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Abstract

Distinctive, dark‐coloured, glaze‐like mineral accretions are common on low‐angle

surfaces in sandstone rock shelters in the Kimberley region of north‐western

Australia, where they provide an attractive medium for the production of deep

engravings, and occasionally, are associated with painted rock art. These accretions

form within the shelter dripline and are similar to those reported from other sites

around the world, where they have been used for radiocarbon dating of associated

rock art. This study uses extensive field observations and mineralogical analysis of

77 such oxalate‐rich accretions collected at 41 different sites across a wide area of

the north Kimberley region. The mineralogy of these accretions is dominated by

well‐crystallised calcium oxalate and sulphate minerals, most commonly whewellite

and gypsum, with significant occurrences of phosphates in some samples.

The accretions are typically several millimetres thick and characterised by distinctive

internal laminations that show regular stacked undulations, giving a stromatolitic

appearance under the microscope. Together with other apparently microbial

features observed under the scanning electron microscope, these features provide

strong support for a microbiological origin for these oxalate‐rich accretions. The

well‐crystallised nature of the oxalates and the preservation of fine laminar features

within the accretions supports their use for radiocarbon dating.
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1 | INTRODUCTION

Direct dating of charcoal (Quiles et al., 2016; Valladas et al., 2001)

and other organic constituents (McDonald et al., 2014; Russ

et al., 1990) in rock art paintings has been used to provide ages as

close to the timing of the art as possible. However, in areas where

ochre (iron oxide) is the preferred pigment choice, or art is engraved,

insufficient organic material can render direct dating particularly

difficult and, in these regions, alternative dating methods and mate-

rials must be explored (e.g., Finch et al., 2020, 2021; Ross

et al., 2016). Mineral accretions, displaying a clear relationship with

pigment or engravings, offer a means of providing minimum and

maximum age constraints for the associated art, should they be re-

liably dated. In limestone provinces, uranium‐series dating methods
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applied to calcium carbonate accretions have been used to provide

bracketing ages for associated rock art (Aubert et al., 2007,

2014, 2018, 2019; Hoffmann et al., 2018; Pike et al., 2012), whilst

radiocarbon dating of oxalate‐rich accretions has been used to date

motifs in geological environments where secondary calcium carbo-

nates are absent (e.g., Jones et al., 2017; Smith et al., 2009;

Watchman, 1993).

The Kimberley region in north‐western Australia is host to one

of the richest assemblages of rock art in the world, consisting pre-

dominantly of ochre paintings with some engravings and anthro-

pomorphic markings in sandstone rock shelters across the region.

The rock art in this region has been extensively recorded, resulting

in the development of a detailed stylistic sequence broadly relating

to six separate styles (e.g., Crawford, 1977; Donaldson, 2012;

Lewis, 1997; Walsh, 1994, 2000; Welch et al., 1993, 2015), but until

recently (Finch et al., 2020; 2021; Ross et al., 2016), challenges

around both direct and indirect dating methods meant that very few

motifs from the earlier art styles had absolute age constraints.

Comparative to painted rock art, engraved art is particularly

understudied in the Kimberley despite ground cupules being con-

sidered the oldest style in the sequence (Veth et al., 2017;

Walsh, 2000). Importantly, engraved art is found almost exclusively

etched into distinctive mineral accretions, often homogeneous in

their dark brown‐black colouration and smooth, glossy appearance.

Previous work by the authors identified these deposits as one of

four mineral accretion systems occurring in sandstone rock shelters

in the Kimberley. Green et al. (2017a, 2017b) characterise the glaze

deposits with a mineralogy rich in the monohydrated calcium ox-

alate whewellite (CaC2O4·H2O) and less commonly, the dehydrated

weddellite (Ca(C2O4)2(H2O), as well as calcium sulphates gypsum

(CaSO4·2H2O) and anhydrite (CaSO4).

The carbon component of the oxalate minerals, characteristic of

this system, provides a clear opportunity for radiocarbon dating and

has been used globally to date associated rock art (e.g., Jones

et al., 2017; Ruiz et al., 2012; Watchman, 1993). In the Kimberley,

laminated, oxalate‐rich mineral accretions from rock shelters have

been previously radiocarbon dated (Watchman et al., 2001, 2005),

and their formation has been attributed to a microbiological me-

chanism, enabling a link to be made between the layering and en-

vironmental change. However, an improved understanding of how

the appearance, occurrence and composition of these accretions vary

temporally and spatially in the Kimberley is imperative to an im-

proved understanding of their formation and, in turn, will facilitate an

assessment of the reliability of such accretions as rock art dating

tools and potential palaeoenvironmental archives for the region.

Here, detailed field observations are used alongside laboratory

analyses of 77 accretion samples collected at 41 sites across north‐

east Kimberley (Figure 1) to identify key characteristic features both

within and between accretion samples. A formation mechanism si-

milar to that identified for oxalate‐rich deposits in other regions

(Roberts et al., 2015; Russ et al., 1996) and developed from that

previously proposed for the Kimberley region (Watchman

et al., 2001) is outlined and used to emphasise the requirement to

identify the oxalate‐producing microbial communities before clear

links to palaeoenvironmental conditions can be made.

1.1 | Setting

The landscape of the Kimberley region in north‐western Australia is

dominated by flat‐lying, Paleoproterozoic sandstones and ortho-

quartzites of the Kimberley Basin, covering an area of ~135,000 km2,

with most rock art found in open rock shelters within theWarton and

Wunaamin Miliwundi (formally King Leopold) sandstone formations

(Figure 1). The monsoonal climate of the region is characterised by a

wet season occurring between October and April, when rainfall is

sourced primarily from the Indian Ocean to the north‐west and re-

presents ~90% of the annual total (Denniston et al., 2013), and a dry

season between May and September, when air masses migrate from

the continental interior to the south‐east (HYSPLIT, 2020). Bushfires

are common throughout the drier months (Northern Australian Fire

Information [NAFI] Website, 2020), many of which are ignited

naturally by lightning strikes. Vegetation across the region is chiefly

open savannah woodland (Legge et al., 2016) and bunch grass, with

major vegetation mosaics focussed in the central research area.

2 | MATERIALS AND METHODS

2.1 | Field sampling

Accretions were collected from sandstone rock shelters across the

Drysdale, Barton and King George River catchments in north Kim-

berley (Figure 1) during the wet and dry seasons of 2014–2019. Key

features of the accretions (colour, texture, thickness), their occur-

rence within the shelters and, where relevant, their spatial association

with rock art were photographed and recorded directly using a cus-

tom application on iPads in the field. Samples were collected using a

small cold‐chisel and hammer directly onto a sheet of aluminium foil

and targeted to minimise the impact on any art, whilst also removing

intact pieces to preserve their internal structure. Target materials

were taped to the surface before sampling to ensure that no pieces

were lost and each sample collected from an archaeological site was

removed in close collaboration and consultation and with explicit

permission from aTraditional Owner from the Balanggarra native title

region, present on site. A further 6 samples of shelter floor sediments

were also collected to provide contextual information for the ac-

cretion materials. 75 samples were collected in shelters containing

rock art and 2 samples were collected and many accretions were

observed in shelters without rock art or other evidence of human

activity. Specific locations of the rock shelters are not disclosed in

this study to protect sites from unauthorised visitation and to respect

the wishes of our indigenous partners. However, site localities are

given a reference number that correlates to an access‐controlled site

catalogue stored on a secure, dedicated server held by project

partners.
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2.2 | Internal composition

A range of analytical techniques were used to characterise the

mineralogy of 77 samples and to understand the distribution and

concentration of minerals within the accretion internal structures.

Where sufficient material was available, samples were split in the

laboratory, with one half analysed as loose fragments using scan-

ning electron microscopy (SEM) and energy‐dispersive X‐ray

spectrometry (EDS) to identify mineral distribution and morphol-

ogy. This piece was then powdered for X‐ray diffraction analysis

(XRD), providing information on the bulk mineralogical composi-

tion of the accretions. The other sample half was mounted in

epoxy resin and polished on a cross section for examination of the

accretion internal structure using a Zeiss Axio‐Imager M1m digital

microscope.

2.3 | XRD

Seventy‐five of the 77 collected accretions and 6 floor sediment

samples were powdered and analysed for bulk mineralogical com-

position using a Bruker D8 Advance X‐ray powder diffractometer

with Ni‐filtered Cu Kα radiation (1.54 Å) in the Materials Character-

isation and Fabrication Platform at the University of Melbourne. Data

were collected between 5°and 85° 2θ, with a step size of 0.02° and a

scan rate of 1.0 s per step. An incident beam divergence of 0.26° was

used with a 2.5° Soller slit in the diffracted beam. The sample was

spun at 15 revolutions per minute and the background was fixed

manually. Phase identification was completed using Materials Data,

Inc., Jade 9.3 and Bruker EVA software with the ICDD PDF‐2 and

PDF‐4 databases, with key mineral phases established for each

sample using standard search‐matching procedures.

F IGURE 1 Geological map displaying three main sampling regions located predominantly in theWarton Sandstone units. Illustration adapted
from Green et al. (2017a) [Color figure can be viewed at wileyonlinelibrary.com]
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2.4 | SEM and EDS

The distribution and morphology of minerals and structures within 6

accretions were established using a Phillips FEI XL30 environmental

scanning electron microscope equipped with an OXFORD INCA

energy‐dispersive X‐ray spectrometer at the School of Geography,

Earth and Atmospheric Earth Sciences at the University of Mel-

bourne. The instrument has a tungsten filament electron source with

a beam of 15 kV and a spot size of 6 μm and was operated in high

vacuum mode with a gold coating used to render the samples con-

ductive. The EDS system uses a liquid nitrogen‐cooled Si–Li detector

with an area of 10mm2 and an ATW2 thin detector window allowing

collection of X‐rays between B and U. The elemental composition of

each constituent was determined using EDS spot analysis.

3 | RESULTS

3.1 | Field observations

Accretions, previously termed ‘Floor Glazes’ (Green et al., 2017a;

Green et al., 2017b) in Kimberley rock shelters, have a distinctive

appearance: dark‐brown to black, smooth and often glossy, expansive

coatings that range between thicknesses rarely exceeding 1 cm and

mostly ~1–3mm from the substrate to the accretion surface. The

surface homogeneity is largely controlled by the underlying rock

morphology and accretions appear thicker within depressions on the

depositional surface, with ‘flow‐like’ features observed on some

surfaces. In some settings, striations are observed on accretion sur-

faces or occasionally natural etching has occurred around the edges

or in small patches or channels (Figure 2). These accretion surfaces

often have a dusty appearance, suggesting that they may no longer

be actively developing. Under close inspection, surfaces may show

small undulations and may even be botryoidal in texture, often on a

microscale, but occasionally visible in the field (Figure 2a [inset]). In

cross section, accretions demonstrate highly continuous alternating

light and dark layers, occasionally visible to the naked eye in broken

fragments (Green et al., 2021).

The accretions mostly occur on low‐angle surfaces of up to

several square metres, within the shelter dripline, occasionally

forming on small ledges, protuberances or in crevices on the shelter

walls, where they are often thicker, reflecting the higher potential for

accumulation in more sheltered locations (Green et al., 2017a;

Watchman et al., 2005) (Figure 3). Very rarely, the accretions have

F IGURE 2 (a) Distinctive erosion pattern
occurring on some accretions across the region
and demonstrating a microscale botryoidal
surface (inset). Sample H634, Barton Plains.
(b) Channel etched into an accretion, seemingly
related to fluid flow across the surface (white
arrow), King George River. See Figure 1 for the
location of sampling regions [Color figure can be
viewed at wileyonlinelibrary.com]
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been observed on sub‐vertical walls in particularly sheltered en-

vironments; however, they have never been observed as coating‐

painted wall panels during fieldwork associated with this study. Field

measurements, recorded on 39 accretion surfaces, identify no evi-

dence of preferred orientation in the study area, but 74% of those

measured occur at angles of <45°. Accretions observed forming on

low‐angle, accessible surfaces frequently occur in association with

patches of fresh animal urine, often pooling in depressions. However,

examples of the accretions occurring in locations inaccessible to local

fauna and their vast, uniform extent in some shelters suggest that

animal urine cannot be solely responsible for their formation.

The locations in which the accretions are found are generally

observed to be damp during the wet season, but sheltered from rain

and runoff, with no accretions observed forming in areas that receive

direct sunlight, despite being otherwise apparently suitable surfaces

within the shelter dripline. Darker accretions occur in damper, shadier

areas at the back of shelters, whilst lighter accretions are generally

observed in more light‐exposed areas.

Examples of engraved accretion surfaces were found to be wide-

spread throughout the north‐east Kimberley. These engravings usually

consist of multiple, roughly parallel, V‐shaped grooves, up to 1 cm wide

and ground deep into the accretions (Figure 4a), seemingly utilising the

much softer nature of the accretion minerals relative to the hard un-

derlying quartzite. Less frequently, engravings occur as single incisions

or shallower scratched motifs, commonly animal tracks (Figure 4b) or

simple figures resembling those in painted art on the shelter walls and

ceilings. Occasionally, grooves occur alongside cupules that range in

size, depth and frequency between sites. Gershtein et al. (2017) de-

scribe strikingly similar parallel, linear grooves and cupules engraved into

shiny, pale brown mineral accretions covering low‐angle shelter surfaces

in the rock art region of Lower Pecos, Texas.

In rare instances, accretions were found with an age relationship

to painted art. Although the oxalate‐rich accretions are very rarely

found on the smooth surfaces of sub‐vertical wall panels, some lim-

ited examples, observed as forming on a ledge or in a crevice on a

painted shelter surface, demonstrate a relationship between the

accretion and the associated artwork.

3.2 | XRD

XRD analysis identified differing proportions of similar minerals in

75 accretions, with all samples containing oxalates, 70 samples

containing sulphates and 16 samples containing phosphates

(Figure 5a–c). The calcium oxalate dihydrate weddellite occurred in

just one sample, with the monohydrate whewellite occurring in all

other oxalate‐bearing samples. Sulphates include gypsum, anhydrite

and bassanite (2CaSO4·H2O), with gypsum dominating, occurring in

62 of the 75 samples. Anhydrite was identified in 30 samples and

bassanite in 5, possibly as dehydration products of gypsum. Phos-

phate minerals taranakite ((K,Na)3(Al,Fe
3+)5(PO4)2(HPO4)6·18H2O),

brushite (CaHPO4·2H2O), newberyite (Mg(PO3OH)·3(H2O)), tin-

sleyite (KAl2(PO4)2(OH)·2H2O) and struvite (NH4MgPO4·6H2O) were

identified in 16 samples, comprising more than 50% of two samples.

Fifty‐six of the 75 samples contained oxalate and sulphate minerals

as their sole constituents, with 58 samples containing more than 50%

oxalate and 65 samples containing over 30% (when quartz was as-

sumed to be substrate or windblown dust and removed). The average

quartz content in the accretion samples was approximately 31%, with

the amount present in individual samples varying between 0% and

94%, and the median content across the sample set <20%. This

variation is primarily explained by the amount of underlying

F IGURE 3 (a) Accretion forming on a boulder at the rock art shelter entrance, within the dripline. Sample H709, Barton Plains. (a1) Zoomed
in. (b) Accretion forming on a ledge on the back wall of the rock art shelter. Sample H611, Barton Plains. (b1) Zoomed in. See Figure 1 for the
location of sampling regions [Color figure can be viewed at wileyonlinelibrary.com]
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sandstone substrate attached to the analysed sample, with such ac-

cretions identified in cross section and containing significantly larger

quantities of quartz. Windblown dust may also contribute some

minor proportion of quartz to the accretionary layers, with 6 floor

sediments from separate shelters composed solely of silicate miner-

als, containing over 96% quartz, likely sourced from the sandstone

bedrock, and some clays.

3.3 | SEM and EDS

SEM and EDS analyses of samples identify gypsum as distinctive,

elongate platy crystals (Figure 6a,b), returning characteristic EDS

spectra peaks at O, S and Ca (Figure 6d). Calcium oxalate crystals

are also distinctive, occurring as tetragonal crystals of relatively

uniform sizes (Figure 6c) with characteristic EDS spectra peaks at

C, Ca and O. Gypsum occurs as individual clusters amongst other

accretion components (Figure 6a), intermixed with calcium oxalate

crystals and infilling lenticular voids within the accretionary struc-

ture (Figure 6b), suggesting that precipitation of some sulphate

minerals occurred after deposition of the layer. Evidence of micro-

organisms in the accretions is also observed, with several uni-

dentified features imaged in samples H076 and J019 (Figure 6e–h),

resembling microscale biological structures. In particular, rod‐like

structures, characteristic of microbes in the Bacillus genus (Sitohy

et al., 2014) and known to produce oxalate on exposed surfaces in

arid conditions (Cheng et al., 2016; Gaylarde et al., 2017; Herve

et al., 2016; Martínez et al., 2006; Nuhoglu et al., 2006), are iden-

tified in sample J019 (Figure 6h).

3.4 | Optical observations

The internal structure of the accretions consists of alternating layers

of fine‐grained, compact material, with dark layers of varying thick-

nesses (typically ~30–150 µm) occurring between generally thinner,

lighter coloured layers (Figures 7c,d). Small (50–100 μm) lenticular

partings occur in regular patterns, often stacked vertically above one

another, in both light and dark layers and consistently across the

sample set (Figure 7b). It is unclear as to whether these structures,

observed in cross section (Figure 7), relate to the small‐scale bo-

tryoidal texture observed on some accretion surfaces in the field

(Figure 2a). These lenticular partings are sometimes infilled with

secondary sulphate‐rich material apparently precipitating after the

layer is deposited (Figures 6b, 7b). All analysed accretions demon-

strate sub‐micron‐scale, black particles dispersed throughout the

alternating layers and some display thin, discontinuous layers of

coarser‐grained red material, occurring between the alternating

layers towards the top of the stratigraphy. Although similar, the al-

ternating layers demonstrate differences in grain size, porosity and

mineral composition, often appearing to be further divided into

micro‐laminae under the microscope.

4 | DISCUSSION

Dark‐brown to black, smooth and often glossy mineral accretions are

frequently found in sandstone rock shelters across the Kimberley

with their distinctive appearance and softer nature relative to the

underlying quartzite, meaning that they commonly host symbolic

markings such as engravings and cupules (Figure 4). XRD analyses

have identified the accretion mineralogy as dominated by oxalate and

sulphate minerals, commonly whewellite and gypsum, with the in-

consistent but occasional occurrence of phosphates, suggesting that

they are not essential to formation, but may play a facilitating role in

some settings (Green et al., 2017a; Green et al., 2017b; Jones

et al., 2017; Watchman et al., 2001) (Figure 5). Samples containing

phosphates were only found in locations accessible to animals;

F IGURE 4 Symbolic/artistic engravings etched into accretions
within the Kimberley sampling region. (a) Engraved grooves and small
cupules (Sample H415, Drysdale River). (b) Three scratched
macropod track marks identified by white arrows (Sample H662,
Barton Plains). (c) Engraved grooves, Sample H460, Drysdale River.
See Figure 1 for the location of sampling regions [Color figure can be
viewed at wileyonlinelibrary.com]
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however, it is notable that XRD analyses will not detect amorphous

material or concentrations of less than ~3% and, consequently, trace

levels of phosphates may be present in all samples. The Warton

Sandstone, hosting most Kimberley rock shelters (Figure 1), provides

no local source for these mineral constituents, necessitating an ex-

ternal origin. The exclusive occurrence of the accretions in shaded

areas, crevices and on stable ledges and low‐angle surfaces, sheltered

from direct wind and rain, indicates their formation is both ultraviolet

(UV) light sensitive (Watchman et al., 2005) and restricted to

locations that facilitate the accumulation of calcium‐ and sulphur‐rich

material. Windblown particulate matter, sourced from annual bush-

fires and comprised of both oxalates from the stems, roots and leaves

of common plants and lichens (Bodi et al., 2014; and references

therein) as well as some carbonate compounds (CaCO3, MgCO3 and

KCO3), silicon (Si) and in lower proportions, phosphorous (P), sodium

(Na) and sulphur (S) (Bodi et al., 2014; and references therein; Noller

et al., 1990; Watchman et al., 2001), provides a likely source for such

material.

F IGURE 5 (a) X‐ray diffraction data showing the composition of 75 accretions collected across Kimberley between 2015 and 2019.
(b) Average composition of the sample set. (c) Histogram showing percentage composition of oxalate across the sample set. Quartz has
been removed from the results as cross‐sectional analysis revealed this to be the result of bedrock inclusion rather than a component of
the accretion structure [Color figure can be viewed at wileyonlinelibrary.com]
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F IGURE 6 Scanning electron microscopy images of (a) sample J019 and (b) H506 displaying blade‐like gypsum crystals, identified as the sole
sulphate in X‐ray diffraction analysis of these samples, (c) well‐defined whewellite crystals also identified in sample J019, (d) energy‐dispersive
X‐ray spectrum analysis of a crystalline lens identified in sample H506 (b), confirming the presence of calcium sulphate. Probable mineralised
structures of microbial origin, identified in (e,f) sample H076, (g) sample H204 and (h) sample J019 (resembling the bacterium Bacillus cereus), all
sampled in the Drysdale River region. See Figure 1 for the location of sampling regions [Color figure can be viewed at wileyonlinelibrary.com]
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SEM identifies well crystallised, elongate, platy gypsum crystals,

often infilling voids within accretion structures and suggesting that at

least some sulphate minerals form in situ, crystallising from water

(Figure 7a,b) (Watchman et al., 2001). Well‐defined calcium oxalate

crystals are also identified (Figure 7c), with the dihydrate phase

weddellite occurring in just one Kimberley accretion, whilst

the monohydrate whewellite occurs in all samples (Figure 5a). In situ

precipitation as either the mono‐ (whewellite) or dihydrate (weddel-

lite) salt occurs when the oxalate anion comes into solution with even

low calcium concentrations and the phase is dependent on whether

the Ca2+ ion or the C2O4
2− ion in the depositional setting is in excess.

Diffusion of Ca2+ into an oxalate environment results in whewellite

formation, whilst diffusion of C2O4
2− into a calcium‐rich environment

forms weddellite (Roberts et al., 2015; and references therein), sug-

gesting that in Kimberley rock shelters, whewellite is formed when

calcium‐rich material is deposited onto surfaces upon which oxalic

acid is already present. Alternatively, the dihydrate may convert into

the more stable whewellite during the warmer, drier conditions,

prevalent during the Kimberley dry season.

Microscopic analysis of the accretions in cross section reveals

internal structures of alternate dark‐ and light‐coloured layers across

the sample set, suggesting fluctuating but regularly repeating me-

chanisms of formation for each. The occurrence of sub‐micron‐scale,

black particles dispersed throughout these alternating layers

potentially represents charcoal particles from localised burning,

whilst thin, discontinuous layers of coarser‐grained red material may

be indicative of pigment processing or paint dripping on the accretion

surface (David et al., 2019; Watchman, 1993; Watchman et al.,

2001). Further research is required to determine whether the origin

of this material is aeolian, iron‐rich dust or pigment, representing

periods of human activity within the rock shelter. Microstructures

identified in cross section resemble the accretionary structures in

stromatolites (Figure 7) and, alongside unidentified organic inclusions

observed in SEM (Figure 6e–h), suggest a comparable formation

mechanism involving microbial communities living on Kimberley rock

shelter surfaces.

Based on field observations and laboratory analysis, we propose

that during the Kimberley dry season, low‐angle shelter surfaces fa-

cilitate the accumulation of windblown particulate matter sourced

from annual bushfires. During the annual wet season, further dis-

solved mineral constituents are also deposited on these surfaces via

aerosol droplets and moisture percolating through sandstone pore

spaces (Russ et al., 2000), allowing some sulphate minerals to pre-

cipitate in situ (Figure 8a). Wetter conditions facilitate the colonisa-

tion of these low‐angle shelter surfaces by microbial communities,

with the accumulated sulphur‐rich material providing a reservoir of

moisture and nutrients (Huang et al., 2020). Metabolisation of these

nutrients allows colonising microbes to assimilate carbon from the

F IGURE 7 Cross sections through
accretion samples (a) sample J019 viewed
under a light microscope, (b) an illustration of
the stromatolitic features, identified as small
lenticular‐shaped, hummocky, layer
transgressive structures, occurring in both the
light and dark layers and (c) stromatolitic
features identified under reflected light in
sample (c) H076 (Drysdale River) and (d) H748
(Drysdale River). See Figure 1 for the location
of sampling regions [Color figure can be
viewed at wileyonlinelibrary.com]
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atmosphere and excrete this in oxalic acid (C2H2O4) (Chalia

et al., 2017; Gharieb et al., 1998; Herve et al., 2016; Hess et al., 2008;

Jurado et al., 2009; Rusakov et al., 2016; Russ et al., 2000), promoting

chelation of cationic constituents (e.g., Ca2+) in the accumulated

aeolian material and the formation of a layer of calcium oxalate (e.g.,

whewellite CaC2O4·H2O) (Gorbushina, 2007) (Figure 8b). The rate at

which such calcium oxalate deposition occurs is unclear and may vary

depending on both the regional and shelter‐specific conditions. For

instance, many microbes are capable of metabolising the phosphate

in minerals such as newberyite (Mg(PO3OH)·3H2O) and struvite

(NH4MgPO4·6H2O), commonly found in animal urine (Hernanz

et al., 2007), often observed pooling on accretion surfaces. Conse-

quently, in some settings, microbial activity may be facilitated by the

presence of animal urine, with the phosphorous content providing an

additional nutrient source for microbial activity and phosphate mi-

nerals in the accretions potentially fixed to these physically stable

surfaces through microbiological processes. Additionally or alter-

natively, the biochemical release of phosphates following photo-

synthesis or the degradation of microorganic colonies may be

responsible (Watchman, 1985).

Oxalate ions in animal urine may also contribute to accretion

formation in such settings; however, our current data do not provide

sufficient evidence to distinguish between a urine or microbiological

source. Despite a contribution of oxalate ions from separate sources,

both would be approximately contemporaneous with the accretion

formation, and thus radiocarbon dating of calcium oxalate‐rich

growth layers would remain reliable.

This process of oxalate precipitation continues until the layer is

‘sealed’ by the deposition of an overlying, non‐oxalate‐bearing layer,

most likely the result of a change in environmental conditions, no

longer conducive to microbial activity (Figure 8c). As this cycle re-

peats, laminated oxalate and sulphate‐rich mineral accretions form

expansive oxalate and sulphate‐rich coatings, accumulating in layers

over long time periods on particular shelter surfaces. As observed,

this mechanism would result in accretion distribution spatially de-

pendent on the limit of sunlight penetration into the rock shelter,

reflecting the sensitivity of certain microbial communities to UV light

(Watchman et al., 2001). Further, microbial secretions used to pro-

vide UV light protection as well as to cement accumulated particulate

matter and facilitate further adhesion onto the substrate can result in

glossy accretion surfaces (Gorbushina, 2007), as observed at many

sites in the Kimberley. Consequently dull, dusty accretion surfaces

potentially indicate prolonged microbial inactivity.

The much higher occurrence of gypsum in the accretions com-

pared to other sulphate minerals anhydrite and bassanite suggests

that whilst gypsum precipitated in situ, anhydrite and bassanite

formed only when gypsum became dehydrated. This may be a result

of changing shelter moisture regimes, accretion location within a

shelter (Watchman et al., 2001) or microbial activity. In the latter,

microbes extract moisture from gypsum crystals precipitated in situ

(Huang et al., 2020), resulting in phase transformation to dehydrated

mineral species such as anhydrite. Consequently, accretions with

F IGURE 8 Proposed formation mechanism for oxalate‐rich
accretions on low‐angled surfaces in Kimberley rock shelters.
(a) During the Kimberley dry season, low‐angle shelter surfaces
facilitate the accumulation of calcium‐ and sulphur‐rich,
windblown particulate matter sourced from annual bushfires.
During the subsequent wet season, further dissolved mineral
constituents may also be deposited on these surfaces via aerosol
droplets and moisture percolating through sandstone pore spaces
allowing some sulphate minerals to precipitate in situ. (b) The
moisture and nutrients provided by the accumulated material
enable colonisation of these surfaces by microbial communities,
and metabolisation of these nutrients results in oxalic acid
(C2H2O4) formation, which combines with the accumulated
aeolian material to form a layer of calcium oxalate. (c) Oxalate
precipitation continues until the layer is ‘sealed’ by the deposition
of more windblown particulate matter, most likely the result of a
change in environmental conditions, no longer conducive to
microbial activity. This cycle repeats, resulting in the laminated,
sulphate‐ and oxalate‐rich accretions [Color figure can be viewed
at wileyonlinelibrary.com]
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higher anhydrite to gypsum ratios may indicate higher microbial ac-

tivity rates or dehydrated sulphate minerals may represent the initial

colonisation of shelter surfaces before oxalate precipitation.

Characteristic weathering patterns observed on many accretion

surfaces (Figure 3a) also support a microbiological formation me-

chanism, potentially representing dissolution of the existing accretion

at times or locations where the microbiological habitats became fa-

vourable for more extensive and destructive biological activity and

consequent chemical weathering by organisms such as lichen, colo-

nising the same surfaces (Chen et al., 2000).

A connection between layered, dark‐coloured, oxalate‐rich ac-

cretions and a microbiological depositional mechanism has been

previously discussed by studies in both the Kimberley (Ford

et al., 1994; Walsh, 1994; Watchman, 2000; Watchman et al., 2001,

2005) and other parts of the world (Beazley et al., 2002; Roberts

et al., 2015; Russ et al., 1996, 1999, 2017; Smith et al., 2009; Whitley

et al., 2017). Similar accretions are reported growing on ancient stone

monuments and buildings of various historical periods (Bonazza

et al., 2014; Del Monte & Sabbioni, 1983; Del Monte et al., 1987;

Gaylarde et al., 2017; Rampazzi, 2019; Sabbioni & Zappia, 1991), with

their formation linked to microbiological processes involving bacteria,

lichens, algae and fungi. Such explanations are largely based on the

observation of similarities between the microstructures of oxalate

and lichen, the presence of lichen in the shelters and inclusions

of cyanobacteria within calcium oxalate layers (Del Monte &

Sabbioni, 1983; Del Monte et al., 1987).

In the Kimberley, the link between the limit of oxalate‐rich ac-

cretion formation and areas exposed to direct rain and sunlight was

used to identify microorganisms as the critical formation function

(Watchman et al., 2001). However, the microorganisms colonising

Kimberley rock shelters have not been identified and may include

cyanobacteria (Del Monte & Sabbioni, 1983), micro‐stromatolitic

algae and fungi (Gadd et al., 2014) or lichens (Russ et al.,

1996, 2000, 2017; Smith et al., 2009; and references therein;

Watchman, 2000; Watchman et al., 2005), with Gorbushina (2007),

suggesting that a collective growth habitat of a combination of or-

ganisms is beneficial to the survival of such ‘biofilms’. However, the

shaded, frequently damp surfaces in which the oxalate‐rich accre-

tions are found in Kimberley rock shelters may provide favourable

microbiological habitats for some organisms, but not others. Lichens

have been identified as a likely source of oxalate crusts in some areas

(e.g., Hernanz et al., 2007; Russ et al., 1996, 1999, 2000) as they

directly produce crystals of whewellite on their surface. However,

lichens require adequate light for photosynthesis and are generally

not found in heavily shaded sites. In the Kimberley, while lichens are

found on more exposed rock surfaces, they never occur in the en-

vironments where oxalate‐rich accretions form, at least under pre-

sent climatic conditions. Blue‐green algae or cyanobacteria were

identified as the main formation mechanism of oxalate‐rich crusts

growing on marble surfaces in a Venetian Lagoon in Italy (Del Monte

& Sabbioni, 1983). Cyanobacteria are sensitive to UV light, favouring

shaded environments; however, they require liquid water rather than

water vapour to photosynthesise, and other similar bacteria are only

minor producers of oxalic acid (Smith et al., 2009) and thus are

unlikely to be responsible for the extensive accretion formation ob-

served in the Kimberley shelters. Microcolonial fungi, common on

rock surfaces in arid Australia (Smith et al., 2009), can survive in

damp, shaded environments if supplied with an external nutrient

source and consequently, we propose that these microorganisms are

most likely responsible for the production of calcium oxalate

deposits in this setting (Soleilhavoup, 1986; Strobel et al., 2004;

Watchman, 1991; Watchman & Jones, 1998; Watchman et al.,

2001, 2004).

Importantly, the alternating laminated structure of the accretions

indicates discrete intervals of growth and consequently, fluctuation in

the conditions of formation, potentially attributed to cyclical changes

between wet and dry phases occurring over wide regions and cor-

related to major palaeoenvironmental regimes (Watchman, 1991;

Watchman et al., 2001). In southwestern Texas, oxalate production

by epilithic lichens was correlated with dry climate intervals during

the middle and late Holocene (Russ et al., 2000); however, accretions

in this region are often very thin, limiting the potential to provide

detailed insight into the palaeoenvironmental record. Conversely, the

detailed internal stratigraphies demonstrated by the Kimberley

accretions suggest that they may hold significant potential as pa-

laeoenvironmental archives; however, further work is required to

identify the microbial communities responsible for calcium oxalate

precipitation, and the conditions under which these thrive, before

specific links to palaeoenvironmental conditions can be made.

5 | CONCLUSIONS

Relatively thick, oxalate–sulphate mineral accretions in rock shelters

across the Kimberley region of north‐western Australia preserve a

record of mineral deposition in finely laminated, but well crystallised,

layers that suggest an extensive history of fluctuating palaeoenvir-

onmental conditions. Extensive field and laboratory observations of

the composition and internal structure of these deposits provide

strong support for a microbiological formation mechanism. Especially

important microscopic evidence is provided by a characteristic in-

ternal pattern of vertically stacked, undulating laminations that

strongly resemble some kind of micro‐stromatolitic growth pattern.

These features, together with the substantial thickness of these

accretions compared to similar deposits that have been dated in

other parts of the world (Ruiz et al., 2012; Russ et al., 2017;

Watchman et al., 2005), suggest slow and undisturbed accumulation

over a considerable period of time, making them valuable targets for

radiocarbon dating of associated rock art. In sandstone‐dominated

rock art provinces such as north‐west Kimberley, this is particularly

valuable as the absence of calcite makes the application of the

dominant rock art dating method, uranium‐series dating (e.g., Aubert

et al., 2014, 2018, 2019; Brumm et al., 2021), much more complex.

To date, issues surrounding uranium content, closed system beha-

viour and detrital thorium contamination have precluded attempts

to apply this method to non‐calcite‐bearing, rock art‐associated
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accretions. Consequently, the proven reliability of the application

of radiocarbon dating to calcium oxalate‐rich accretions (Green

et al., 2021), often associated with engraved, or in rarer instances,

painted art in the Kimberley, has the potential to revolutionise rock

art dating by significantly increasing the potential of date‐able rock

art sites. In addition, sub‐sampling of specific oxalate‐rich layers may

serve as an indicator of environmental conditions favourable for

microbial activity during particular periods (Green et al., 2021).

There is a striking association between the occurrence of thick

oxalate accretions particularly on low‐angle rock shelter surfaces and

the common engravings within them. The absence of comparable

markings on much harder sandstone surfaces observed in hundreds

of rock shelters across the Kimberley region indicates that the en-

gravings have specifically exploited the much softer oxalate–sulphate

accretions. Radiocarbon dates of oxalate layers truncated by ground

grooves and of later layers infilling them have considerable potential

for bracketing the age of these important art works.
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