, d).

«
Figure 3 Association between opal occurrences and regional
geology within the Great Artesian Basin. Note the black out-
line of combined Eromanga and Surat basins. (a) Known
locations of opal mines superimposed over major sedimen-
tary Cretaceous units. Geological data from Raymond &
Retter (2010). (b) Probability of opal occurrence (from 0 to 1)
in relation to regional geology. The grey rectangle defines
the bounding box that was use to clip the continent-wide
data set. Because the opal is strongly associated with Creta-
ceous sedimentary rocks, a very large area of opal prospec-
tivity is identified.
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Figure 4 Association between opal occurrences and soil type and regolith type within the Great Artesian Basin. Note the black
outline of combined Eromanga and Surat basins. (a) Known locations of opal mines superimposed over soil types, predomi-
nantly loamy soils and red earths. (b) Known locations of opal mines superimposed over regolith type. Opal shows a strong as-
sociation with weathered Cretaceous profiles, silcrete and ferricrete. (c) Probability of opal occurrence (from 0 or 1) in
relation to soil type. The grey rectangle defines the bounding box that was use to clip the continent-wide data set with high-
probability areas centred around 9 soils types. (d) Probability of opal occurrence in relation to regolith type. Soil and regolith

data sets from Kilgour & Pain (2000).

An additional quantitative layer developed for this
dataset is based on proximity of opal to a regolith
boundary. This association was determined through
data mining of the opal locations relative to a change in

regolith type, which indicates that the average distance
from any opal location to a regolith boundary is 11 km,
with a standard deviation of 7 km. To reflect this associ-
ation, an internal multiple ring buffer of five
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Figure 5 Association between opal occurrences and topography with a resolution of 250 m (a) and radiometric data with a res-
olution of 80 m (b) within the Great Artesian Basin. Probability of opal occurrence in relation to topography (c) and radiomet-
ric data (d). Topography data set from Hutchinson et al. (2006); radiometric data set from Minty et al. (2010).

increments up to a maximum distance of the computed
mean added to two standard deviations (1 + 20) was
computed, resulting in the generation of 0.05° (roughly
5 km) buffers. The zones closest to a regolith boundary
were attributed a probability value of 1 with the proba-
bility assigned to the 5 km wide buffer regions progres-
sively decreasing in increments of 0.2 away from a
given regolith boundary.

LAYERS 4 AND 5: GEOPHYSICAL DATASETS

The topography dataset used in the analysis has a resolu-
tion of 250 m (Hutchinson et al. 2006), while the radio-
metric dataset, representing a levelled and merged

composite grid of the potassium component, has a reso-
lution of 80 m with three large areas without data (Minty
2011) mostly affecting our analysis of the opal regions in
the vicinity of Quilpie in southern Queensland
(Figure 5). The potassium radiometric component was
selected for this analysis after investigating the correla-
tion of local gradients in potassium, uranium and tho-
rium radiometric grids with opal deposits, which
revealed the strongest correlation with the potassium
data set. For both the topography and radiometric data-
sets we calculated the contrast ratio for each pixel by tak-
ing an 8 km square around each pixel and dividing the
80th percentile pixel by the 20th percentile pixel. The
resulting map was binarised using a 50% threshold to
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Figure 6 Depositional and erosional environments from 145 Ma to the present day showing flooding of Eromanga and Surat
basins (thin black outline within the Australian continent with black dots representing opal mine localities) from about
131 Ma to 100 Ma followed by progressive uplift and extensive erosion linked to the cessation of subduction east of Australia
(Matthews et al. 2011) until the present day. Depositional environments within the opal mining regions have been domi-
nated by marine and fluvial processes. Adapted from Langford et al. (1996). Note that 18 out of a total of 19 time slices are

shown here.

outline areas of the Great Artesian Basin with high and
low contrast ratios. The association suggests that opal
occurs at locations where there is a gradient change,
from a high to low contrast ratio. We used the mean plus
one standard deviation (which in total is 18 km) of the
computed distance from an opal location to a regolith
boundary to create a buffer zone around the boundaries
of the high- and low-contrast areas. Areas within the
buffer zones were attributed probability values of 1, and
areas outside the buffer zones were attributed values of 0
(Figure 5).

LAYER 6: PALEOGEOGRAPHY

The paleogeography dataset (Langford et al. 1996) is a
digital version of a compilation of maps based on recon-
structions of the depositional/erosional environment, of
the Australian continent through time from 542 Ma to
present day, comprising 70 time slices. As opal is found
predominantly in Cretaceous sedimentary rocks, the
analysis of the dataset and generation of the data layer
was constrained from 145 Ma to the present day, compris-
ing 19 time slices that include shallow marine, coastal,
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Table 1 Effect of various input layers on the area of opal pro-
spectivity for the Great Artesian Basin.

Area of the Great Artesian

Data layer Basin (km?) x 10*
Great Artesian Basin 135.5 (100%)
Geology buffer 104.1(76.8%)
Regolith soil 49.5(36.5%)
Regolith type 35.4(26.1%)
Palaeogeography 14.5 (10.7%)
Radiometric data 126.5(93.4%)
Topography 106.6 (78.7%)
Prospectivity?® 8.1(6%)

2 All data sets (layers) combined.

In the initial analysis, the entire Great Artesian Basin is consid-
ered to be prospective for opal exploration. This area is reduced
to 6% with the combination of all data sets.

lacustrine and fluvial depositional environments and a
period of intense erosion from at least 65 Ma until the
present day (Figure 6). A concept related to the forma-
tion of opal is that only a particular sequence of deposi-
tional/erosional environments will lead to conditions
suitable for opal formation. We test this idea by extract-
ing paleogeographic time sequences from the paleogeo-
graphic dataset at each opal locality. These time series
consist of the time-varying geographic environment
properties extracted from the paleogeographic time-sli-
ces. This first step resulted in a total of 1036 time-series,
one for each opal mine with 19 time slices spanning the
period of interest (Figure 6). In this analysis, we are con-
cerned with the transition of environments, rather than
the duration of each period, following the assumption
that it is the sequence of transitions that ultimately cre-
ate geological conditions favourable for opal formation.
Therefore, we map the depositional environment time
series to ‘ordinal’ event sequences, consisting of ordered
lists of events in chronological order (Figure 7).

RESULTS

The combination of the six data layers effectively
reduces the baseline targeting area (the Great Artesian
Basin) to a mere 6% (8 x 10* km?) representing the final
opal prospectivity map (Table 1; Figure 8). The greatest
reduction of 89% in the target area is achieved with the
paleogeography data set, thus highlighting the impor-
tance of the depositional/erosional sequence on the for-
mation and preservation of opal (Figure 7).
Amalgamating the various ordinal event sequences
(Figure 7) illustrates that there is considerable similar-
ity between paleogeographic sequences across all opal lo-
calities. Of the 1036 opal mine localities, 52 independent
ordinal sequences are identified, and of these, 27 sequen-
ces describe 95% of all independent ordinal paleogeo-
graphic sequences. It follows that these 27 sequences
(Figure 7) comprising fluvial and shallow marine deposi-
tional sequences followed by a prolonged phase of ero-
sion are representative of the depositional/erosional
sequences underpinning for opal formation. The

prospectivity map does not predict the location of opal at
White Cliffs (Figure 8).

The White Cliffs opal mining region is absent from
our set of known locations of opal mines, as its exact lo-
cation has not been recorded on published maps, but it
is represented by a large patch on the regolith type map
of Kilgour & Pain (2000) (Figure 4b). The White Cliffs pa-
leogeographic sequence has alternated between an ero-
sional and fluvial environment three times since the
regression of the inland sea ca 90 Ma (Figure 6), while
other opal mining regions experienced only one marine-
fluvial-erosional transition (Figure 6). In addition, al-
though there are similarities between the soil in the
White Cliffs area and in other locations, such as the pres-
ence of red earths and red clayey subsoils (Figure 4a), its
absence from the classification based on the soil type
data layer arises from it being primarily associated with
crusty, loamy soils. The White Cliffs region is located
near the southern edge of the Great Artesian Basin
(Figure 1) and, being one of the most proximal areas to
the paleo-coastline, would have experienced more com-
plex and more frequent shifts in depositional environ-
ments. As a consequence, the paleogeographic
transitions and hence the soil types are different from
the other opal mine locations that are used to train our
classification algorithm.

The paleogeographic sequences assist greatly in min-
imising the exploration area, highlighting areas of
higher prospectivity, owing to the similarity of paleogeo-
graphic histories between most areas where opal has al-
ready been found. However, there are areas in the Great
Artesian Basin that may contain opal whose prospectiv-
ity clearly cannot be determined using paleogeographic
sequences alone.

The regolith type layer is the next most effective layer
at reducing the targeting area (74%; Table 1) followed by
the soil type layer (64%; Table 1). The large area reduc-
tion achieved using the regolith/soil dataset may be due
to the detailed regolith type and soil-type classifications
available for the Great Artesian Basin resulting in a rel-
atively high degree of specificity for the opal-bearing
regions. More importantly, however, it confirms that
opal occurrence is strongly associated with weathering
history and the parent rock type, which together are crit-
ical in supplying vast amounts of silica required for the
formation opal deposits. Each opal field is characterised
by a single regolith feature (Figure 4). In general, regions
of high opal prospectivity are associated with red earth
and loamy soils and deeply weathered profiles that fre-
quently contain ferricrete and silcrete horizons
(Figure 4).

The lowest area reduction of 7% (i.e., 93% of the target
area remains prospective) is achieved with the radiomet-
ric dataset (Table 1), which contains large areas without
data (Figure 5), although in general opal deposits appear
to be associated with geochemical gradients, reflected by
variations in radiometric data that mimic topographic
gradients (Figure 5) and regolith type changes (Figure 4).
Typically, the change in regolith is from deeply weath-
ered sedimentary rock within which opal is found, to un-
consolidated colluvium and alluvium, and aeolian sand
or silicified Paleogene/Neogene sedimentary rocks.
Likewise, the geological layer reduced the area of
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Figure 7 Association between opal occurrences and particular sequences of depositional/erosion events through time.
(a) Graphical representation of the 27 chronological paleogeographic sequences that represent 95% of opal localities based on
the maps of depositional environments shown in Figure 6. Each row depicts a sequence of depositional environments (colour-
coded and corresponding to the scheme used in Figure 6), with columns representing their superposition through time at any
given opal mine locality. The sequences show that the overall paleogeographic evolution can be characterised by an initial
fluvial/lacustrine environment, followed by a marine inundation with a subsequent return to fluvial/lacustrine conditions
followed by a regression leading to an erosional environment. These ordinal sequences disregard the duration of each deposi-
tional/erosional period, and instead reflect the sequence of events that marks the change from one sedimentary/
erosional regime to another. All sequences start at 145 Ma and end at 0 Ma. The fewer events have occurred at a given locality
the shorter the total sequence of events is (i.e., total length of horizontal coloured bars). (b) Representative set of environments
(legend as for Figure 7a) associated with known opal occurrences. Pre-marine sequences refer to terrestrial sequences that
pre-date the main transgression phase in the Great Artesian Basin. Marine to terrestrial sequences refer to the main trans-
gressive phase and subsequent regression, respectively. For the pre-marine transition, 24 out of the 27 unique temporal signa-
tures of the opal localities are characterised by three transitions: fluvial to fluvial-lacustrine (10 out of 27 signatures), fluvial-
lacustrine to coastal-paralic (11 out of 27 signatures), and fluvial-lacustrine to fluvial (3 out of 27 signatures). For the marine to
terrestrial transitions, the opal localities are characterised by only two different transitions: marine to fluvial-lacustrine
(13 out of 27 signatures), and marine to coastal-paralic (14 out of 27 signatures). In contrast, areas not associated with known
opal occurrence are characterised by large variability in environmental transitions. (c) Probability of opal occurrence based
on the 27 chronological paleogeographic sequences that represent 95% of opal localities vs paleogeographic sequences that are
associated with non-opal-bearing region.

prospectivity by a relatively moderate amount (23%, entire extent of Cretaceous sedimentary rock in the Great
Table 1). Artesian Basin. The addition of the paleogeographic data

Interestingly, the combination of the geology, regolith significantly reduces the total prospective area (Table 1),
and soil layers only minimally reduces the targeting indicating the importance of specific sequences of sedi-
area. This indicates that opal formation as a consequence mentary/erosional environments in giving rise to rego-
of weathering could have occurred throughout nearly the lith conditions conducive to opal formation.
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tinct from the surrounding plains of Quaternary
colluvium material (Burton 2011), resulting in a very
small area of potential prospectivity for opal.
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