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Summary
The petroglyphs of Murujuga are unique in the world. The Dampier Archipelago is the only known
place where at least 45,000 thousand of years of human culture and spiritual beliefs through a changing
environment are captured in rock engravings. Murujuga is also the location for a major petrochemical
industrial complex which is served by one of the largest bulk handling ports in the world. Emissions
from industry have increased acidity of rock surfaces at some rock art sites by more than 1000-fold
from near neutral pH of 6.8 ± 0.2 pre-industry to as low as 3.8 ± 0.15 in 2017. Maintaining integrity of
the outer rock patina is essential for survival of the petroglyphs. The patina is formed at an extremely
slow rate of around 10 microns per 1000 years through biological and chemical processes under neutral
to weakly alkaline conditions of desert environments. Acid dissolves the manganese and iron oxides in
the patina. Theoretically, petroglyphs at some locations on Murujuga are now being degraded by acids
emitted from industry and shipping. However, there has not been credible research to determine
whether this is occurring. Research is needed urgently to show whether the combined emissions from
industry, shipping and the environment are dissolving the patina, the concentrations needed for
dissolution and the rate it is occurring. The research must also examine the impact of nitrogenous
emissions on the growth of microorganisms and fungi and the role of their organic acids in degrading
the petroglyphs. A full understanding of the chemical reactions involved in degradation of the patina
and its attachment to the underlying weathering rind is required to develop simulation models for
predicting the likely impacts of future industrial emissions and to identify potential methods to arrest
patina degradation. In the meantime, the Western Australian Government should invoke the
Precautionary Principle from the Environmental Protection Act 1986 by restricting further industrial
development on Murujuga and by setting regulations that limit industrial emissions to near zero.

Significance of rock art (petroglyphs) on Murujuga
The Dampier Archipelago, which includes the island Murujuga (‘Burrup Peninsula’), is estimated to
contain more than one million rock art images in the form of petroglyphs (JMcD CHM 2011). These
petroglyphs capture at least 45,000 thousand years of human culture and spiritual beliefs through a
changing environment (Bednarik 1979; Donaldson 2009; JMcD CHM 2011; McDonald and Veth 2009;
Mulvaney 2011). The rock art is believed by some to contain the oldest known representation of the
human face (Mulvaney 2015). Other petroglyphs include elaborate geometric designs, extinct
mammals such as megafauna, the fat-tailed kangaroo and Thylacines, as well as existing animals, birds
and sea creatures (Bird and Hallam 2006; JMcD CHM 2011; Mulvaney 2009, 2013, 2015; McDonald
2015). Examples of the petroglyphs are shown in Figure 1. The Murujuga inhabitants created this rock
art until 1868, when the Yaburara indigenous population was almost exterminated in the ‘Flying Foam
Massacre’ (Bednarik 2006; Gara 1983). The petroglyphs on Murujuga are a priceless, irreplaceable,
historical and archaeological treasure of global significance.

Figure 1. Examples of the petroglyphs on Murujuga.
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Industrial development of Murujuga
Murujuga is also the site of a large industrial complex (Figure 2). An iron ore export terminal was
established in 1964 and a salt production facility in 1970. Natural gas processing facilities
commenced in the early 1980s and were followed by liquefied natural gas (LNG) production plants in
1995 and 2007. An ammonium fertiliser plant commenced production in 2006 and an ammonium
nitrate production facility in 2017. The National Pollution Inventory shows that in 2016 -17 Woodside
Energy Limited Burrup gas plants produced 8,000 tonnes (t) oxides of nitrogen, 97 t sulphur dioxide
and 16,000 t of volatile organic compounds, while the Yara Pilbara fertiliser plant produced 13,600 t
of sulphur dioxide equivalents in 2014. There are not yet annual figures available for the Yara
ammonium nitrate plant.
The Port of Dampier is one of the busiest bulk-handling ports in the world. During the year 2017-18,
3,173 vessels entered the port with exports approaching 180 million tonnes (Pilbara Ports Authority
2018). A single bulk cargo ship burning high-sulphur fuels has been estimated to release 5200 t of
sulphur oxides into the atmosphere annually (Vidal 2009). The sulphur dioxide combines with water
to form sulphuric acid. The shipping, liquefied gas, fertiliser and ammonium nitrate plants are in close
proximity to the rock art motifs.

Figure 2. Examples of industrial development and emissions from industry and shipping.

Murujuga rocks and petroglyph formation
To assess the potential impact of industrial emissions on the petroglyphs, it is important to understand
the nature of the rocks on Murujuga and the way the petroglyphs were formed. Rocks on Murujuga
are igneous and crystallised at high temperatures to produce extremely hard granophyre and gabbro
types (Hickman 2001; Donaldson 2011). The now exposed rocks rarely exfoliate and produce little
soil. Temperature changes cause splitting of the rocks over time producing large flat surfaces. The
new rock faces degrade extremely slowly (Pillans and Fifield 2013), producing an orange/yellow
coloured weathering rind comprising a mixture of feldspar and clays that can attain a thickness of 5 10 mm in 30,000 years depending on the rock type (Bednarik 2007; Donaldson 2011). The
weathering rind is overlayed by a hard, thin dark, red/brown/black, patina or rock varnish from <1 to
200 microns thick (Liu and Broecker 2000). The petroglyphs are created on the flat surfaces by
breaking through the patina to expose the underlying pale weathering rind, which results in a colour
and contour contrast (Vinnicombe 2002). The rock structure and petroglyph formation are illustrated
in Figure 3, where the rock varnish has covered the contours of an ancient petroglyph.
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Figure 3. The photograph shows to the right a relatively recent fracture, which is likely to be
several 1000 years old due to the slight colouration compared with the blue-grey of a new fracture.
The weathering rind of an ancient fracture is the yellow-orange area, which is covered by the
rock varnish patina. The petroglyph is likely to be more than 20,000 to 30,000 years-old because
the rock varnish has covered the underlying weathering rind to leave only a contour contrast.
Integrity of the patina is crucial for preservation of a petroglyph. Figure 4 provides two examples where
removal of the patina results in destruction of the petroglyph.

Figure 4. The left photograph from Pillans and Fifield (2013) shows an ancient petroglyph being
destroyed by flaking of the patina and weathering rind. The right photograph from Donaldson
(2009) shows partial loss of a petroglyph through patina flaking.

Formation of the rock varnish patina
Studies of patina formation have not been conducted for Murujuga rocks. However, evidence for the
formation of rock varnish (syn. “desert varnish”) in similar environments in the Arizona and New
Mexico deserts suggest the varnish forms at the rate of less than one micron to 10 microns in 1000
years (Dorn and Meek 1995; Liu and Broecker 2000; Dorn 2009a). This is an extremely slow rate of
accretion as, by comparison, the average human hair is around 100 microns in diameter. The patina is
believed to be formed by both biological and chemical processes. Specialised bacteria and fungi are
believed to have evolved to survive in the extremely dry, harsh environment of rock surfaces, with
temperatures exceeding 70°C (Flood et al. 2003; Dorn 2009b; Esposito et al. 2015; Krinsley et al.
2017). These organisms extract and concentrate many-fold manganese and iron compounds in dust to
form a hard, protective sheath. The microbes are thought to live for up to 100 years, being dormant
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most of the time and multiplying only when conditions are sufficiently moist. The microbes are
finally incorporated with clay from the dust in a chemical reaction to form the patina, where the
remains of the organisms are found (Krinsley et al. 2017). The patina is approximately 70% clay,
25% manganese and iron oxides and hydroxides and 5% other mineral compounds (Potter and
Rossman 1997: Garvie et al. 2007).
The manganese and iron oxides in the patina are formed only under near neutral and alkaline
conditions with the ratio of manganese to iron compounds varying with climatic conditions and
resulting small differences in acidity (Broecker and Liu 2001). Proportionately more iron compounds
form in drier conditions with a more alkaline environment. Colour of rock varnish varies with the
proportion of darker manganese compounds relative to the proportion of redder ferrous oxide
compounds (Figure 5).
The manganese and iron compounds in the patina are subject to dissolution by acids (Black et al.
2017b).

Layered varnish

Ruby varnish

Quartz

Figure 5. Cross sectional view of rock varnish (Garvie et al. 2007).

Changes to the acidity of Murujuga rock surfaces since industry establishment
Rocks collected pre-industrialisation from Murujuga and stored at the Western Australian Museum
were found to have a rock surface with circum-neutral pH (pH of 6.8 ± 0.2; MacLeod 2005), similar
to that suggested by Bednarik (2009). MacLeod (2005) placed 10-15 drops of distilled deionised
water on a 20 cm square area of rock and found that the pH of rock surfaces at 30 sites across
Murujuga ranged from 4.25 to 5.74 when measured in 2003/4. More recent measurements in 2017 of
the same rocks showed continuing decline in pH with individual sites being as low as 3.81 ± 0.15.
The lowest individual measurement was pH 2.89. At the extreme, these measurements suggest the
acidity of rock surfaces has increased by more than 1000-fold following industrialisation of
Murujuga.
Natural rainfall precipitation in equilibrium with an atmosphere uncontaminated by industrial and
transport emissions has a pH of approximately 5.6 (Appelo and Postma 2005). Reaction with
minerals in rock surfaces usually increases the pH to circum-neutral values (7.0 ± 1.0), as found on
Murujuga rocks pre-industrialisation. Organic acids from biological activity will lower the pH of rock
surfaces. However, in well-oxygenated environments such as the Murujuga, organic acids will not
normally reduce pH of rock surfaces below 4.2, which is the buffering point of aluminium oxide
(Appelo and Postma 2005). The recorded pH values as low as 2.9 on petroglyph-bearing rock
surfaces of Murujuga are indicative of the influence of strong mineral acids, such as may be produced
by anthropogenic generated sulphur and nitrogen oxides.
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Potential effects of emissions on petroglyphs
Electrochemical theory dictates that lowering of pH will promote dissolution of the manganese and
iron oxides from the patina (Black et al. 2017b). Macleod (2005) observed a log increase in the
concentrations of free manganese and iron ions in solution with decreasing pH (Figure 6) in the water
samples collected following equilibration in distilled deionised water placed on rock surfaces. The
same trend was confirmed at specific rock art sites during the 2017 measurements (Figure 7). The
Eh:pH values lie in the field of soluble Mn2+ and Fe2+ ions for dilute Mn-Fe-H2O systems, indicating
the propensity for the dissolution of solid manganese and iron compounds comprising the patina.
Detailed geochemical analysis of the surface water irrigations is required to define better the chemical
system (e.g. influence of S and NO3 surface deposits) and the rate of the solubility of Mn and Fe.

Figure 6. Relationship between solubility of iron and manganese compounds with decreasing
pH of rock surfaces on Murujuga (data from MacLeod 2005). pM is the negative value of the
log concentration of Fe and Mn ions in solution following equilibration in water on rock
surfaces.
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Figure 7. pH and Eh (redox potential) values recorded from individual rock surfaces at several
locations on Murujuga in 2017 (MacLeod, unpublished). The compound refers to an area where
rocks containing petroglyphs removed during construction of the Woodside Energy gas
facilities are located.
Nitrogen emitted from industry on Murujuga, including an estimated 25 t/year of ammonium nitrate
dust-sized particles from the ammonium nitrate facility (EPA 2011), will increase nitrogen available
for adventitious microbial and fungal growth. MacLeod (2005) showed a log increase in microbial
mass with increasing nitrate in rock surface water. There is evidence that organic acids from trees
(Bednarik 2009) and acidic bird droppings (Duffy et al. 2017) dissolve the patina from rocks on
Murujuga. Microbes, fungi and lichen produce organic acids which further increase the acidity of
rock surfaces and dissolve rock patina (Dragovich 1986).
Dissolution of the darker manganese, magnetite and associated iron compounds and an increase in the
proportion of red ferrous oxide and lighter-coloured clay minerals as surface acidity increases will
make the rock surfaces lighter, redder and more white/yellow in colour over time. A possible
example of colour changes to a rock with a petroglyph is shown in Figure 8. The patina is also likely
to become thinner and more porous as the manganese and iron compounds are dissolved. Increased
porosity is likely to facilitate the passage of acidic solutions to the patina-weathering rind interface
and to weaken the chemical bonds holding the patina to the rock. In addition, on drying, the
crystallisation of nitrate and sulphate compounds at this interface may further encourage flaking of the
patina.
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Figure 8. A petroglyph near sites where rock surface pH has fallen to less than 4 showing
increases in red and light clay colouration as is predicted with dissolution of darker manganese
and iron compounds.
Conclusions
Acidity of rock surfaces, as measured by an increase in the concentration of H+ ions, has increased up
to 1000-fold since the introduction of industry at some sites on Murujuga. Theoretically, an increase
in acidity of this magnitude can leach the manganese and iron compounds from the rock patina over
time.
There is no proof yet that the patina on Murujuga rocks is dissolving. Dissolution of the patina may
not become visually evident until the majority has been removed. However, whenever the patina is
dissolved or flaked away from the weathering rind, the petroglyphs will be disfigured or destroyed.
Research projects examining the possible damaging effects of industrial emissions on petroglyphs
have been restricted to either measuring colour and mineralogy changes to petroglyphs and
background rock surfaces over time (Lau 2007; Markley et al. 2015) or measurement of rock surface
pH (MacLeod 2005; unpublished). Unfortunately, the results of colour and mineralogy change
measurements have been discredited because of lack of effective design, effective statistical analysis
and interpretation (Black et al. 2017a; WA Government report 2018).
As for the rock surface pH measurements, a low pH simply means that there is a higher proportion of
H+ ions to OH- ions in the solutions when distilled water is allowed to equilibrate with materials of the
rock surface for two minutes. The rate of leaching to reach an equilibrium of theoretical dissolution
of the manganese and iron compounds in the patina is unknown. This rate of patina dissolution will
depend on the type and concentration of acid compounds and how long they are effective in a
solubilised state. Much of the acid will land upon the rocks in the form of dry deposition, to become
reactive when dissolved in water. Measurements are needed of the time acids may be effective on the
rock surfaces and the relative effects of dew compared with the flushing effects of heavier rains.
Laboratory research is required to determine whether the combinations of chemicals emitted from
industry and shipping, in conjunction with those from the natural environment, will dissolve the
Murujuga rock patina and, if so, the concentrations required for dissolution. Estimates must be made
of the rate of patina dissolution to assess when destruction of the petroglyphs through industrial
emissions may occur.
Research is needed to confirm the results of MacLeod (2005) showing that the increase in nitrogen
compounds on rock surfaces stimulates adventitious microbial growth, the types of organisms and
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quantities of acids produced. In addition, comprehensive understanding of the chemical reactions
involved must be obtained so that simulation models can be constructed to predict likely impacts of
future emissions on the petroglyphs, and to elucidate the means of arresting negative impacts.
The proposed research is needed urgently. The University of Western Australia through the Centre
for Rock Art Research + Management has established a research project to undertake the needed
measurements. However, in the meantime, the Precautionary Principle in the Western Australian
Environmental Protection Act 1986 should be invoked with the prevention of new industry and strict
regulations to ensure emissions are near zero for existing industries and shipping.
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