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This paper exposes the unique set of attributes explaining why precious opal has formed in such abundance in central Australia, and almost nowhere else on Earth. The Early Cretaceous history of the Great
Artesian Basin is that of a high-latitude flexural foreland basin associated with a Cordillera Orogen built
along the Pacific margin of Gondwana. The basin, flooded by the Eromanga Sea, acted as a sink for
volcaniclastic sediments eroded from the Cordillera’s volcanic arc. The Eromanga Sea was shallow,
cold, poorly connected to the open ocean, muddy and stagnant, which explains the absence of significant carbonates. Iron-rich and organic matter-rich sediments contributed to the development of an
anoxic sub-seafloor in which anaerobic, pyrite-producing bacteria thrived. Rich in pyrite, ferrous iron,
feldspar, volcanic fragments and volcanic ash, Lower Cretaceous lithologies have an exceptionally
large acidification potential and pH neutralisation capacity. This makes Lower Cretaceous lithologies
particularly reactive to oxidative weathering. From 97 to 60 Ma, Australia remained at high latitude,
and a protracted period of uplift, erosion, denudation and crustal cooling unfolded. It is possibly during
this period that the bulk of precious opal was formed via acidic oxidative weathering. When uplift
stopped at ca 60 Ma, the opalised redox front was preserved by the widespread deposition of a veneer
of Cenozoic sediments. On Earth, regional acidic weathering is rare. Interestingly, acidic oxidative
weathering has been documented at the surface of Mars, which shares an intriguing set of attributes
with the Great Artesian Basin including: (i) volcaniclastic lithologies; (ii) absence of significant carbonate; (iii) similar secondary assemblages including opaline silica; (iv) similar acidic oxidative weathering
driven by very similar surface drying out; and, not surprisingly, (v) the same colour. This suggests that the
Australian red centre could well be the best regional terrestrial analogue for the surface of the red
planet.
KEYWORDS: Australian precious opal, Great Artesian Basin, acidic weathering, Mars analogue

INTRODUCTION
According to a much-repeated statement, more than 90%
of the world’s precious opal comes from the Great Artesian Basin (GAB) in central Australia. Regardless of the
accuracy of this figure, the GAB has been the main
source of gem-quality opal worldwide over the past
120 years, and precious opal is one of most recognisable
Australian icons as well as Australia’s National Gemstone since 1993. Over the past decade, opal mining has
slowed considerably, accelerating the decline of many
townships. According to opal miners, this is due in part
to a decline in the number of active miners strongly affected by the rising cost of mining, the lack of discovery
of new opal fields and the lack of science to guide exploration. Nevertheless, opal is still an important part of
the economic fabric and cultural identity of many townships of central Australia.
Despite its iconic status and a long opal mining history, the geological processes behind the formation of
precious opal in the GAB are still largely unknown. Owing to this lack of knowledge, the empirical ‘pattern
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recognition’ approach is the only avenue to guide opal
prospectors (Aracic 1999). A computerised equivalent of
this approach, via the data-mining ‘unsupervised learning approach’ to find hidden patterns in a randomly selected dataset, has been recently proposed (Merdith
et al. 2013). As a gemstone, however, precious opal is well
characterised. In the 1960s, researchers from CSIRO
documented the microstructure of precious opal, and
explained the play of colour as diffraction caused by a
regular three-dimensional array of uniformly sized

amorphous silica spheres 1500–4000 A in diameter (Sanders 1964, 1968; Darragh et al. 1966; Sanders & Darragh
1971; Darragh et al. 1976; Sanders & Murray 1978). Since
these early studies, research has focussed mainly on the
physical and chemical properties of opal (McOrist et al.
1994; McOrist & Smallwood 1995, 1997; Smallwood et al.
1997, 2007, 2008a, 2008b, 2009; Brown et al. 2002, 2003, 2004;
Thomas et al. 2006, 2007, 2008, 2010; Gaillou et al. 2008a).
Only a few untested propositions have been put forth to
explain the formation of precious opal in the GAB. Early
on, it was proposed that opal formed during the Cenozoic, from silica released through the weathering of
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detrital feldspar and volcanic ash into kaolinite, at a
time when the aridity of the climate restricted ground
water to shallow traps (Darragh et al. 1966; Senior et al.
1977; Senior & Mabbutt 1979). According to this model,
precious opal may have formed slowly via dehydration
of silica-rich gel trapped in fractures, and cavities resulting from the decomposition and leaching of fossils and
minerals (Darragh et al. 1966). In order to understand
why there is so much precious opal in the GAB and almost nowhere else on Earth, this paper seeks to document the attributes that make the GAB unique on Earth,
and to place the formation of precious opal within its
geological context. In particular, this paper emphasises
that the sedimentary rocks of the GAB are particularly
reactive to oxidative weathering owing to a combination
of their exceptional acidification potential and exceptional neutralisation capacity. This paper proposes that
opal formed at near-surface conditions, along the redox
front where reduced lithologies and groundwater met
oxic conditions. According to this model, opal is the
product of self-limiting acidic oxidative weathering.
This type of regional scale weathering is unusual at the
Earth’s surface. Very acidic weathering is locally documented, mainly in association with acid mine drainage
(e.g. Jambor et al. 2000), volcanoes (e.g. Morris et al.
1996), and acid sulfate soils around estuaries (e.g. Worrall & Clarke 2004). Although Cenozoic to Recent ages
cannot be ruled out, peak production of precious opal
may have occurred from ca 97 Ma to ca 60 Ma during the
denudation of the GAB that followed the inland sea regression and drying out of the GAB landscape. This
model, largely based on a review of three decades of research on the evolution of the GAB and its surroundings,
and research on weathering processes, explains why
many opal mines are underneath preserved Cenozoic silcrete caps. It is consistent with the observation that no
opal deposit and no opalised fossils have been found in
overlying Cenozoic sandstones and siltstones. Interestingly, acidic oxidative weathering has been documented
at the surface of Mars (Milliken et al. 2008), and as for
the GAB, this weathering is interpreted as the consequence of the drying out of its surface. This paper
emphasises that Mars and the GAB share similar surface lithologies, similar weathering history and processes, similar secondary mineralogy and, last but not
least, the same colour.

THE FORMATION OF OPAL IN THE GAB: PREVIOUS
WORK
Opal fields in the stratigraphy of the GAB
With the exception of the Mintabie opal field, which is in
Ordovician sandstones and siltstones but within a few
metres beneath the eroded Lower Cretaceous unconformity, precious opal in the GAB occurs within 50 m of the
surface in sub-concordant levels in deeply weathered
Lower Cretaceous sedimentary rocks (Jones & Segnit
1966). Opal fields are distributed in the marine sandstone and siltstone of the Bulldog Shale and Wallumbilla
Formations (Coober Pedy, Andamooka, White Cliffs)
along the margin of the GAB (Figure 1), and also within
fluvial sandstone and siltstone of the Griman Creek and

Figure 1 Simplified geological map of the Lower Cretaceous
geology of the Great Artesian Basin (central Australia),
showing the location of main opal fields (solid black
squares). A, Andamooka; C-P, Coober Pedy; J, Jundah; M,
Mintabie; L, Lambina; L-R, Lightning Ridge; O, Opalton; Q,
Quilpie; Y, Yowah; W-C, White Cliffs; W, Winton.

Winton Formations (Yowah, Quilpie, Jundah, Opalton,
Winton, Lightning Ridge) in the interior of the GAB.

Opal fields and deep weathering
Deep weathering, down to 100 m depth, affects Cretaceous and Cenozoic lithologies of the GAB. A source of
acidity is often invoked to explain this deep weathering
(Senior & Mabbutt 1979; Thiry & Milnes 1991; Thiry et al.
1995, 2007; Simon-Coinçon et al. 1996; Horton 2002; Newberry 2005). Geochemical modelling has shown that
weathering of fresh shales containing pyrite by a sulfaterich brine produces sulfuric acid and explains the formation of kaolinite, alunite, gypsum and amorphous silica (or common opal) observed in Cenozoic paleosurface
(Thiry et al. 1995). Unlike precious opal, common opal is
a very frequent occurrence in many weathered continental sediments, in which it can form in large amounts. For
instance, in bleached Cretaceous and Cenozoic lithologies of the GAB, common opal can make up to 60% of the
rock (e.g. Thiry et al. 1995, 2007; Simon-Coinçon et al.
1996).
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However, a low pH is not suitable for the formation of
precious opal (Iler 1979). Acidic conditions promote silica precipitation and lead to amorphous silica in which
silica spheres of uneven size bind together randomly
into highly disordered arrays to form common opal that
does not show the play of colour characteristics of precious opal (Iler 1979). In contrast, precious opal requires
alkaline conditions. In silica-rich colloid at high pHs,
negatively charged mutually repelling silica spheres of
uniform size develop (Iler 1979). This self-organising colloid forms the matrix in which precious opal develops.
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The timing of formation of precious opal
Paleomagnetic dating (e.g. Idnurm & Senior 1978; Smith
et al. 2009), oxygen isotope dating (Bird & Chivas 1993)
and K–Ar and Ar–Ar dating of alunite and hollandite
(Bird et al. 1990; Newberry 2005; Vasconcelos et al. 2008)
suggest that weathering and opalisation may have
occurred during a few discrete weathering episodes from
Late Cretaceous to Cenozoic (Jones & Segnit 1966;
Wopfner et al. 1974; Senior & Mabbutt 1979; SimonCoinçon et al. 1996). More recently, radiocarbon dating on
carbon inclusions in opal from Lightning Ridge indicates
ages <46 ka (e.g. Dowell et al. 2002; Fink 2011) suggesting
continuous formation during the Cenozoic to Recent.

Previous models on the formation of precious
opal in the GAB
Although the physics and chemistry behind the formation of common and precious opal are reasonably well
understood, the exceptional geological and/or geochemical conditions necessary for the production of precious
opal remain to be explained. Nevertheless, and in addition to the weathering model, a few propositions have
been made to explain in geological terms the formation
of precious opal in the GAB.
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conditions during or after the late Oligocene to Miocene
(Horton 2002).
SYN-TECTONIC MODEL

Miners have noted the common close association between precious opal deposits and faults. This observation has led to the proposition that opal may have been
produced during episodic syn-tectonic fracturing involving over-pressurised silica-rich fluids (Pecover 1996,
1999, 2007). According to this scenario, the source of silica-rich fluid may be local (i.e. fluids from host lithologies mobilised during compression), or more distant
such as hot artesian waters coming from deep within the
basin. According to this so-called ‘syn-tectonic model,’
precious opal in veins may have formed through slow polymerisation of dissolved silica, while excess silica escaping to the surface may have produced Cenozoic
silcretes, suggesting that opal deposits are Cenozoic in
age (Pecover 1999). The syn-tectonic model is supported
by studies emphasising the role of upper Oligocene–
Lower Miocene long wavelength (20–50 km), low amplitude (few tens of metres) doming (Wopfner et al.1974;
Senior & Mabbutt 1979; Horton 2002). Noting that precious opal deposits are often found at the crest of large
domes, whereas Cenozoic silcretes often form along
domes flanks (Senior & Mabbutt 1979), Horton (2002) has
proposed that the bulk of precious opal formed during or
soon after the late Oligocene–early Miocene doming
(<24 Ma) via the remobilisation of silica under warm
arid alkaline conditions. There is little doubt that opalbearing hydraulic fractures are common in many if not
all opal fields (e.g. Glass-Van der Beek 2003). However, the
syn-tectonic model does not explain the formation of the
silica-rich fluid, nor does it explain the formation of other
types of deposits, in particular opalised fossils. More
problematic for this model is the absence of precious opal
in weathered Cenozoic sandstones and mudstones.
RADIOACTIVE CATALYST MODEL

DEEP WEATHERING

Because of its close association with weathered rocks, it
has been proposed that opal was the product of the deep
weathering that shaped the central Australian landscape
(Darragh et al. 1966; Senior et al. 1977). According to this
model (the so-called deep weathering model), silica was
released during Cenozoic to Recent weathering (Darragh
et al. 1966; Senior et al. 1977; Horton 2002) through the
breakdown of feldspar, volcanic clasts and volcanic ash
in Lower Cretaceous sandstones (Exon & Senior 1976;
Senior & Mabbutt 1979). Silica-rich fluids filled the
porosity, cracks and fractures of the host rocks, and
cavities resulting from the decomposition and leaching
of fossils and minerals (Darragh et al. 1966). Through dehydration, the trapped silica gel would have turned into
precious opal. Given the role of low pH in the mobilisation of silica and that of high-pH in the formation of regular array of silica sphere, it has been proposed that
formation of precious opal may have had a multi-stage
history involving release of silica under humid and
acidic conditions during the Late Cretaceous to
Paleocene, and remobilisation under arid and alkaline

The natural radioactivity of opal levels often appears
higher than background radioactivity (Senior &
Chadderton 2007). Based on this observation, a model
was proposed in which silica spheres in precious opal
grow around a radioactive catalyst nano-nucleus promoting optimum spherulite development (Senior &
Chadderton 2007). Indeed, silica spheres making precious opals often show growth layering centred on one
or a few nano-nucleii (Darragh et al. 1966; Gaillou et al.
2008b). These nano-particles could be made of heavy metals such as uranium. However, Australian opals are
known for their low uranium-content compared with
other precious opals in the world.
MICROBIAL MODEL

Several authors have emphasised the possible role of aerobic microbes through the release of organic acid. Although microbe remains are only rarely observed in
precious opal, fossilised microbes are frequent in common opal, as well as in their host rocks (Behr et al. 2000;
Watkins et al. 2011). These aerobic microbes point to an
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oxic, near-surface environment (T <35 C) with nearneutral pH (Watkins et al. 2011). This model suggests
that carbonic and organic acids may have aided the biochemical weathering of clay and feldspar to produce silica-rich solutions. Importantly, and in contrast to other
hypotheses, this model proposes that opal formed during
the Early Cretaceous at the time of sediment deposition
(Watkins et al. 2011).

PALEOGEOGRAPHY, TECTONICS, STRATIGRAPHY
AND WEATHERING OF THE GAB
This section reviews the geological evolution of the GAB
over the past ca 130 Ma. It emphasises the unusual set of
geologic, paleogeographic and environmental attributes
that led to a regional-scale, high-latitude and long-lived
episode of acidic oxidative weathering perhaps unique
on Earth.
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SUMMARY OF PREVIOUS MODEL

Each of the above propositions is based on pertinent
observations. However, each invokes unexceptional processes that contrast with the relatively rare occurrence
of precious opal in the world. In addition, none of these
models convincingly explain why so much precious opal
formed across the GAB, and comparatively so little in
the rest of the world. The formation of precious opal in
the GAB can only be the fortuitous result of a set of geological circumstances perhaps unique on Earth. Since
the GAB is one of the largest intracontinental basins on
Earth, and since opal is found in many locations in the
GAB, the conditions favourable to the formation of precious opal must have been peculiar yet widespread
across the basin. To understand these peculiar conditions one must address a simple question: What makes
the GAB unique on Earth? To answer this question, we
must consider the geological history of the GAB.

Paleogeography and tectonics
The Eromanga Basin, the Surat Basin and the Carpentaria Basin are part of the GAB (Figure 1). They were
formed in the Jurassic–Early Cretaceous (e.g. Exon &
Senior 1976) as part of retro-arc flexural foreland basin
adjacent to the Zealandia Cordillera. Zealandia was a
major Cordillera Orogen built along the Pacific margin
of East Gondwana as a result of a long-lived west dipping
subduction zone (Tulloch et al. 2006). This Cordillera included a largely andesitic volcanic arc called the Whitsunday Volcanic Province (Figure 2a) (Bryan et al. 1997;
Tulloch et al. 2006). This volcanic arc, one of the largest
felsic volcanic provinces on Earth (Bryan et al. 1997),
was active between 132 and 95 Ma and extended along
the Pacific margin of East Gondwana from offshore
North Queensland to Antarctica (Figure 2a). Paleogeographic reconstructions show that from ca 130 to ca 97

Figure 2 GPlate-derived (Boyden et al. 2011) paleogeographic reconstruction of Australia over the past 130 Ma, and location of
the main geological elements mentioned in the text (GAB, Whitsunday Volcanic Province, Ceduna Sub-basin, Winton Formation, Eyre Basin).
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Ma (Figure 2a), East Gondwana (i.e. Australia and Antarctica) detached from Gondwanaland and moved to the
southeast at near constant velocity toward the Pacific/
€ ller et al. 2008). At that time, New
Phoenix plates (e.g. Mu
Caledonia, Lord Howe Rise, New Zealand’s South and
North Islands, Challenger Plateau, Campbell Plateau,
Chatham Rise and Marie Byrd Land were all part of the
Zealandia Cordillera (Tulloch et al. 2006). During its eastward motion, East Gondwana moved over a mantle
down-welling zone associated with the subduction of the
west-dipping Pacific slab. Under the pull of the downwelling mantle, the surface of Australia subsided below
sea-level (e.g. Gurnis et al. 1998; Matthews et al. 2011),
and a marine transgression, well constrained by subsidence analysis (e.g. Gallagher & Lambeck 1989; Deighton
& Hill 1998), was initiated in the Barremian (130–125
Ma). This epicontinental sea, called the Eromanga Sea,
lasted until the eastward motion of East Gondwana
slowed down suddenly during the late Albian and early
Cenomanian (100–97 Ma; Exon & Senior 1976). At its
peak, during the early–late Albian, the Eromanga Sea
flooded 60% of Australia (Frakes et al. 1987).
From 97 to 60 Ma, East Gondwana remained relatively
stationary and at high latitude, although drifting slowly
to the northeast and away from Antarctica (Figure 2b),
while the Tasman Sea, Ross Sea and West Antarctic rift
systems were initiated (Gaina et al. 1998). The sudden
slowdown of East Gondwana at ca 97 Ma is synchronous
with a rapid regression during the late Albian and early
Cenomanian, and with a switch from marine to fluvialdeltaic sedimentation during which the Winton Formation was deposited (Figure 2b). This was followed from
ca 93 to ca 60 Ma by a period of protracted uplift and denudation at high-latitude and a cold climate (Bird &
Chivas 1988, 1989, 1993). Fluvial sedimentation resumed
with the deposition of the Eyre Formation during the
late Paleocene while Australia’s motion switched to the
northwest. Fluvial sedimentation of the Eyre Formation
lasted from ca 60 to 40 Ma (Figure 2c). Finally, from
40 Ma, Australia’s motion switched to the northeast
moving rapidly to its present position (Figure 2d).

Stratigraphy and deposition environment
The Lower Cretaceous stratigraphy of the GAB records in
minute detail the paleogeography and changes in plate
motion of East Gondwana since its breakup from
Gondwana ca 130 Ma ago. Early Cretaceous sedimentation in the GAB started at around 136–125 Ma ago with
the deposition of the quartz-rich sandstones and conglomerates of the fluvial-paralic Cadna-owie Formation in the
Eromanga Basin, the age-equivalent feldspar-rich sandstones of the Bungil Formation in the Surat Basin, and
the George River Formation in the Carpentaria Basin
(Exon & Senior 1976). At that time, Australia, still attached to Antarctica, was at high-latitudes and near freezing conditions (e.g. Veevers et al. 1991) as shown in the
southern edge of the GAB by diamictite deposits at the
base of the Cadna-owie Formation (Alley & Frakes 2003).
From ca 130 to ca 97 Ma, dynamic subsidence, related
to the eastward motion of Gondwana over the subducting Pacific plate, led to the formation of a high-latitude
shallow epicontinental sea in central Australia (Frakes
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et al. 1987; Gallagher & Lambeck 1989; Gurnis et al. 1998;
Campbell & Haig 1999; Matthews et al. 2011). In the stratigraphic record, this major marine flooding episode corresponds to a change from mature sandstone to very
immature arkose dominated by feldspar and volcanic
clasts (Exon & Senior 1976). The average content of
quartz (14.5%), feldspar (41%) and lithic clasts (44%, the
vast majority of which is of andesitic origin) of the
Lower Cretaceous Rolling Downs Group, which includes
both marine and fluvial sedimentary rocks, points to the
Whitsunday Volcanic Arc as a source (e.g. Exon & Senior
1976; Hawlader 1990; Bryan et al. 1997, 2012). River systems surrounding the Eromanga Sea filled the GAB with
iron-rich and organic-rich continental sediments, and
large volumes of volcaniclastic sediments eroded from
the 132–95 Ma Whitsunday Volcanic Province (Bryan
et al. 1997). The Aptian–Albian Bulldog Shale, and its
equivalent the Wallumbilla Formation in the central
and northern part of the GAB, and the Doncaster Member in the Surat Basin, are widespread and consist of pyrite and carbonaceous-rich marine mudstones and
siltstones interbedded with fine sandstones.
The Eromanga Sea was too cold and too muddy, to allow for the formation of thick carbonate platforms. Nevertheless, thin (<3 cm) beds of limestone can be found in
the thin, yet widespread, Toolebuc Formation (101–98
Ma), a dominantly organic-rich black shale marking the
maximum deepening of the epicontinental sea in the
late–middle to early–late Albian (Haig & Lynch 1993;
Henderson 2004). Foraminiferal biofacies suggests seawater depth of about 50 m in the Surat Basin, and up to
150 m in the Eromanga Basin and southern part of the
Carpentaria Basin (Haig & Lynch 1993). Importantly, the
Toolebuc Formation hosts the remains of bivalve colonies well adapted to oxygen-poor to anoxic environment
(Henderson 2004). This suggests that, at time of maximum basin depth, the redox boundary lay close to or
above the sediment–water interface (see also Boreham &
Powell 1987). This is independently confirmed by the deposition, in the Toolebuc Formation, of molybdenum
and vanadium typically mobilised from organic matter
in anoxic conditions (Patterson et al. 1986; Lewis et al.
2010). These anoxic conditions, at the time when the epicontinental sea was at its deepest, suggest poor bottomwater circulation over the entire duration of the flooding
episode (Exon & Senior 1976), most likely because the
Eromanga Sea was shallow and only poorly connected to
the open ocean via a narrow and shallow channel in the
Gulf of Carpentaria (Figure 2a).
The Surat Siltstone, equivalent in age to the Toolebuc
Formation, marks the maximum deepening in the Surat
Basin (Haig & Lynch 1993), and marginal-marine facies
of the base of the overlying Griman Creek Formation include disseminated pyrite and glauconitic sandstone
beds (Kernich et al. 2004). Glauconite is a frequent authigenic mineral in cool water marine sandstone. It results
from interaction between nutrients and siliceous and
carbonate biotas and, as pyrite, it requires reducing conditions to prevent oxidation into hematite (e.g. Reid et al.
2008). This suggests that anoxic conditions extended to
the southeast into the Surat Basin.
In the late Albian to early Cenomanian, the onset of
deposition of the Winton Formation, a thick fluvial-
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lacustrine to coastal plain sequence of carbonaceous and
pyritic shale, siltstone and coarse volcaniclastic sandstone with minor coal layers (Krieg et al. 1995), marks
the regression of the Eromanga Sea (e.g. Dettmann et al.
1992, 2009). The presence of disseminated pyrite in the
Winton Formation suggests that anoxic conditions were
maintained at shallow depth during its deposition. The
sudden influx of volcaniclastic sediments at ca 97 Ma
indicates that the Pacific margin of Gondwana was being
uplifted at that time in relation to the initiation of the
opening of the Tasman Sea (e.g. Persano et al. 2002). Deposition of the Winton Formation ceased at ca 93–91 Ma,
before the early Turonian (Moore & Pitt 1984), and a long
period of non-deposition followed from ca 93 to 60 Ma.
The preserved thickness of the Winton Formation
reaches 1200 m in the centre of the basin, and it overlays about 600 m of Lower Cretaceous parallic to marine
sediments (Wallumbilla, Toolebuc, Allaru and Mackunda formations).
From ca 60 Ma to ca 40 Ma, Australia, now separated
from Antarctica, reversed its motion from southeast to
northwest. During this time, the fluvial-lacustrine to aeolian Cenozoic sediments of the Eyre Basin were deposited
over most of the GAB (Figure 2c). The Eyre Basin comprises the Upper Paleocene to Middle Eocene Eyre Formation (62–42 Ma) and the uppermost Oligocene to
Pliocene Etadunna and Namba formations (26–12 Ma).
The Eyre Formation rests unconformably above weathered Lower Cretaceous rocks including the Bulldog Shale,
the Ooddanatta Formation and the Winton Formation.
Up to 120 m thick, it is made of fluvial and locally lacustrine sedimentary rocks, mainly derived from reworked
Lower Cretaceous lithologies, and deposited by braided
streams, accompanying epeirogenic uplift of the Olary
Block and the Barrier Ranges (Wopfner et al. 1974; Alley
€ lser et al. 2011). This formation
1998; Alley et al. 1999; Wu
includes conglomerate, pyritic mature quartz sandstone
with interbeds of clay lenses (44% kaolinite) and shale
pebbles, carbonaceous and micaceous siltstone, dolomitic
siltstone and lignite with locally abundant wood fragments, and contains large trunks of fossil trees (Wopfner
et al. 1974). Polished gravels including frequent bleached
pebbles from the underlying deeply weathered Cretaceous sediments (Idnurm & Senior 1978; Alley 1998) mark
the base of the Eyre Formation (Alley 1998). The top of
the Eyre Formation was eroded sometime between the
late Oligocene to early Miocene before being locally overlain by the fossiliferous Miocene beds of the Etadunna
and Namba formations (Wopfner et al. 1974).
From ca 40 Ma to Recent, as Australia moved faster to
the NNE, dolomite, limestone, fine sand and clay of the
Etadunna and Namba Formations deposited on the Eyre
Formation and locally on the Cretaceous strata (Alley
1998). Up to 250 m thick, the Etadunna and Namba formations consist of largely immature fluvio-lacustrine
sand, silt and clay deposited in an alkaline and anoxic
environment (e.g. Wopfner 1974; Tonui & De Caritat
2003). Their mineralogy consists of quartz (up to 50%),
kaolinite (up to 40%), feldspar (up to 15%), mica (up to
15%), smectite (up to 5%), carbonate (up to 5%), illite (a
few %), iron oxide (a few %), palygorskite and dolomite
(characteristics of alkaline lakes), gypsum and alunite
(Callen 1977; Barnes et al. 1980; Alley et al. 1995; Tonui &

De Caritat 2003). These formations include levels of pyritic laminated carbonaceous mud (Wopfner 1974; Tonui
& De Caritat 2003) and host a rich fauna of fossils including gastropods, ostracods, algae, fish, reptiles, birds and
mammals (e.g. Callen 1977; Woodburne et al. 1993; Alley
1998; Roberts et al. 2009). During the Pliocene to Quaternary, lacustrine evaporitic sediments including arenite,
calcrete and gypcrete, and aeolian sediments, deposited
in the Eyre Basin (Alley 1998).

Erosion and weathering
Central Australia owes its vibrant yellow to rust-red
hues and a large part of its geomorphology to a long history of weathering. As such, weathering is a key attribute to the geology of the GAB. The rapid deposition of
the Winton Formation was followed by a protracted period of uplift, erosion, denudation and cooling lasting
until ca 60 Ma (Exon & Senior 1976; Deighton & Hill 1998;
Raza et al. 2009). No super-Turonian to lower Paleocene
(ca 93 to ca 60 Ma) sedimentary rocks were preserved before the deposition of fluvial-lacustrine Cenozoic to Recent sediments of the Eyre Basin.
The Jurassic to Cretaceous sedimentary succession of
the GAB has a present maximum thickness of 2.7 km at
the basin depocentre (e.g. Gallagher & Lambeck 1989;
Passmore 1989). However, at the end of the deposition of
the Winton Formation, the sedimentary pile was much
thicker. Studies on paleogeotherms from boreholes
across the Eromanga Basin (Figure 3a, b) show that the
exposed present-day surface of the GAB was at a temperature between  50 and 90 C during the mid-Cretaceous.
This cooling suggests that 1 km of sedimentary sequence has been eroded from the GAB, increasing to
3 km on the eastern margin of the basin (e.g. Gallagher
et al. 1994; Mavromatidis 1997; Deighton & Hill 1998; Tingate & Duddy 2002; Raza et al. 2009). Exhumation and
cooling may have increased further to the southeast
where basement rocks along the Australian southeast
coast were at temperatures up to 120 C and possibly between 3 and 4 km depth before exhumation (Moore et al.
1986; Gallagher et al. 1994; Persano et al. 2002; Mavromatidis & Hillis 2005). Products of erosion from central, east
and southeast Australia, and possibly as far as the Australian Eastern Highlands, were transported into the
Ceduna Sub-basin (offshore South Australia; Figure 3a,
c) where 12–15 km of Upper Cretaceous sediments were
deposited (Totterdell et al. 2000; Veevers 2000; King &
Mee 2004; MacDonald et al. 2013). In a recent paper, MacDonald et al. (2013) looks in detail at the provenance of
the sediments in the Ceduna Sub-basin. On the basis of
detrital zircon ages from a well at the centre of the
Ceduna Sub-basin, this study shows that early in the
Late Cretaceous (100–84 Ma), the Ceduna-River catchment extended over the entire central, east and southeast Australia, and shrank towards the end of Late
Cretaceous (84–65 Ma). This study also documents a
‘younging downward’ pattern with 100 to 85 Ma zircon
ages in the deeper section of the well, and 120 to 100 Ma
ages in the shallowest, consistent with a progressive
unroofing of the sedimentary pile in the GAB.
Overall, the Ceduna Sub-basin records a near-continuous sedimentation from ca 93 Ma to ca 34 Ma with a
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Figure 3 Uplift, erosion, denudation and cooling of the GAB, and coeval sedimentation in the Ceduna Sub-basin. (a) Location
of documented pre-late Paleocene weathering profile (empty stars), location of the Burunga 1 and Burley 2 wells discussed in
(b) and location of cross-sections presented in (c). (b) Present-day geotherm and maximum geotherm recorded in the Burunga
1 well document a denudation of 1.5 km (after Raza et al. 2009). This is consistent with the temperature history recorded in the
centre of the GAB (Burley 2 well) documenting a rapid cooling owing to denudation soon after the deposition of the Winton
Formation. Dark grey shading shows the time window for the deposition of the Winton Formation, and the burial-related increase in temperature. The pale grey shading shows the time window for the deposition of the Eyre Formation (after Deighton
& Hill 1998). (c) Simplified cross-section across the GAB (after Gallagher et al. 1994) and across the Ceduna Sub-basin (after
Totterdell & Bradshaw 2004) documenting the Late Cretaceous to early Paleocene denudation in the GAB and coeval sedimentation in the Ceduna Sub-basin.

sudden reduction in sedimentation rate at about 60 Ma
(Norvick & Smith 2001; Totterdell & Bradshaw 2004). Apatite fission track and vitrinite reflectance analyses of
samples from wells from the GAB, and the stratigraphy
of the Ceduna Sub-basin, suggest that denudation and
cooling were not uniform but followed a two-stage evolution (Figure 3b, c). The bulk of denudation occurred
from ca 93 to ca 60 Ma, starting with a rapid pulse from
ca 93 to ca 80 Ma, and was followed from 60 Ma onwards
by periods of alternating minor deposition and denudation (Deighton & Hill 1998; Tingate & Duddy 2002; Raza
et al. 2009).
The period between ca 93 to 60 Ma was also one of
deep weathering in a cold environment (e.g. Wopfner
et al. 1974; Senior et al. 1977; Bird & Chivas 1993; Alexander & Jensen-Schmidt 1996). Weathering, involving a topdown alteration front where surface water percolates

downward, is a self-limiting process unless fresh rocks
are continuously advected to the weathering front by
erosion. The continuous uplift and erosion of the GAB
until 60 Ma helped weathering by removing altered
rocks and exposing fresh rocks to alteration. This prelate Paleocene weathering is directly confirmed by the
occurrence of silcrete pebbles in the basal conglomerate
of Eyre Formation (Exon & Senior 1976), and by ages of
weathering profiles in the GAB and its underlying basement (Figure 3a). Paleomagnetic dating of ironstones
from the deep weathering profile in the Winton Formation near Windorah (south Queensland, Figure 3a)
reveals a weathering age of 60 10 Ma (Idnurm & Senior
1978). Paleomagnetic dating of ferricrete from the Bulldog Shale near Marla (northern South Australia) yields
ages between 65 and 50 Ma (Pillans 2005). A similar paleomagnetic age of 60 10 Ma is reported near Armidale to
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the east of the Surat Basin (Schmidt & Ollier 1988), as
well as near Cobar to the south of the GAB (Smith et al.
2009). Ar–Ar dating on Mn-oxide from a deeply ferruginised weathering profile in the Mount Isa region reveals
an age of ca 67 Ma (Vasconcelos et al. 2008). A K–Ar age
of 62 Ma is reported on an alunite in weathered Permian
sandstone near Springsure to the east of the GAB (Bird
et al. 1990). These geochronological data point to a major
period of deep regional weathering at the scale of the
GAB before the late Paleocene (Figure 3a). This period is
often assumed to represent weathering during a warm
climatic period, which contrasts with the high latitude
of Australia at that time (e.g. Bird & Chivas 1988; Fujioka
& Chappell 2010). This may suggest a strong temperature
gradient, with central Australia being warmer than
southern Australia (e.g. Fujioka & Chappell 2010), and/
or that acidic water, perhaps in relation to high atmospheric CO2 (Schmitt 1999) or another source of acidity,
may have driven deep weathering despite colder
conditions.
Post-late Paleocene erosion is limited in magnitude to
a few tens of metres and is geographically localised to
gentle domes and faulting caused by late Oligocene to
Miocene tectonic reactivation (Jones & Segnit 1966;
Ingram 1968; Hutton et al. 1978; Moore & Pitt 1984; Alley
1998; Moussavi-Harami & Alexander 1998; Alley et al.
1999). The very limited sedimentation rate (a few hundred metres of sediment deposited in 60 Ma), constant exposure and limited erosion during the Cenozoic are
conditions favourable to slow, continuous and self-limiting weathering during which older weathering assemblages are rejuvenated (Taylor & Shirtliff 2003). Oxygen
isotope dating (Bird & Chivas 1988, 1989, 1993), paleomagnetic dating (Idnurm & Senior 1978; Schmidt &
Ollier 1988; McQueen et al. 2002; Pillans 2005, 2007; Smith
et al. 2009), and K–Ar and Ar–Ar dating of alunite (Bird
et al. 1990; Newberry 2005) and Mn-oxide (Vasconcelos &
Conroy 2003; Vasconcelos et al. 2008) largely confirmed a
long and continuous period of weathering from ca 45 Ma
to present. Indeed, Cenozoic weathering has profoundly
reworked and rejuvenated the Late Cretaceous to Paleocene weathering (Taylor & Shirtliff 2003). Therefore,
ages ranging from ca 30 to ca 5 Ma obtained via K–Ar
and Ar–Ar geochronology on secondary minerals, such
as alunite and hollandite, in close association with opal
(Bird et al. 1990; Newberry 2005) may not constrain the
formation of precious opal but may instead provide a
minimum age for the weathering profile (e.g. Vasconcelos et al. 2008).

matching in age the duration of the flooding event, provided a large source of volcaniclastic sediments and volcanic ash. Although disseminated carbonates and thin
limestone layers have been reported in the GAB, the lack
of thick carbonate in this shallow continental sea is noticeable. No single factor can explain on its own the lack
of carbonate in shallow continental basins. In the GAB,
the combination of near freezing surface temperature
owing to the high-latitude of East Gondwana during the
Cretaceous (documented by the presence of ikaite, diamictite and striated pebbles; David 1950; Alley & Frakes
2003), the influx of siliclastic sediments commonly leading to muddy and opaque waters, and the anoxic conditions explain the lack of thick carbonate. Importantly,
disseminated pyrite is ubiquitous in Lower Cretaceous
sediments and has been reported in the widespread Bulldog Shale (e.g. Thiry & Milnes 1991; Thiry et al. 1995), in
the Wallumbilla Formation (Campbell & Haig 1999), in
the Toolebuc Formation (Boreham & Powell 1987; Henderson 2004), in the Griman Creek Formation (Kernich
et al. 2004) and in the fluvial Winton Formation (e.g. Senior et al. 1977; Krieg et al. 1995). Along with glauconite,
pyrite suggests that Lower Cretaceous sediments were
buried in a reducing environment. Pyrite in sedimentary rocks is often produced by anaerobic sulfate-reducing bacteria (e.g. Donald & Southam 1999; Schoonen
2004). These bacteria thrive in anoxic, low-energy environment such as coastal wetlands, barrier estuaries
and coastal lakes where sulfate-rich seawater mixes with
Fe-rich and organic matter-rich continental sediments.
The enclosed shallow sea and fluvial-lacustrine plains
surrounded by continental landmasses would have been
an ideal ecosystem for the production of biogenic pyrite.
Pyrite-rich and feldspar-rich lithologies, and the lack
of thick carbonates, are key attributes of the Lower
Cretaceous stratigraphy of the GAB. Together, these
attributes make the GAB unique on Earth by providing
the GAB with both a large acidification potential
(through the oxidation of pyrite, and ferrolysis of ferrous iron) and a large pH neutralisation capacity
(through the weathering of feldspar and volcanic ash).
These potentials may have been realised, from the Late
Cretaceous to Recent, when Lower Cretaceous lithologies where exposed to the oxic world. The following section describes field observations supporting the possible
role of acidic oxidative weathering in the production of
precious opal.

WHAT MAKES THE GAB UNIQUE ON EARTH?

Field observations

The GAB basin is an interesting example of high-latitude
retro-arc flexural foreland basin. The Eromanga Sea that
flooded central Australia was shallow (<150 m), poorly
connected to the open ocean, relatively stagnant and
rich in continent-derived organic matter. This led to the
development of a cold, muddy and anoxic depositional
environment, in which anaerobic sulfate-reducing bacteria, some of which were well adapted to cold environments (e.g. Knoblauch et al. 1999; Jørgensen 2006),
thrived. In the mean time, a major volcanic arc,

Opal miners are keen to emphasise how different their
opal fields are from other opal fields in the GAB. Nevertheless, opal fields across the GAB share many features
that point to a single precious-opal forming process common to all opal fields. With the exception of the Mintabie
opal field, precious opal in all opal fields is found in
weathered Lower Cretaceous sedimentary rocks (Jones
& Segnit 1966). When present, Cenozoic rocks from the
Eyre Basin are capped with silcretes made of silicified
sandstone and conglomerate. Although precious opal is

A REDOX FRONT MODEL FOR THE FORMATION
OF PRECIOUS OPAL IN THE GAB
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often considered of Cenozoic age (Jones & Segnit 1966;
Senior et al. 1977; Bird et al. 1990; Simon-Coinçon et al.
1996; Horton 2002; Newberry 2005) only common opal has
ever been found in weathered Cenozoic rocks.
In weathered Lower Cretaceous rocks, opalised horizons generally do not exceed 50–80 cm in thickness and
are commonly at the contact between permeable sandstone and underlying less permeable claystone
(Figure 4a, b). Although opal can seal the porosity of the
base of sandstone beds in contact with claystone
(Figure 4c) over a distance of 10–20 cm (known as the
‘steel-band’ in Lightning Ridge), precious opal mainly
occurs in claystone beds. Commonly, sandstone–claystone contacts are underlined by a <10 cm thick ferruginous band, which includes numerous precious opalbearing micro-fractures (Figure 4a, b). In the opalised
horizon, fibrous gypsum is commonly present as centimetre-thick sub-horizontal veins discordant on the sedimentary layering (Figure 4d). In Coober Pedy opal fields,
gypsum veins are particularly thick (up to 40 cm) and include vertical veins contemporaneous with sub-horizontal veins. In the opal levels, precious opal occurs as
cement in sandstone (known as matrix opal, Figure 4c);
it fills microfractures (Figure 4e), desiccation cracks
(Figure 4f), veins and cavities in ironstones (boulder
opal, Figure 4g); and it commonly occurs as replacement
of mineralised fossils and as replacement of clay rip-up
clasts (the so-called Yowah nuts; Figure 4h) in sandstone
beds. In all opal fields, precious opal is also found in
close association with faults (Figure 5). These faults are
commonly sealed by a coating of smeared clay a few
millimetres thick (Figure 5e). In the vicinity of these
faults, pink colouration or alternatively discolouration
can be observed, suggesting that these faults have helped
the circulation of oxidising or reducing fluids. Precious
opal commonly develops in the footwall of faults as opalbearing veins (Figure 5f), and as boulder opal
(Figure 5g). Once coated with clay, faults act as barrier
for lateral fluid flow, contributing to the development of
local closed-system environments favourable to the formation of precious opal. Remarkably, precious opal levels often remain laterally at a near constant elevation
over many tens of kilometres, beneath the flat lying Cenozoic unconformity (Figure 6). This suggests that opalised levels may have extended over large distances subparallel to the Cenozoic paleosurface, hence pointing to
a near-surface environment of formation. The association between precious opal and river paleochannels is often mentioned (e.g. Watkins et al. 2011). The Winton
Formation and the Griman Creek Formation were deposited in a fluvial to fluvial-lacustrine environment by
braided, anastomosing channels on a flat landscape.
This environment typically leads to the deposition of alternating lenses of sand, deposited during high-energy
flow, and silt deposited during low-energy conditions. Between anastomosing channels, flood plains consist
mainly of mudstone and siltstone. Because of their permeability, sandstones are critical to the downward transport of oxic surface water into reduced lithologies.
Hence, top-down alteration fronts involving the percolation of surface oxic water are expected to be far more efficient in channel deposits rather than the intervening
flood plains.
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Observations of viscous flow structures, frequent in
opal-bearing veins (Figure 7), suggest that precious opal
was produced not via solid-state reaction, but during the
production of a low viscosity gel, in which both precious
and common opal domains coexisted (e.g. Glass-Van der
Beek 2003). Under local differential pressure, this composite gel was able to flow over short distances, while
preserving precious opal bands side by side with common opal bands (e.g. Glass-Van der Beek 2003). The silica
spheres themselves were soft enough to deform into a
hexagonal shape during the early stage of their arrangement into a regular array (Darragh et al. 1966).
In summary, opalised levels are closely associated
with weathered Lower Cretaceous rocks. These opalised
horizons extend laterally and remain at near constant elevation over many tens of kilometres, often protected
from erosion by overlying Cenozoic silcrete caps, and
strongly suggest that precious opal deposits evolved
along regional weathering fronts. Precious opal developed in a silica gel and preferentially at the contact between permeable sandstone and mudstone, or in the
vicinity of permeable faults and fractures, or within the
pore space of volcaniclasitic sandstone. This suggests
that fluid–rock interactions involved in the development
of precious opal were favoured in the vicinity of gradients of permeability. Once formed, the silica-rich colloid filled pore space, cracks, fractures and cavities
resulting from the dissolution of mineralised fossils and
primary minerals. The silica colloid was able to flow
over a short distance into hydraulic extensional fractures while preserving the regular arrangement of silica
spheres necessary for precious opal.

Petrographic observations
In weathered Lower Cretaceous rocks, secondary minerals include common and precious opal, diagenetic gypsum, barite, kaolinite, smectite, jarosite, alunite,
goethite and hollandite (e.g. Jones & Segnit 1966; Exon &
Senior 1976; Senior et al. 1977; Thiry et al. 1995; SimonCoinçon et al. 1996; Newberry 2005). Because some of
these secondary minerals point to neutral to alkaline
conditions (e.g. hematite, precious opal), whereas others
require acidic conditions (e.g. jarosite, alunite), it is
most likely that weathering involved a multi-stage process with minerals formed at different times, in various
redox and pH conditions. A close inspection of mineral
inclusions trapped in precious opal veins shows that secondary minerals specifically associated with precious
opal consist of amorphous oxyhydroxide and goethite,
manganese oxide, with traces of gypsum and barite
(Figure 8). In the pore spaces of sandstone, precious opal
and goethite replace clay, feldspar and volcanic fragments. Goethite and precious opal are intimately associated in ferruginous bands that develop at the interface
between sandstone and claystone beds (Figure 9). At the
weathering front, the occurrence of secondary sulfate
minerals (gypsum, barite and alunite) and the absence
of pyrite, ubiquitous in unweathered rocks, suggest that
pyrite was, at least in part, the source of the sulfate and
was dissolved by oxidative weathering.
These observations suggest that precious opal was
formed via redox-dependent and pH-dependent
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Figure 4 Example of precious opal typology in central Australia. (a) Precious opal is often associated with ferruginous bands
that develop either at the contact between sandstone (top) and claystone (bottom), or slightly above as a sub-horizontal bar in
the sandstone suggesting the position of a paleo water-table (Opalton opal field, central Queensland). (b) Detail showing a ferruginous band made of precious opal in goethite at the contact between sandstone (top) and claystone (bottom). (c) Details of
the sandstone immediately in contact with the claystone. Precious opal and goethite (in red) fill the pore space between altered volcanic clasts and quartz grains. (d) Discordant diagenetic gypsum vein in a ferruginous band developed at the contact
between sandstone (top) and claystone (bottom). (e) Opal-bearing extensional fractures in a claystone from the Griman Creek
Formation (Lightning Ridge opal field, northern New South Wales). (f) Opal-bearing desiccation cracks in a sandstone from
the Winton Formation (Quilpie opal fields, south Queensland). (g) Opal-bearing fractures in a boulder opal (Quilpie opal
fields). Note the gradient of colour from top to bottom, and the internal layering. (h) Opalised rip-up mud clasts in a coarse
sandstone (Quilpie opal fields). Note the oxide shell forming around the clasts.
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Figure 5 Fault and fault-related opal in central Australia. (a) Network of conjugated normal faults in the Griman Creek Formation (Lightning Ridge, NSW), and (b) a rare reverse fault at the same location. (c) Conjugated normal faults in the Bulldog
Shale Formation (Coober Pedy, SA). (d) Normal fault in the Winton Formation in Opalton (central Queensland). (e) Clay coating along a normal fault (Lightning Ridge, NSW). (f) Opal-bearing dilatant shear fractures. Such dilatant fractures require a
small differential stress and a small maximum effective principal stress consistent with sub-surface formation. (g) Boulder
opal at the footwall of a clay-coated normal fault.
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Figure 6 Opalised sub-upper Paleocene paleosurface: Alaric opal mine (a) and Hayrick opal mine (b) (south Queensland) are located within the weathered sandstone and mudstone of the Winton Formation. In both cases, the Winton Formation is capped
by Cenozoic silcretes that have protected the underlying rocks from erosion. (c) Although these two mines are 18 km apart
(image from Google Earth), they stand at the same elevation (from 270 to 290 m) within a flat lying weathered horizon that parallels the local stratigraphy. This suggests that the opalised horizon corresponds to a flat pre-late Paleocene paleosurface, buried underneath Cenozoic sediments.

weathering processes when reduced pyritic lithologies
were progressively exposed to the oxic world. Acidity,
via oxidation of pyrite and ferrolysis of ferrous iron, has
been invoked to explain Cenozoic deep weathering
(Thiry & Milnes 1991; Thiry et al. 1995, 2007; Simon-Coinçon et al. 1996; Newberry 2005). However, following
acidic weathering, precious opal requires a shift to alkaline conditions (Iler 1979).

A geochemical conceptual model
Numerous recent studies provide details on the oxidative weathering of anoxic pyritic marine sediments in a
cold environment (e.g. Pirlet et al. 2010), on the oxidative
weathering of volcanic rocks in acid-sulfate water

(Barth-Wirsching et al. 1990; Burns 1993; McAdam et al.
2007, 2008), and on the direct leaching of kaolinite and
smectite via sulfuric acid (e.g. Komadel et al. 1996; Gates
et al. 2002; Metz et al. 2005; Mako et al. 2006; Shaw & Hendry 2009; Panda et al. 2010). These studies allow exploration of the range of possible acidic oxidative reaction
paths leading to the observed secondary minerals, in
particular the co-precipitation of precious opal and goethite at the expense of clay, and the development of a conceptual geochemical model for the formation of precious
opal in the GAB.
Following uplift and denudation of the GAB, lowering
of the water-table and the downward percolation of surface water through porous sandstones and faults led to
the oxidation of pyrite disseminated in reduced
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Figure 7 Viscous flow microstructures and strain fabrics in opal-bearing veins. (a) Shear folds in an opal vein involving
streaks of precious, semi-precious and common opal. (b) Shear fabric in an opal vein. The flow banding diverges from a small
opening, most likely a point of entrance of the opal-bearing fluid into the fracture. The flow banding rapidly rotates to become
sub-parallel to the fracture walls, producing shear folds in the process. (c) Example of CS shear fabric within one of the limb
of the fold shown in (a). Dashed line shows the orientation of the flattening plane (S plane); arrows show a top to the left sense
of shear along shear planes (C plane). This low-T microstructure is analogous to that formed at much higher temperature
(T>600C) in quartz-rich rocks. (d) Deformation lamella in gem opal. Note the curvature in the silica sphere lattice (ondulose
colour) as well as the curved micro-extensional fractures.

sediments. Oxidation of pyrite with oxygen or ferric iron
(Fe3þ) releases sulfate (SO42), ferric or ferrous (Fe2þ)
iron, and protons (Hþ) via the following reactions
(Williamson & Rimstidt 1994):


FeS2 þ 3:75O2 þ 0:5H2 O ! Fe3þ þ 2SO4 2 þ Hþ


ð1Þ

FeS2 þ 14Fe3þ þ 8H2 O ! 15Fe2þ þ 2SO4 2 þ Hþ

ð2aÞ

15Fe2þ þ 15Hþ þ 3:75O2 ! 15Fe3þ þ 7:5H2 O

ð2bÞ

(Fe8O8(OH)6SO4) via reaction 5:
2Fe2þ þ 3H2 O þ 0:5O2 ! 2FeOOH þ 4Hþ

ð3aÞ

Fe3þ þ 2H2 O ! FeOOH þ 3Hþ

ð3bÞ

2Fe2þ þ 5H2 O þ 0:5O2 ! 2FeðOHÞ3 þ 4Hþ

ð4aÞ

Fe3þ þ 3H2 O ! FeðOHÞ3 þ 3Hþ

ð4bÞ



In the mean time, oxidation and the rapid hydrolysis of
ferrous and ferric iron present in solution in reduced
sediments release more acidity and lead to the formation
of oxyhydroxides (e.g. Raiswell et al. 2009) such as goethite (FeOOH) via reactions 3a and 3b, ferrihydrite (Fe
(OH)3) via reactions 4a and 4b, and schwertmannite

8Fe3þ þ SO4 2 þ 14H2 O ! Fe8 O8 ðOHÞ6 SO4 þ 22Hþ

ð5Þ

Ferrihydrite, commonly the first iron oxyhydroxide
formed, is unstable and transforms into either goethite
or hematite depending on the pH (e.g. Schwertmann &
Murad 1983).
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Figure 8 Mineralogy of an opal vein from central Queensland. (a) Hyperspectral imaging of a precious opal veins. This image
was acquired using HySpex hyperspectral camera SWIR-320m-e covering a near infrared spectral range from 0.96 to 2.5 mm.
The walls of the opal vein are covered with a bright orange poorly crystallised to amorphous iron oxide. The NIR spectrum
matches the spectrum of ferrihydrite C1JB130B (dashed spectrum) from the spectral library of the Compact Reconnaissance
Imaging Spectrometer for Mars (CRISM). (b1, 2) Microscope and SEM imaging, and (b3, 4) elemental maps (Si and Fe) of the
wall of a precious opal vein showing trigonal mineral casts, possibly alunite or jarosite, pseudomorphosed into iron oxide,
probably goethite, and silica.
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Figure 9 Hyperspectral imaging of a
ferruginous band at the contact between sandstone and mudstone
(sample from Opalton, central
Queensland). The NIR spectra of
both the sandstone (A) and the
mudstone (C) show absorption at
1.9 mm and two absorption doublets
at around 1.4 and 2.2 mm, characteristics of well-crystallised halloysite
(i.e., hydrated kaolinite). The strong
crystallinity of kaolinite suggests it
is the product of low temperature
very acidic weathering. Kaolinite is
lost in the NIR spectrum of the ferruginous band (B) whose mineralogy is dominated by visible
precious opal and goethite clearly
identifiable in the Visible to NIR
range (0.4 to 1 mm). This suggests
that kaolinite dissolved into goethite and amorphous silica. The pH
in the silica-rich colloid evolved towards alkaline conditions to allow
for the formation of precious opal.
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Mn oxides such as hollandite can precipitate directly
from the solution (e.g. Vasconcelos & Conroy 2003):
8Mn2þ þ Kþ þ 8H2 O þ OH þ 4O2 ! KMn8 O16 ðOHÞ þ 16Hþ

goethite (Trolard & Tardy 1989; Tardy 1997).

Al2 Si2 O5 ðOHÞ4 þ 4Fe3þ þ 5H2 O þ 3O2

ð6Þ
Acidity released by reactions 1–6 induces the dissolution
of carbonates (including carbonate from mineralised fossils) following:
4CaCO3 þ 4Hþ ! 4Ca2þ þ 4HCO3 



3Fe3þ þ 2SO4 2 þ Kþ þ 6OH ! KFe3 ðSO4 Þ2 ðOHÞ6
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3þ

þ 2SO4
Ca

2

2þ

þ



þ K þ 6OH ! KAl3 ðSO4 Þ2 ðOHÞ6

þ SO4

2

þ 2H2 O ! CaSO4 2H2 O

ð8aÞ
ð8bÞ
ð8cÞ

Acidity also accelerates the rate of weathering of feldspar and volcanic ash into kaolinite (Al2Si2O5(OH)4) and
smectite (Al2Si4O10(OH)2), respectively, whereas smectite
transforms into kaolinite releasing silica via solid-state
stripping of tetrahedral sheet (Amouric & Olives 1998;
Ryan & Huertas 2005). The overall weathering reaction
of feldspar into kaolinite is well known (e.g. Faure 1998):
2ðK; NaÞAlSi3 O8 þ 9H2 O þ 2Hþ ! 2ðNaþ ; Kþ Þ
þ4SiðOHÞ4 þ Al2 Si2 O5 ðOHÞ4

ð9Þ

If the activity of soluble silica is low enough, kaolinite
decomposes further into gibbsite (Al(OH)3, via reaction
10a), or alunite (KAl3(SO4)2(OH)6, via reaction 10b) at low
pH (Barth-Wirsching et al. 1990), or alunogen
(Al2(SO4)3.17H2O, via reaction 10c) when the activity of
soluble Kþ is low (e.g. Mako et al. 2006; Panda et al. 2010).
Importantly, each of these reactions releases silica:
Al2 Si2 O5 ðOHÞ4 þ 5H2 O ! 2SiðOHÞ4 þ 2AlðOHÞ3
3Al2 Si2 O5 ðOHÞ4 þ 9H2 O þ 4SO4

2

þ

þ 2K þ 6H

Al2 Si2 O5 ðOHÞ4 þ 16H2 O þ 3SO4

þ 6H

ð10aÞ

þ

! 6SiðOHÞ4 þ 2KAl3 ðSO4 Þ2 ðOHÞ6
2

ð10bÞ

þ

! 2SiðOHÞ4 þ Al2 ðSO4 Þ3 :17H2 O

ð10cÞ

If, following dissolution of carbonate, feldspar and volcanic ash acidic conditions are maintained, kaolinite and
smectite can collapse into amorphous silica as aluminium is released via reaction 11a (e.g. Trolard & Tardy
1989; Tardy 1997) and reaction 11b (e.g. Komadel et al.
1996; Gates et al. 2002; Metz et al. 2005; Shaw & Hendry
2009; Vazquez et al. 2010).
Al2 Si2 O5 ðOHÞ4 þ 6Hþ ! 2SiðOHÞ4 þ 2Al3þ
þ

ð12aÞ

Al2 Si4 O10 ðOHÞ2 þ 4Fe3þ þ 10H2 O þ 3O2

ð7Þ

At low pH, minerals such as jarosite (KFe3(SO4)2(OH)6),
alunite (KAl3(SO4)2(OH)6) and gypsum (CaSO4.2H2O)
may also precipitate directly from the solution:



! 3ðFe0:67 Al0:33 Þ2 O3: H2 O þ 2SiðOHÞ4

Al2 Si4 O10 ðOHÞ2 þ 6H þ 4H2 O ! 4SiðOHÞ4 þ 2Al

ð11aÞ
3þ

ð11bÞ

Kaolinite and smectite can also react with Fe3þ (soluble
in acid solution) and O2 in solution to lead to Al-bearing

! 3ðFe0:67 Al0:33 Þ2 O3: H2 O þ 4SiðOHÞ4

ð12bÞ

Reaction 12a explains remarkably well the reaction
texture documented in Figure 9, in which kaolinite
transforms into an association of precious opal and
goethite.
Hence, weathering reactions in pyrite-bearing and
carbonate-poor volcaniclastic lithologies lead to acid
leaching of primary assemblages and to the formation of
clays, iron oxyhydroxides, iron oxides, sulfate minerals
and amorphous silica. Reactions involved in the dissolution of pyrite, and those involved in the oxidation and
hydrolysis of iron and manganese (reactions 1–6), lower
the pH of the solution, allowing for the precipitation of
sulfate mineral such as jarosite, alunite and gypsum (reaction 8a–c). In contrast, most reactions involved in the
breakdown of feldspar, clays and volcanic ash (reactions
9, 10b, 10c, 11a, 11b) consume protons and therefore increase the pH of the solution. This may induce the dissolution of pH-sensitive sulfate such as jarosite and
alunite, while at the same time releasing silica, the polymerisation of which leads to a silica-rich colloid. In addition, the formation of clay and the precipitation of
sulfate minerals, iron oxide and silica contribute to the
collapse of the rock porosity. This promotes a reduction
in the permeability in sandstone, and could explain hydraulic fracturing in claystone. Precipitation of hydrated minerals sealing the porosity would drive the
formation of isolated closed systems. In these closed systems, which may include ironstones, clay pebbles and
clay lenses embedded in sandstone, as well as carbonate
fossils, low pH conditions produced during the early
stage of weathering may progressively shift to alkaline
conditions following alteration of feldspar, volcanic ash
and clay. A shift to alkaline conditions at a time when kaolinite ultimately dissolves into Al-goethite and silica
may explain the production of precious opal in ferruginous bands (Figures 4b, 9) and other closed systems.
Hence, the final mineralogical assemblage and the type
of opal (common or precious) reflect the balance between
the acidification potential (AP) and the neutralisation
capacity (NC) of the host rock, and more precisely the
balance in the closed system in which opal evolves. In
unweathered lithologies, this balance depends on the
one hand on the pyrite content and Fe2þ content in solution, and on the other hand on the amount of carbonate,
feldspar and volcanic ash. Hence, precious opal requires
an environment with a significantly large AP to release
silica, yet one in which NC >AP so the silica-rich colloid
can evolve locally under alkaline conditions.
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Constraints on the age of opalisation
The timing of precious opal formation is poorly constrained. For some authors, opal was formed during the
deposition of Lower Cretaceous sediments (Watkins
et al. 2011); for others, precious opal formed during the
development of mid-Cenozoic silcretes (Jones & Segnit
1966; Senior et al. 1977; Bird et al. 1990; Simon-Coinçon
et al. 1996; Horton 2002; Newberry 2005), and some
authors (e.g. Dowell et al. 2002) suggest continuous formation during the Cenozoic to Recent based on very
young 14C ages (46 000 to 1000 BP) on carbon inclusions
in opal from Lightning Ridge (e.g. Dowell et al. 2002;
Fink 2011). A number of observations can help to clarify
this debate.
The very young 14C ages obtained on carbon inclusions are applicable to the timing of the formation of
opal only if the carbon inclusions were formed before,
or were cogenetic with, opal. However, because opal is a
porous material and because the remains of microbes
have been found in inclusion in opal, as well as their
host rocks (Behr et al. 2000; Watkins et al. 2011), it is possible that these carbon inclusions are the remains of
younger bacteria contaminating much older opals. In
such a case, 14C ages would range from present up to ca
50 ka (the upper limit for radiocarbon dating), which is
what is being observed (Fink 2011). Hence, the existing
radiocarbon dataset is compatible with a contamination scenario.
When exposed to temperature between 50 and 100 C
(the temperatures reached at about 1000–1500 m in the
GAB) opal turns into microcrystalline quartz (e.g. Behl
2011) within about 40 kyr to 4 Myr (Blatt et al. 1980).
Hence, assuming that opal is primary (i.e. syn-sedimentary), it would have transformed into microcrystalline
quartz upon burial to depth greater than 1000 m. On
the other hand, syn-sedimentary opal buried at a depth
<1000 m would have been eroded sometime between 97
Ma and 60 Ma, since, as discussed earlier, 1–3 km of overburden has been eroded in the GAB. A recent study of
opalised fossils has shown that opalisation is a secondary process occurring after the original fossilisation process (Pewkliang et al. 2008). Hence, precious opal now at
the surface of the GAB is most likely the product of secondary processes and could only have formed during or
after the erosion of the GAB upper section, in any case
not before ca 100 Myr (Figure 10).
Assemblages including kaolinite, goethite, gypsum,
barite and alunite have been described in the Miocene
€ lser
Namba Formation east of the Flinders Ranges (Wu
et al. 2011). This suggests that, at least locally along faults
where strong uplift and denudation were involved,
acidic oxidative weathering and associated silcrete
resulted from exposure of pyritic mudstone of Miocene
€ lser et al. 2011). Interestingly, Cenozoic acidic oxage (Wu
idative weathering seems to have produced only silcrete
caps and common opal. No precious opal deposit and no
opalised fossils have been found in Cenozoic to Recent
formations of the GAB. If one assumes that, at the scale
of the GAB, precious opal formation were synchronous
with the development of Cenozoic silcretes, then the
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absence of precious opal deposits in Cenozoic rocks
requires an explanation. Since precious opal can be
found in marine (Bulldog Shale), brackish (Griman
Creek) and fluvio-lacustrine (Winton) lithologies, the depositional environment does not seem to have any
major bearing on the formation of precious opal. One
possible explanation is that mid-Cenozoic to Recent
acidic weathering mainly affected lithologies derived
from reworked weathered Cretaceous lithologies (e.g.
€ lser et al. 2011). Cenozoic lithologies may have lacked
Wu
a significant unweathered volcaniclastic component,
and therefore their AP may have exceeded their NC.
These acidic conditions may explain the formation of silcrete and the absence of precious opal in Cenozoic
lithologies.
One question remains: Could Cenozoic weathering
lead to the formation of precious opal in deeper Cretaceous lithologies? For this to happen, surface oxic waters
must have reached unweathered Cretaceous lithologies
and therefore first travelled through the Cenozoic cover,
and then through weathered Lower Cretaceous rocks,
while maintaining their oxidation potential. This is possible when surface waters travel downward along permeable faults, because in this setting, the water-to-rock
ratio is very large, and fluids keep their oxidation potential, whereas rocks along faults are altered. In contrast,
when porous flow through sandstone is involved, the water-to-rock ratio is much smaller, and oxic waters loose
their oxidation potential faster. Thus, in the absence of
erosion, regional oxidative weathering via downward
percolation of surface water is a self-limiting process.
This explains why the maximum thickness of the weathering profile in the GAB does not exceed 100 m, despite
over 60 Ma of continuous weathering. Hence, bearing in
mind that the Cenozoic cover consists largely of immature reduced lithologies able to reduce oxic water, only
where the Cenozoic cover was less than 100 m thick
could oxidising waters have reached, via porous flow, underlying Cretaceous lithologies. In addition, because of
their strong AP and strong NC, Lower Cretaceous rocks
were already deeply weathered before the deposition of
Cenozoic rocks. Aqueous weathering strongly reduces
the permeability of rocks because of the precipitation of
secondary minerals into pore space, faults and fractures.
Hence, reduced permeability in the Upper Cretaceous to
Paleocene weathering profile would have acted as a
poorly permeable to impermeable barrier protecting
deeper rocks. Thus, at the scale of the GAB, deeper unweathered Lower Cretaceous rocks may have limited Cenozoic weathering. This is consistent with the
observation that many weathering profiles below the
Eyre Formation have preserved their pre-late Paleocene
ages.
To summarise, precious opal in the GAB may have
formed from the Late Cretaceous to Recent. However, it
is more probable that the bulk of precious opal formed
in the Late Cretaceous to Paleocene when unweathered
Lower Cretaceous rocks were slowly brought to the surface by erosion and exposed to weathering. If this were
correct, the bulk of precious opal formation could be
linked to the drying out of the surface of the GAB following the regression of the Eromanga Sea, continuous uplift and erosion from 97 to 60 Ma.
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Figure 10 Opalisation of the GAB in the context of its geological history of the past 130 Ma. A period of dominantly marine sedimentation unfolded between 130 and 97 Ma, triggered by a negative dynamic topography as East Gondwana moved eastward
towards and above a west dipping subduction zone. The subduction-related Whitsunday Volcanic Arc was the source of volcaniclastic sediments. Continental iron and organic-rich sediments were transported into the shallow, cold and stagnant continental sea. Reducing environment at and below the sea floor favoured anaerobic bacteria and the production of biogenic
pyrite. From 97 to ca 93 Ma, the eastward motion stopped leading to a sudden uplift of East Gondwana Pacific margin, and the
regression of the inland sea. Enhanced erosion of the Whitsunday Arc shed large volume of volcaniclastic sediments (Winton
Formation) into the GAB. These sediments were buried in a reducing environment. A slow and continuous period of protracted uplift, erosion, denudation and cooling followed from 93 to 60 Ma. Erosion advected fresh reduced sediments into the
oxic environment, triggering the oxidation of pyrite and ferrolysis of ferrous iron, in turn driving—at the scale of the GAB—
acidic weathering releasing amorphous silica. Most precious opals, formed at the near surface redox front (weathering profile) at that time, were lost owing to erosion. From 60 Ma, uplift stopped and a period of sedimentation followed covering the
GAB with a thin veneer of Cenozoic fluvial-lacustrine sediments most deriving from weathered lower Cretaceous rocks. These
Cenozoic sediments protected the pre-late Paleocene opalised redox front from erosion. In the central part of the GAB, mild
post mid-Cenozoic tectonic activity produced gentle doming, local uplift and erosion, whereas around the Flinders Ranges
and possibly the Great Dividing Ranges stronger uplift, faulting and erosion drove more acidic weathering. In contrast to the
Late Cretaceous to Paleocene regional acidic weathering, mid-Cenozoic to recent acidic weathering affected sediments mainly
derived from pre-weathered lithologies, and therefore with a lower neutralisation capacity compared with that of fresh Lower
Cretaceous sediments.
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One opal-forming process but multiple
concentrating mechanisms
Precious opal occurs in a variety of habitus (Figure 4)
including: replacement of clay in sandstone pore space
(matrix opal), hydraulic extensional fractures (seam
opal), desiccation cracks, open cavities in ironstone
(boulder opal), replacement of clay pebbles (Yowah
nuts), and replacement of mineralised fossils. However,
variety of habitus does not mean variety of processes.
At the microscopic scale, precious opal is frequently
found in pore spaces of preserved opalised redox front
in many parts of the GAB. The so-called ‘matrix-opal,’
which refers to play of colour in the pore space of sandstone, is common to all opal fields in the GAB. The concentration of precious opal into visible economic
deposits can occur via a number of processes, which
can explain the different variety of precious opal found
in the GAB. These processes include the trapping of silica-rich solution in open fractures and cavities (e.g. in
ironstone boulders prominent in iron-rich lithologies
of central Queensland, and desiccation cracks), the development of high pore pressure and hydraulic fracturing (e.g. the so-called seam opal prominent in Lightning
Ridge claystone), and the replacement of carbonate fossils via coupled dissolution precipitation mechanism
(Pewkliang et al. 2008) particularly well represented in
fossiliferous Bulldog Shale around Coober Pedy. Fracturing was possibly owing to mild tectonic activity in
relation to the opening of the Tasman Sea from ca 97
€ ller 2010;
Ma to 60 Ma (Korsch et al. 2009; Rey & Mu
€ ller et al. 2012), uplift of the Flinders Ranges from
Mu
mid-Cenozoic to Recent (Foster et al. 1994) and other
fracturing processes including: (1) chemical cementation of pore space during weathering; (2) swelling of
clay during hydration; and (3) volume reduction owing
to dehydration, and/or pH and redox changes in relation to the dissolution of clays (e.g. Yowah nuts, in
South Queensland). Therefore, it is likely that the differences in habitus of precious opal between the various opal fields are related to different mechanisms
controlling the concentration of silica-rich solution
into economic traps, not differences in opal-forming
processes.

Comparison with former models
Compared with the weathering model proposed by
Darragh et al. (1966) and Senior et al. (1977), the model
proposed here defines more precisely the conditions of
weathering, the timing and the geological context that
led to the formation of precious opal in the GAB. The
weathering was acidic, oxidative and affected in chemically closed systems strongly reducing lithologies. Although precious-opal of mid-Cenozoic to Recent ages
cannot be ruled out, the redox model suggests that the
main period of opal formation occurred between ca 97
and ca 60 Ma, and proposes that most opal deposits now
preserved at the surface of the GAB were those formed
towards the end of the uplift and erosion period, as older
ones were most likely lost to erosion. The redox model
predicts that the most prospective levels for precious
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opal extend, in Lower Cretaceous lithologies, to a few
tens of metres below the Cenozoic unconformity.
The redox-front model suggests that the percolation of
oxidised surface fluids into deeper reduced lithologies
led to acidic weathering. In the GAB, faults and fractures
were able to channel oxic surface fluids deeper into reduced lithologies, allowing the redox-front to migrate
faster along faults and fractures. Hence, the redox model
explains the occurrence of precious opal deposits in the
vicinity of the faults and fractures, and therefore
accounts for the so-called ‘syn-tectonic model’ (Pecover
1996). Faults may have contributed to the formation of
precious opal in other ways. First, fracturing is a process
able to concentrate, into veins, fluids trapped into the
rock porosity. In addition, faults and fractures smeared
with clay are known to act as efficient fluid barriers (e.g.
Caine et al. 1996), and therefore are able to form local
fluid traps in which opal may evolve in a closed system
(e.g. Figure 5f). Late Oligocene to Miocene gentle doming
(Wopfner et al. 1974) and focussed erosion along crest
domes explain the presence of opalised levels close to the
surface around dome crest (Horton 2002). However, the
exhumed opalised levels most likely pre-date doming.
Uranium deposits in fluvial to marginal marine sandstones constitute an important class of uranium deposits. They form when oxic surface fluids, carrying soluble
oxidised uranium, flow into reduced sedimentary rocks.
Indeed, uranium is a redox-sensitive element. In oxic
surface water, oxidised uranium (U(VI)O22þ) is soluble
and therefore mobile. At the redox front, uranium precipitates as its redox state switches from oxidised to reduced (U(IV)O2) under the action of reducing agents
such as carbonaceous material and sulfides. Thus, the
redox front model also accounts for the hypothesis proposed by Senior & Chadderton (2007) and predicts the
higher-than-background radioactivity observed in some
opal levels.
Microbial metabolic processes are a major contributor to weathering. Not surprisingly, microbe remains
are not only found in amorphous silica but also pervasive throughout their weathered host rocks (Watkins
et al. 2011). The biogenic model proposed by Watkins
et al. (2011) suggests a syn-sedimentary origin for opal.
However, as discussed earlier, it is very unlikely that
opal is syn-sedimentary, since syn-sedimentary opal
would have been destabilised during burial at depths
>1000 m, while those at depths shallower than 1000 m
would have been eroded sometime between 97 Ma and
60 Ma.
The acidic oxidative weathering model explains
many key observations on which previous models have
been built. As such, the redox front model offers a unifying framework to explain the formation of precious opal
in the GAB.

OPAL-BEARING MINERAL ASSEMBLAGES, ACIDIC
OXIDATIVE WEATHERING AND THE MARS
CONNECTION
Although precious opal is rare, common opal is a frequent form of hydrated amorphous silica often associated with near-surface acidic weathering of feldspar-rich
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lithologies. The recent discovery on the surface of Mars
of hydrated secondary minerals (e.g. Squyres et al. 2004;
Bibring et al. 2005; Poulet et al. 2005) including opal-bearing mineral assemblages (Squyres et al. 2008; Milliken
et al. 2008) and their implication for the presence of liquid water, offers a new perspective on the link between
the formation of opal in the GAB and the dehydration of
its surface in the Late Cretaceous. Not unlike the GAB,
the surface of Mars is largely covered by sedimentary
volcaniclastic rocks derived from erosion of Mars basaltic crust. Not unlike the GAB, the surface of Mars is remarkable for the lack of significant amounts of
 2007). Not unlike the
carbonate (e.g. Chevrier & Mathe
GAB, the surface of Mars went through a major and final
period of dehydration. Not unlike the GAB, the reddish
colour of Mars suggests that oxidative weathering played
an important role during and after the dehydration of
Mars’ surface (e.g. Hartman & McKay 1995). The visiblenear infrared spectrometers on board ESA’s Mars Express and NASA’s Mars Reconnaissance Orbiter detected
GAB-like hydrated mineralogical assemblages including
amorphous silica, kaolinite, smectite, jarosite, ferrihydrite, goethite and gypsum (Poulet et al. 2005; Bibring
et al. 2005; Milliken et al. 2008; McAdam et al. 2007, 2008).
Geochemical modelling shows that these assemblages
can be obtained through aqueous weathering of basaltic
lithologies by sulfate-rich acidic groundwater, and/or
via interaction with an atmospheric acid-fog (e.g. Burns
1993; Banin et al. 1997, Hurowitz et al. 2006; McAdam
et al. 2007, 2008). The dehydration of the Mars’ surface
sometime during the Hesperian (ca 3.7 to 2 Ga) is often
proposed as one of the main drivers for the acidic oxidative weathering of the Mars surface (e.g. Burns 1988,
1993; Bibring et al. 2005; Poulet et al. 2005; Chevrier &
 2007; Davila et al. 2008). Hence, it is possible that
Mathe
on Mars and on the GAB, opal-bearing assemblages developed via the acidic oxidative weathering of volcanic
and volcaniclastic rocks, under evaporitic conditions
during the drying out of their respective surface. If this
hypothesis were correct, then the GAB would be one of
the best terrestrial analogues of the Martian surface.

CONCLUSIONS
Continental volcaniclastic sediments accumulated in the
GAB between ca 130 and ca 93 Ma, in a cold, poorly oxygenated to anoxic marine to fluvial-deltaic environment
(Figure 10). Between 93 Ma and 60 Ma, slow uplift and
erosion of the GAB sedimentary sequence drove the oxidation of organic-rich, Fe-rich Lower Cretaceous reduced volcaniclastic sediments. This oxidation led to the
production of a large volume of sulfuric acid via oxidation of biogenic pyrite, and acid produced via ferrolysis
of reduced iron. The quasi-absence of carbonate, owing
to the high-latitude position of Australia until the early
Paleocene, was key to the development of very acidic
conditions across the GAB. The acidic oxidative weathering of volcaniclastic rocks led to the formation of large
volumes of amorphous silica, through the weathering of
feldspars and volcanic ash into clay, and clay into amorphous silica and goethite. Locally, occasional hydraulic
fracturing was able to concentrate the amorphous silica

gel into veins. Once formed, and following the sealing of
pore space by secondary minerals, the amorphous silica
gel evolved in closed environments in which pH evolved
to alkaline conditions favourable for the production of
homogeneous silica spheres necessary for the formation
of precious opal.
This scenario predicts that, although local Cenozoic
opalisation may have been possible, peak conditions for
opalisation prevailed for as long as reduced sediments
were advected into the oxic environment during the Late
Cretaceous to early Paleocene uplift and erosion (i.e.
from ca 97 to ca 60 Ma). Unfortunately, it predicts that
most of the precious opal has been transported and buried into the Ceduna Sub-basin, although it may not have
survived erosion and transportation. It also predicts
that most opal deposits now at the surface of the GAB
were formed by ca 60 Ma (i.e. at the end of uplift and erosion period), and were protected from erosion by the deposition of the widespread Eyre Formation in the late
Paleocene to Eocene. This explains the location of most
opal mining districts in the GAB often just below the Cenozoic unconformity. This scenario explains why precious opal deposits in sedimentary basins are rare on
Earth, as they require the following conditions: (1) large
volume of organic matter-rich, iron-rich volcaniclastic
sediments; (2) an anoxic deposition environment; (3) little to no carbonates (efficient acidity sink); (4) sea regression to drive oxidative weathering; and (5) a stable
landscape to preserve opal from erosion and to prevent
its transformation into quartz via burial. Finally, the
proposed model draws a parallel between the landscape
evolution and environment evolution of the GAB during
the Late Cretaceous to Paleocene and that of Mars during the Hesperian.
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