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Abstract 

Murujuga in Western Australia has the largest concentration of ancient rock engravings (petroglyphs) in the world. 
However, the Murujuga rock art is potentially threatened by local industrial air pollution, in particular by acid rain, but 
unambiguous scientific evidence is still missing. Here, we report on results of an accelerated weathering experiment, 
simulating Murujuga weather and climate conditions that was designed and performed to test whether the expected 
small changes in chemical, mineralogical, and physical characteristics of the rock surface can be detected and reliably 
quantified by various analytical means. Locally acquired Murujuga granophyre and gabbro samples with natural var-
nish were artificially weathered for up to four months in a climate chamber under conditions that simulated 2 years 
of natural weathering. Mineralogical, chemical, and physical changes were qualitatively monitored by X-ray diffrac-
tion and confocal Raman spectroscopy, and quantified by colorimetry, portable X-ray fluorescence spectrometry, and 
micro-computed tomography. In addition, artificial rainwater that was sprinkled over the rock samples was collected 
and analysed by inductively-coupled plasma mass spectrometry. The results show significant chemical and physical 
changes of the surfaces of the rock varnish after 1 month of artificial weathering. The analytical results demonstrate 
that it is possible to quantitatively monitor small changes caused by the weathering of gabbro and granophyre. 
Therefore, such a semi-actualistic experimental approach, when carefully designed, potentially allows testing the 
hypothesis that the weathering rate of the Murujuga petroglyphs is increased by local industrial air pollution. Further 
experimental work is currently under way.
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Introduction
Murujuga (also known as Burrup Peninsula) is part of 
the Dampier Archipelago in the north of Western Aus-
tralia and is well known for its Aboriginal rock art. It is 
estimated that the archipelago contains over one mil-
lion petroglyphs that range in age of production from 
possibly 40000  years up to European occupation of the 
region in the 1860s [1]. Many of the petroglyphs depict 
geometric forms and representations of people, while 
others depict different aquatic and terrestrial animals. 

Some petroglyphs are large, measuring over one metre 
in length and width, whereas others are small and intri-
cate (Fig. 1b–d, f ) [2]. A sequence of changes in art styles 
and composition over time is illustrated by Mulvaney [3, 
4]. Since July 2007, 44% of the peninsula has been listed 
as a National Heritage Place and, in January 2020, it was 
inscribed on the tentative list for UNESCO World Herit-
age sites [5].

The Murujuga bedrock mainly consists of grano-
phyre, gabbro, and basalts formed in the Neoarchean [6]. 
Depending on the rock grain size, the commonly weath-
ered surface is more or less smoothed. A huge diversity 
of surfaces and rock shapes are engraved at Murujuga. 
There are almost no granophyre or gabbro areas where 
petroglyphs are totally absent. There are significant 
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Fig. 1 Rock art on Murujuga. The dark red surface is the rock varnish. The varnish was removed by the artists to uncover the lighter weathered 
rind of the rock to produce the petroglyphs. a Landscape on Murujuga with intact rock varnish. b, c ,d ,f Different petroglyphs. e Effect of physical 
weathering of an unworked surface, causing varnish flaking off, which would have destroyed any petroglyphs that might have been present
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concentrations of petroglyphs in all rocky ephemeral 
stream valleys, especially around the point at which these 
valleys join more open plains [4]. The granophyre and 
gabbro are characterised by a thin, whitish, weathered 
layer of about one centimetre maximum thickness that is 
covered by a 1 to 200 µm thick outer darker red-brown 
layer, known as the patina or rock varnish, that consists 
of about 25 wt.% Fe and Mn oxides and 75 wt.% clay min-
erals (mostly montmorillonite and kaolinite) [1, 7]. Other 
studies report about 70% clay minerals and 25% Fe and 
Mn oxides and hydroxides [8], while analyses from rock 
varnish from different sources all over the world revealed 
that 10 to 18 wt.% of the varnish are Fe and 10 to 19 wt.% 
are Mn oxides [9]. The varnish is necessary for the rock 
art, which is produced by a range of techniques, includ-
ing scratching and pecking into the dark rock varnish to 
expose the whitish weathering rind underneath. Due to 
the colour difference between the dark rock varnish and 
the underlying lighter weathered zone of the rock, the 
petroglyphs are rich in contrast, particularly when freshly 
made (Fig. 1b).

Rock varnish forms under similar climatic conditions 
all over the world, but how it forms remains controver-
sial. In particular, the high Mn concentration of the sur-
face varnish, which is 50 to 300 times higher than in the 
unweathered rock, indicates the existence of a Mn source 
and enrichment process [10]. Some models for varnish 
formation are based on abiotic processes [11], whereas 
others consider biotic processes to be central to their 
origin [10]. There is evidence for the presence of an unu-
sually aerobic microbial ecosystem on the surface of the 
rock varnish from Murujuga [7, 12, 13], including photo-
synthetic cyanobacteria that can enrich manganese and 
iron [12]. Recent evidence shows that various cyanobac-
teria accumulate extraordinary amounts of intracellular 
Mn that is used by the bacteria as a catalytic antioxidant 
necessary to cope with the substantial oxidative stress 
present in a desert environment [14].

Under pre-industry conditions, new growth of var-
nish counterbalanced the natural decay of the varnish 
due to weathering; thus, the colour contrast between 
the varnish and the carved parts of the petroglyphs was 
reduced over time with the varnish growing over the 
exposed lighter weathering rind [8]. Some of the older 
petroglyphs at Murujuga are fully patinated and show 
no colour contrast with the surface of their parent rock. 
Nonetheless, they remain visible due to their textural 
and topographical contrast with the parent rock surface. 
Given the age proposed for some of the petroglyphs it is 
clear that natural weathering processes in this landscape 
must be extremely slow and that the natural lifespan of 
petroglyphs here is exceptional, projected to persist for 
60,000  years [15]. However, there remains debate about 

whether the degradation of the petroglyphs has been 
accelerated by local industrial emissions since the begin-
ning of industrial development on the peninsula in the 
second half of the twentieth century [16–22]. The obser-
vation of accelerated degradation would not be surpris-
ing, considering that in its National Pollutant Inventory 
the Australian Government lists at least 320 t of ammo-
nia, nearly 9000 of nitrogen oxides, and more than 300 t 
of sulphur dioxide that were released into the air by the 
industrial complexes on the peninsula in 2019 alone [23]. 
Smith et al. showed, using observations from the Coper-
nicus satellites, that nitrogen dioxide was widely distrib-
uted across the archipelago, and highly concentrated 
over the industrial area [24]. It is known that nitrogen 
oxides released into the air lead to acid rain [25] which 
could result in accelerated dissolution of the rock var-
nish on Murujuga and thus a faster decay of the petro-
glyphs [24]. Bednarik reported that the pH of natural 
rain in the Pilbara region of Western Australia was in the 
order of 6.8 prior to industrial development and reached 
values between 7.0 and 7.2 at Murujuga [18], which is 
essentially consistent with observed neutral pH values 
for rain in the Arizona rangelands, where desert varnish 
is notably widespread and no polluting industries were 
operating [26]. The pH of the rainwater in the township 
of Dampier dropped from these values in the 1960s to a 
mean value of about 4.6 for sites monitored on Murujuga 
in 2007 [27]. Because both the solubility of Fe and Mn 
oxides and their dissolution rate increase dramatically 
when pH is lowered [18, 28, 29], it is evident that ongo-
ing industrial development could erase the petroglyphs 
if industrial emissions were to continue at the levels cur-
rently reported. The International Federation of Rock Art 
Organizations (IFRAO) has issued a warning that about 
a quarter of the rock art has already been destroyed by 
the industrial development and that the remaining art is 
heavily endangered due to acid rain [30].

These conclusions by IFRAO agree with the observa-
tions made by members of the local Aboriginal com-
munity on Murujuga, who have repeatedly warned 
about the endangerment of their cultural heritage [31]. 
However, so far, no unequivocal scientific evidence has 
been reported to support their concern. Many of the 
scientific studies published to date have been poorly 
designed and/or conducted so that their results remain 
highly controversial [18–22, 24, 32]. In particular, a 
recent publication by MacLeod and Fish concludes that 
industrial emissions have no adverse impact on the 
petroglyphs [32]. Smith et  al. claim that this conclu-
sion is based on unsubstantiated, misleading and scien-
tifically unsound data [24]. Therefore, there is an urgent 
need to design and perform studies that can ultimately 
answer the question as to whether industrial emissions 
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are leading to accelerated weathering of the rock var-
nish. Such studies must deliver robust and reliable data 
that can be used to support governmental decisions 
about further industrial developments on Murujuga 
and assist in the development of strategies to pro-
tect the rock art. Field studies can potentially deliver 
important data to address the underlying scientific 
questions, but are highly influenced by several uncon-
trollable parameters, such as the exposure of a petro-
glyph to sun, wind, and rain, and it is thus very difficult 
to quantify the time-dependence of the degradation 
of the rock art. Also, monitoring of reference samples 
unaffected by any industrial emissions is necessary to 
quantify the level of natural weathering, but in the field, 
it is almost impossible to ensure the same conditions 
for all samples in different locations. Extreme weather 
events such as storms and tropical cyclones may also 
have a significant impact on the results from differ-
ent sampling sites. It follows that a semi-actualistic, 
carefully designed weathering experiment could be an 
approach to reliably and confidently test the hypothesis 
that accelerated weathering of the rock art may occur 
due to local industrial emissions [33, 34] However, with 
such an experimental approach, it is unclear whether 
the analytical techniques currently available are able 
to quantify with sufficient precision the expected small 
mineralogical, chemical, and physical changes associ-
ated with the weathering reactions within laboratory 
time scales.

Here, we report on a proof-of-concept study in which 
Murujuga granophyre and gabbro rock samples bearing 
surface rock varnish were artificially weathered under 
controlled accelerated conditions [35]. The samples were 
placed in a climate chamber that controlled temperature 
and humidity, and were regularly sprinkled with artifi-
cial rainwater to mimic Murujuga precipitation rates, 
while solar thermal radiation was simulated with infra-
red lamps. One sample of granophyre and two samples 
of gabbro were removed from the test chamber after 
one, three, and four months of artificial weathering and 
then analysed by a variety of (micro-)analytical tech-
niques, including micro-computed tomography (µCT), 
confocal Raman spectroscopy, X-ray diffraction (XRD), 
portable X-ray fluorescence (PXRF), and colorimetry, to 
test whether the chemical, mineralogical and physical 
changes caused by artificial weathering could be visual-
ised, detected and, importantly, quantified with sufficient 
precision. At the end of the experiment, the precipitation 
solution collected during a single artificial rain event was 
analysed for Fe, Mn, Si, Al, Ca, and Na by inductively-
coupled plasma mass spectrometry (ICP-MS) to test 
whether dissolution of surface minerals can be detected 
already after one rain fall event. This proof-of-concept 

study forms the basis for further studies to determine the 
weathering of Murujuga petroglyphs under controlled 
and accelerated conditions.

Experimental procedures and analytical methods
Experimental procedure
Samples
With the consent of Aboriginal Traditional Owners, 
pieces of rock used for experimentation with an intact 
and flat rock varnish surface were collected on Muru-
juga and comprise both dominant bedrock lithologies, 
i.e. gabbro and granophyre. Nine rock cubes (three from 
a granophyre and six from a gabbro sample) each with 
a volume of about 1  cm3 and a surface that is as flat as 
possible were cut from the collected rocks using a rock 
saw with a 300  µm thick blade (Fig.  2). Gabbro is more 
coarsely grained than granophyre, with a rough and 
irregular dark brown to grey varnish (Fig. 2a). The grano-
phyre is fine grained and the rock varnish has a reddish-
brown colour (Fig.  2b). Mineral grains cannot be seen 
with the naked eye (Fig. 2b).

The gabbro samples consist mainly of plagioclase 
with crystals up to 1 mm in diameter. Most crystals are 
deformed and altered. Other major components are 
biotite, hornblende, and pyroxene. The gabbro also con-
tains a few quartz crystals. Petrographic thin sections 
that were cut show that the granophyre mainly consists 
of quartz, plagioclase, and alkali feldspar. Needle-shaped 
and compact pyroxene crystals appear as mafic com-
ponents. The chemical composition of the gabbro and 
granophyre samples was determined by portable PXRF 
and is compared in Table 1 with an analysis of each rock 
type from Geoscience Australia [1]. The Fe and Al con-
tents of the sample used in this study are significantly 
higher than in the samples analysed by Geoscience Aus-
tralia, although care was taken to avoid contamination of 
the bulk material with the varnish.

The mineralogical composition of the rock varnish 
of both rock types was determined by XRD and Raman 
spectroscopy and is also given in Table 1. For more infor-
mation about the mineralogy, petrography, and chemis-
try of both rock types the reader is referred to Donaldson 
[1].

Experimental details
A Weisstechnik (model SB11/300/40) climate chamber 
was used that allows running temperature and humidity 
cycles within the necessary range. Solar thermal radia-
tion was simulated with two infrared lamps with a power 
of 40 W each. The radiated area was 15 cm in diameter 
and the duration of radiation was calculated with the data 
from Table  2 (solar exposure energy). Precipitation was 
simulated using nozzles connected to a water pump and 
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placed inside the climate chamber (Fig. 3). The pump and 
nozzles generate 1 mm of precipitation per minute. The 
experimental design included an infrared thermometer 
that was mounted on an acrylic glass frame and facili-
tated monitoring surface temperature of the rock sam-
ples with an accuracy of ± 0.5 °C (Fig. 3).

Rainwater was simulated by mixing de-mineralised 
water with an acidic solution, containing nitric and sul-
phuric acid. The pH-value of the water was adjusted to 
4.8 ± 0.1 to be comparable to the acid rain on Murujuga 
[27]. The sample tray was placed on a net to drain off the 
artificial rainwater. In order to prevent the acidic rainwa-
ter from reaching the water cycle of the climate chamber, 
the whole frame was placed in a plastic tub. The climate 
simulation was accelerated by a factor of 6. This means one 

daily cycle that is simulated lasts 4 h. During the experi-
ment a total of 2 years were simulated during the 4 months 
(Fig. 4).

The rock cubes remained in the climate chamber for 
one, three, or four months. For each time step, three cubes 
were removed, two gabbro and one granophyre (Fig.  4). 
Before the cubes were placed in the climate chamber the 
varnish surface was analysed by XRD, Raman spectros-
copy, PXRF, μCT, and colorimetry. After the sample cubes 
were removed from the climate chamber, all analytical 
measurements were repeated in the same way and on the 
same spot to observe possible surface changes.

In addition, after all other measurements were com-
pleted, a granophyre and two gabbro samples, which 
had been artificially weathered for four months, were 

(a)

(b)

Fig. 2 Photographs of the rock varnish on the surface of a the gabbro and b the granophyre samples from Murujuga. Cubes from a the more 
coarsely grained gabbro and b finely grained granophyre. The weathered rind of the gabbro is more porous compared to the weathered rind of 
the granophyre. The recesses on the lower right-hand side (red arrow) have been engraved to facilitate repositioning of the cubes for all analytical 
measurements performed
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sprinkled with artificial rain for 15 min a total of five 
times. The sprinkled samples had an initial surface 
temperature of 60 ± 1  °C. The artificial rainwater that 
was in contact with the rock varnish was collected 
and analysed by ICP-MS to test whether measurable 
quantities of different elements, in particular Fe and 
Mn, can be detected as a result of surface dissolu-
tion. Small Teflon© containers were used to collect the 

artificial rainwater, which consist of a bowl to collect 
the water with a small base for the sample in the mid-
dle (Fig. 5b). The bowls were closed with a cover that 
has an opening in the middle. Two of these containers 
were thoroughly cleaned and simultaneously placed 
in the climate chamber. One of these containers was 
not filled with a rock sample to collect a blank sample 
from each run.

Table 1 Chemical bulk rock and varnish analyses of samples used in this study compared to rock analyses by Geosciences Australia 
and published by Donaldson [1] and the mineral paragenesis of the varnish and bulk rock, determined by Raman spectroscopy, XRD, 
and from thin sections, respectively. PRXF was used for bulk rock and varnish analysis

n.a. not analysed

Element Gabbro Granophyre

Bulk rock Varnish Bulk rock Varnish

Donaldson [1] This study Donaldson [1] This study

SiO2 52.10 50.25 34.50 71.44 70.23 32.71

Al2O3 16.72 17.03 20.95 12.40 12.35 11.23

Fe2O3 2.37 8.86 16.64 2.34 4.69 11.36

MgO 7.70 7.55 n.a 1.08 1.82 n.a

CaO 11.12 10.95 2.66 1.66 0.69 0.93

Na2O 1.79 n.a n.a 3.56 n.a n.a

K2O 0.69 0.45 0.79 3.75 2.57 1.16

TiO2 0.48 0.48 0.74 0.52 0.54 0.71

MnO 0.15 0.15 6.42 0.08 0.07 2.60

Mineralogy Gabbro (this study) Granophyre (this study)

Varnish Hematite, magnetite, albite, clinochlore, clinozoisite, quartz, 
anatase, and organic matter

Hematite, magnetite, albite, microcline, kaolinite, quartz, 
anatase, and calcite

Bulk rock Plagioclase, quartz, mica, pyroxene, hornblende, and ore 
minerals

Alkali feldspar, pyroxene (incl. needle-like pyroxene), fine matrix 
of quartz, feldspar, and ore minerals

Table 2 Climate data from Murujuga that was used for the simulation in the climate chamber

Simulated 
Month

Temperature [36] 
max. [°C]

Temperature [36] 
min. [°C]

Humidity [37] 
max. [%]

Humidity [37] 
min. [%]

Precipitation [36] 
[mm]

Solar exposure per 
day [36] [kWh/m2]

Jan 40.3 29.0 98 13 48 7.47

Feb 40.1 28.9 94 12 75 7.08

Mar 40.1 28.4 99 17 47 6.58

Apr 37.5 26.0 99 12 17 5.67

May 33.5 21.9 89 11 27 4.72

Jun 29.5 19.4 99 13 36 4.22

Jul 29.2 17.8 95 15 14 4.69

Aug 31.1 18.0 98 10 4 5.67

Sep 34.7 19.8 97 10 0 6.64

Oct 38.7 24.4 95 12 0 7.47

Nov 39.6 25.8 93 12 0 7.94

Dec 40.3 28.1 92 10 14 7.86
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Climate data and simulation
The aim was to create weathering conditions that as 
closely as possible imitated the conditions on Murujuga. 
The climate on Murujuga is semi-arid with about 300 mm 
precipitation per year. Between August and November, 
the average precipitation is nearly zero. During the sum-
mer (December to February) the temperatures regularly 
reach more than 40 °C and do not fall below 20 to 25 °C 
at night. Most of the annual precipitation falls from Feb-
ruary to June. During the winter the temperature can 
reach 30  °C during the day and rarely falls below 15  °C 
[36]. The minimum and maximum temperatures have 
been 6.9 and 48.2  °C over the last 26 years, respectively 
[36]. The surface temperatures on the rocks exceed the 
ambient temperatures due to solar radiation. For the 
weathering experiment, the monthly decile 9 maximum 
and minimum temperatures were chosen. The decile 9 

value was calculated by assembling all temperatures for a 
month and dividing them into ten groups from highest to 
lowest. Decile 9 was the highest value of the ninth group, 
or the lowest value in the second group. This means the 
highest and lowest ten percent of the measurements were 
excluded [36]. The decile 9 values were considered to 
realistically represent daily temperature range on Muru-
juga for each month of the year, because they exclude 
rare extreme weather conditions.

The mean monthly precipitation on Murujuga over a 
time period of 47 years was used to simulate rainfall [36]. 
Unfortunately, the Australian Bureau of Meteorology 
does not record the humidity on Murujuga. However, a 
private weather station located in Karratha, 15 km south 
of Murujuga measured humidity for one entire year with 
monthly maximum and minimum values [37] that were 
approximated in the weathering experiment (Table  2). 
However, because of the limited ability of the climate 
chamber to control the humidity as fast as the tempera-
ture, the minimum humidity that was reached during the 
experiment was about 20%. The maximum was nearly 
100%, and was always reached after the precipitation 
events.

To simulate the precipitation rates during the experi-
ment, the samples were irrigated once every day, which 
equals every sixth day in the simulation. The duration 
of the irrigation depended on the monthly precipitation 
and ranged between 15  min of rain (February, Table  2) 
and no rain at all (September to November, Table 2). To 
simulate heating and cooling of the rocks by solar radia-
tion, the infrared lamps were switched on for 1:35 (June, 
Table 2) to 2:58 h (November, Table 2) within four hours 
of a simulated day. The simulated ambient temperatures 
in the chamber ranged from 40.3 °C in January to 17.8 °C 
in July (Table  2). The measured rock surface tempera-
tures reached up to 47.5  °C in January and were always 
approximately 3 to 7 °C higher than the temperatures in 
the climate chamber. The minimum surface tempera-
tures of the samples were equal to the minimum ambient 
temperatures.

Within one day of real time, we simulated six Muru-
juga days. The temperature and humidity reached their 
maximum and minimum values every four hours and 

Fig. 3 Sample tray with infrared thermometer, artificial rainwater 
nozzles, and infrared lamps to simulate solar radiation, which was 
placed in a climate chamber

Fig. 4 Time sketch of the experimental procedure over 4 months, with six Murujuga climate days being simulated in a single day in real time
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developed contrarily. The solar exposure was simulated 
simultaneously with the maximum temperature. Irriga-
tion was set to take place at the beginning of every daily 
cycle.

Analytical methods
The mineralogical, chemical, and physical state of the 
samples before and after the weathering experiment was 
monitored by PXRF, confocal Raman spectroscopy, μCT, 
XRD, and colorimetry. A statistically rigorous analytical 
data evaluation was performed and all uncertainties are 
given at the 95% confidence level. Student’s t-test was 

used to determine if two values from two sets of data 
were significantly different from each other (i.e., the error 
of probability α is smaller than 0.05 or 5%).

Colorimetry
A portable "CR-410 Chroma Meter" from Konica 
Minolta was used for surface colour measurements that 
is based on a wide-area illumination with a 0° viewing 
angle (specular component included). The measured 
area of the chromameter had a diameter of 50 mm and 
was illuminated by a pulsed xenon lamp [38]. The instru-
ment was equipped with six silicon photo-diodes (three 

Fig. 5 Custom made analytical and experimental equipment. a  Teflon© plate used for the colour measurements with a granophyre sample 
positioned in the centre. The markings on the outer ring were used to turn the chromameter by the same angle during each measurement. b 
 Teflon© containers used to collect water samples during the artificial sprinkling experiment. The containers have a removable cover with a hole in 
the middle and a small base in the middle for the rock samples. c Holder for the PXRF used to ensure a reproducible positioning of the samples for 
every measurement. The holder consists of an acrylic glass case with a height adjustable sample stage on which the samples can be fixed. The PXRF 
is held in position by four plastic screws on the sides. The inset in the upper left corner shows the measured area (spot size) of the PXRF, measured 
with an X-ray film, on a superimposed μCT scan of a gabbro sample
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for measurements and three for lighting control) that 
are filtered for the primary perception of red, green, and 
blue light. The CIELAB (L*a*b*) colour space was used, 
because the colour difference can be calculated easily and 
previous reports on varnish colour used the same colour 
space [19, 22].

The standard deviation of ΔE*, given by the manu-
facturer of the colorimeter for measurements that are 
calibrated with a standard ceramic calibration plate, is 
within ± 0.07. In our case, however, the measured circu-
lar area has a diameter of 50 mm and the cubes’ surface 
only measured approx. 10 × 10  mm2. Hence, the samples 
only made up about 5% of the measured area and the col-
our that was measured does not represent the real colour 
of the sample surface. Moreover, the surface was rough 
and uneven, causing light to be irregularly reflected and 
dispersed from the surface, which strongly affected the 
reproducibility of the measurements even if the sample 
was only slightly misoriented. We therefore developed 
a special measurement approach and empirically evalu-
ated the reproducibility. The samples were positioned 
on a round polished  Teflon© plate that was also used to 
calibrate the instrument. The plate was carefully han-
dled, stored, and regularly cleaned with ethanol to avoid 
any errors due to dust or fingerprints on the plate. The 
 Teflon© plate was marked in the centre and had 16 marks 
on the outer ring to position the chromameter (Fig. 5a). 
These markings were used to rotate the chromameter 16 
times through the same angle while taking a measure-
ment at each orientation. Each cube was measured four 
times before and after the weathering experiment, so that 
a single value of L*, a*, and b* represents the average of 64 
individual measurements from which the standard devia-
tion of the mean was estimated. Between each of the four 
measurements, the instrument was re-calibrated using 
the  Teflon© plate. To further test the reproducibility of 
the colour measurements and to detect possible sources 
of errors, one reference cube, that was stored under 
ambient dry conditions, was always measured at the 
beginning of each new sample measurement. The repro-
ducibility of the ΔE* and ΔL* value was estimated from 
the multiple measurements to be between 12 and 8% for 
ΔE* and ΔL* values between 0.08 and 0.40 and between 
-0.05 and 0.33, respectively.

X‑ray fluorescence spectrometry
The element composition of the gabbro and granophyre 
samples were quantitatively determined by XRF using an 
AXIOS 3  kV wavelength-dispersive XRF spectrometer 
(Malvern PANalytical). Major element analyses were car-
ried out according to DIN EN 15309 on fused glass beads 
that were prepared by diluting the sample with di-lithium 
tetraborate flux agent and melting the mixture under 

a Bunsen flame in platinum crucibles. For the determi-
nation of the loss of ignition (LOI), about 5  g of dried 
powder was placed in an  Al2O3 crucible and heated for 
one hour at 1100  °C in a furnace. The sample powder 
was weighed before and after heating with a precision 
of ± 0.0002 g on an analytical balance. Standardless major 
element analyses were performed using the IQ + pro-
gram (©PANalytical). Major element X-ray intensities 
were corrected for matrix effects by a refined fundamen-
tal algorithm between concentration and characteristic 
X-ray intensities that is based on Sherman’s equation [39] 
and implemented in IQ + . The reproducibility was tested 
on multiple sample preparations and analyses of inter-
national standard samples and was found to be better 
than ± 2% for major (and better than ± 5% for trace) ele-
ments. The accuracy of the measurements was regularly 
checked by participating in ring tests of the GeoPT-Inter-
national Association of Geoanalysts. Using standardless 
analysis, the detection limits for light major elements Na, 
Mg, Al, Si, and P are in the order of 100 ppm and for K, 
Ca, Ti, Mn, and Fe between 1 and 10 ppm.

Since the samples have a rough varnish surface and 
could not correctly be fitted in the sample holder of the 
desktop XRF, an X-MET 7500 PXRF from Oxford Instru-
ments was used to analyse the surface of the cubes before 
and after the experiment. The X-MET 7500 includes 
a 45  kV X-ray tube as radiation source and a large area 
silicon-drift X-ray detector. All elements from magne-
sium to uranium can be detected and quantified with 
detection limits down to the lower ppm level that is 
comparable to benchtop instruments [40]. In order to 
ensure that exactly the same spot on the sample surface 
was measured before and after the experiment with the 
same sample-beam-detector geometry, a special instru-
ment holder was built (Fig. 5c). The holder consisted of 
a bracket for the PXRF and a height-adjustable sample 
stage. The stage had a particular bracket to fix the sample, 
allowing change in the position of the sample only along 
the vertical axis. The PXRF has a proximity sensor that 
measured the distance to the sample. With this sensor, it 
was also possible to reproduce the distance between sam-
ple surface and PXRF detector. The spot size of the PXRF 
measurement, that was determined with an X-ray film, 
was smaller than the geometric sample surface and has a 
round shape with a radius of about 5 mm (Fig. 5c). With 
such a spot shape and size, the outer edges of the samples 
were not analysed.

All sample surfaces were measured ten times and the 
integration time was 60  s per measurement. The meas-
ured X-ray intensities were corrected by the instrument 
using a fundamental matrix correction algorithm that 
is based on Sherman’s equation [39], basically allow-
ing standardless quantification. However, for complex 
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matrices, the measurements from the PXRF can be very 
inaccurate. To account for this, the pressed pellets that 
were produced from the bulk rock and varnish samples 
were used as standards to correct the PXRF data. The 
comparison of the results led to a linear dependency with 
correlation coefficients of > 0.93 between the measured 
concentrations of the two devices. As we are primarily 
interested in relative changes, possible systematic errors 
affecting the accuracy have negligible effects on our 
results. To estimate the reproducibility of the measuring 
procedure, the samples were taken out and repositioned 
after each measurement. From these measurements, the 
reproducibility of the analyses was empirically estimated 
to be in the order of ± 0.27, ± 0.13, ± 0.08, ± 1.1, and ± 1.0 
wt.% for Fe, Mn, Ca, Si, and Al, respectively, and involves 
the X-ray counting errors and any excess error that 
results from sample repositioning. In addition, two pris-
tine sample surfaces were measured before every ana-
lytical session as reference. These samples were expected 
to show no chemical difference over time. We obtained 
apparent chemical differences of 0.63 ± 3.53, 2.78 ± 1.61, 
1.31 ± 2.84, -1.53 ± 4.14, and -2.59 ± 6.52 wt.% for Fe, 
Mn, Ca, Si, and Al, respectively, which are, with the 
exception of Mn, all zero within the limit of the estimated 
errors (given at the 95% confidence level).

X‑ray diffraction (XRD)
XRD measurements of the sample surface were carried 
out using a Siemens "D500" diffractometer. The diffrac-
tometer consists of a θ-2θ-goniometer with a graphite 
single-crystal monochromator, a scintillation detector, 
and a Siemens Kristalloflex 710D X-ray generator, oper-
ating with 40 kV and 40 mA. The detector aperture was 
set to 0.2 mm. Measurements were taken between 4° and 
70° 2θ with steps of 0.02° 2θ. The acquisition time of each 
2θ step was 20  s, leading to a total acquisition time of 
about 8 h per sample. The measured diffraction spectra 
were analysed with the EVA© (Bruker AXS, 2019) and 
TOPAS© (Bruker AXS, 2014) software to qualitatively 
determine the surface mineralogy and to identify pos-
sible mineralogical changes during artificial weathering. 
Therefore, again all samples were measured before and 
after the experiment.

Raman spectroscopy
Hyperspectral Raman spectroscopic imaging was car-
ried out with two different Raman spectrometers. All 
images taken from the sample surface before the experi-
ment were acquired with a “LabRAM HR800” and a 
“LabRAM HR Evolution UV” Raman spectrometer from 
Horiba Scientific using a 532.09 nm Nd:YAG laser and a 
632.81 nm He–Ne laser as excitation sources with a laser 
power at sample surface of less than 5 mW. The same area 

of 200 × 200 µm2 was imaged on each sample before and 
after the experiment in order to investigate possible min-
eralogical changes on the surface. All images were taken 
in the point-by-point mode with a step size of 4  μm. 
The chosen step size was a compromise between image 
recording time and the size of the analysed surface area 
that should be large enough to be representative for the 
sample surface.

Each image thus consists of 2600 pixels, each of which 
represents one single Raman measurement. The location 
reproducibility of the imaged area was estimated to be 
within ± 1 µm. All measurements were carried out with 
a 50 × long working distance objective with a numeri-
cal aperture of 0.5 [41], yielding a lateral resolution (spot 
size) in the order of 2 µm. A high precision piezo transla-
tor and feedback signal to automatically track and adjust 
the laser focus on the sample surface was used as the 
autofocus system. The spectrometer entrance slit was set 
to 100 and the confocal hole to 1000 μm. A grating with 
600 grooves/mm was used and the Raman spectrum at 
each point (pixel) was collected for 20 to 26  s, respec-
tively, depending on the signal-to-noise ratio obtained 
from the respective sample. Spectrometer drift during 
long-time measurements was corrected using known 
emission lines of a neon lamp as reference. With these 
settings, the spectral resolution in the frequency region 
of interest was about 3.5 and 3.3   cm−1 with 532 and 
632 nm excitation, respectively. Phase identification was 
performed with the help of the RRUFF Raman spectral 
database [42]. The colour-coded hyperspectral images 
were generated from the array of Raman spectra using 
the classical least-square fitting method that is described 
in detail in Hauke et al. [41]. Data treatment and evalua-
tion was performed with the LabSpec 6© software from 
Horiba Scientific [43].

Micro‑computed tomography
To visualise and quantify morphological changes such as 
crack formation or physical and chemical degradation, 
all samples were analysed using a Bruker "SkyScan1272" 
X-ray μCT scanner before and after the weathering 
experiment. The source voltage was set to 90 kV and the 
isotropic voxel resolution was limited to 6  μm due to 
equipment constraints. The samples were rotated with a 
step size of 0.3° using an exposure time for every step of 
1785 ms.

Following reconstruction, each µCT scan did result in 
a stack of tomographic images that were further analysed 
using different data processing tools. The first reconstruc-
tion was carried out with the NRecon© software from 
Bruker. To render the reconstructed image stacks com-
parable to each other, all samples were reconstructed in 
three dimensions using the same grey-scale limits (lighter 
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grey shades indicate denser material). The reconstructed 
image stacks were further analysed and compared using 
the software Dragonfly© Ver. 2020.2.0.941 [44]. Here, 
scans of a given sample taken before and after the experi-
ment were loaded and a 3D registration was performed. 
For this registration, Dragonfly© compared and super-
imposed these two models. Following the registration, 
structural differences between both models became vis-
ible and a region of interest (ROI) was determined. The 
volume inside the ROI was then calculated using Drag-
onfly© in order to quantify the occurred changes. How-
ever, because the results from this volume analysis were 
not sufficiently reliable, another approach was chosen: 
screenshots from the top side of the superimposed 3D 
models were analysed and the area that had changed was 
visualised and calculated using FIJI [45]. This method 
resulted in reliable quantitative results.

Inductively‑coupled plasma mass spectrometry
The concentrations of selected elements (Fe, Mn, Si, Al, 
Al, Ca, and Na) in the rainwater samples that were col-
lected during artificial irrigation of the samples were 
measured by Sector Field ICP-MS using an "Element 2/
XR" instrument from Thermo Fisher Scientific. The sam-
ple solution volume ranged from 5 to 10 ml per sample. 
After sampling, the solutions were stabilized adding 10 μl 
of concentrated, ultrapure nitric acid per millilitre sample 
volume to each sample. Prior to the measurements each 
sample was twice diluted by adding 2 vol.% ultra-pure 
nitric acid. Each sample dilution was measured in dupli-
cate and all measurements were performed in medium 
mass resolution of about 4,000 to minimize signal contri-
bution from potentially interfering species.

Element concentrations were determined based on 
the signal intensities and a five-point linear calibration 
for each element using five different dilutions of a multi-
element stock solution that was prepared using a mixture 
of the ICP multi-element standard solution Certipur VI 
from Merck and a Si mono-element standard solution 
from SCP Science. To validate the calibration and test 
the accuracy, two certified reference materials (lake water 
TM-26.4 from Environment Canada in fourfold dilu-
tion for Fe and Mn and SPS-SW2 in tenfold and 40-fold 
dilution for Si, Al, Ca, Na, and Mg) were measured as 
unknowns. For each element the certified concentra-
tion values could be reproduced within a 95% confidence 
interval. Throughout the whole analytical sequence, the 
mean value of both replicate sample measurements was 
used as the concentration value except for one blank sam-
ple, because one of both measurements failed. The quan-
tification limit calculated based on the tenfold standard 
deviation of the background intensities were 0.32, 0.006, 
24.4, 1.2, 14, and 5  ppb for Fe, Mn, Si, Al, Ca, and Na 

respectively. Typical uncertainties (95% confidence level) 
were 3–14, 4–37, 7–17, 4–11, 4–18, and 4–20% for Fe, 
Mn, Si, Al, Ca, and Na, respectively.

Results
Colour changes
In general, the colour measurements showed statistically 
significant changes on all samples that were artificially 
weathered (Fig. 6a, b), which are for most of the samples 
significantly larger than the apparent colour and lightness 
change observed for the reference (ΔE* = 0.024 ± 0.004, 
ΔL* = 0.0009 ± 0.0100). The largest colour changes 
occurred on the gabbro surfaces that were artificially 
weathered for 3 months (ΔE* = 0.40 ± 0.02). Overall, the 
surface colour of gabbro samples changed more than 
that of the granophyre samples. It is also noted that the 
ΔE* and ΔL* values of most samples were lower after 
4  months than after one and three months of weather-
ing (Fig. 6a, b). The change in ΔL* of one gabbro and one 
granophyre surface was even negative after 4  months, 
i.e., the sample became darker during the experiment 
(Fig. 6b). Statistically, the average ΔE* values are all sig-
nificantly higher than from the unweathered reference 
samples, which is clear evidence that the surface colour 
has changed as a result of artificial weathering. We also 
note that the changed area, calculated from μCT data, 
correlates well with the calculated ΔE*, especially for the 
granophyre samples (Fig. 6d).

Textural and morphological changes
Textural and morphological changes were studied by 
μCT. Figure  7 shows the images from all superimposed 
before-after 3D scans. The images from the gabbro sur-
faces show that material was lost during the experiment. 
Most material loss occurred on the edges and corners 
on the top side of the cubes (Fig.  7). The gabbro cubes 
that had been artificially weathered for 3 months showed 
major material loss at the edges. The cubes that have 
been artificially weathered for 1  month longer showed 
the least morphological changes (Fig.  7), i.e., there was 
no clear correlation with the duration of the experiment 
(Fig. 6c). The 3D models of the granophyre samples are 
darker than those of the gabbro samples, because they 
are denser and more finely grained, and show small white 
spots all over the samples. These spots are anatase crys-
tals that were identified by Raman spectroscopy (Fig. 8). 
Visibly, the superimposed models of the granophyre 
cubes do not show any significant differences (Fig. 7).

To quantify the morphological changes, the volume 
change was calculated from all μCT models. For this, 
a ROI with individual grey-scale borders was defined. 
When the same grey scale was used to define the ROIs, 
all models, except for the 4-months granophyre, showed 
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loss of varnish in a range between 0.09 and 3.19  mm3.
The volume loss was also calculated using different grey 
scales for both models of the same cube. These grey 
scales were chosen by visual estimation. The results show 
an increased volume on two cubes and a decreased vol-
ume in a range of 0.05 to 5.82  mm3 on the other cubes 
(Table  3). These results do not appear to be reliable as 
they indicate an increased volume for some cubes that 

clearly have visible losses. Instead, the topside view 
images from the superimposed cubes (Fig. 7) were ana-
lysed with FIJI. Using this image evaluation tool, it was 
possible to calculate the proportion of the surface that 
had changed. The calculated material loss ranges from 
0.1 to 6.6% (Table 3) and correlates well with the visible 
losses from Fig.  7. One sample (gabbro, 1  month, 6.6% 
change), however, showed ring artefacts in some surface 

Fig. 6 a Colour change (ΔE*) and b change in brightness (ΔL*) of the samples surface as a function of the artificial weathering time. The error bars 
show the 95% confidence interval. If no error bar is visible, the error is within the symbol size. c The change of the varnish surface area as a function 
of artificial weathering time. The data from one 1-month gabbro sample had to be corrected due to a ring artefact that occurred during the μCT 
measurements. The topside view with the ring artefact is displayed next to the corrected measurement. Note that there is no clear correlation 
between detectable changes of the surface area and the artificial weathering time, but on average a significant weathering effect is noticeable. d A 
plot of ΔE* against the changed area with the 86 and 95% covariance ellipse for the granophyre and gabbro samples, respectively, showing a clear 
positive correlation between both parameter for the gabbro samples
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sections, for which the data were corrected by visually 
excluding them from the calculations using the image 
editing program Affinity©.

Mineralogical changes
The Raman spectra from the different cubes, espe-
cially from the gabbro, before and after the experiment 
are characterized by a markedly different and partly 
strong fluorescence background with both laser excita-
tions. Owing to this, most of the collected hyperspectral 
Raman maps and spectra could not reliably be compared 

to each other. Nevertheless, the Raman data could be 
used to identify the surface mineral paragenesis, includ-
ing minor minerals such as calcite and anatase that were 
not detected by XRD. A direct comparison of the images 
taken before and after the experiment was only possible 
for one granophyre sample that was artificially weath-
ered for 4 months (Fig. 9). In both hyperspectral Raman 
images quartz, iron oxides (mostly hematite and magnet-
ite), anatase, and calcite were identified. When interpret-
ing the images, it must be considered that even a small 
difference in positioning and laser focus can have a major 

Fig. 7 Topside µCT images showing superimposed 3D-models of all nine cubes, where the pre-weathering images are displayed in grey and the 
post-weathering images in green. Due to this, the material loss is visible as grey areas. Bright spots on the granophyre surface are anatase crystals
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impact on the Raman spectra of rough surfaces. In this 
context, the observed [differences are considered to be 
insignificant as they reflect slightly different x, y, z posi-
tions during both measurements and complex surface 
scattering effects. Nevertheless, we noted that the calcite 
crystals initially present on the surface are still detectable 
after four months of weathering, proving that they are at 
least not dissolved in the acidic rainwater that was used 
to simulate precipitation [46]. Only one calcite seems to 
have disappeared and a few anatase crystals seemed to 
have appeared in the images that were taken after the 
experiment, but actually calcite and anatase Raman sig-
nals could be detected in the Raman spectra from these 
areas on both images. They are not displayed in the 
image, because their Raman signals were overlapped 
by stronger signals from the surrounding iron oxides or 
quartz.

The hyperspectral Raman images from the gabbro 
samples that were taken before the artificial weathering 

Fig. 8 3D-image from a granophyre cube analysed using μCT. Note the white crystals at the surface. The dipyramidal shape of the crystals and 
Raman measurements show that the crystals are anatase when compared with the anatase spectrum from the RRUFF database (RRUFF ID: R07058 
[42]). One band from hematite, on which the anatase crystals grew, is also visible in the Raman spectrum (green arrow, RRUFF ID: R050300 [42])

Table 3 Calculated volume change of surface varnish for each 
sample for each time step

1 calculated with Dragonfly©, same grey scale used
2 calculated with Dragonfly©, different grey scale used
3 calculated with FIJI
4 after artefact correction

Sample Time 
[months]

Volume 
 change1 
 [mm3]

Volume 
 change2 
 [mm3]

Change in  area3 
[%]

Granophyre 1 − 3.19 − 5.82 0.29

Granophyre 3 − 1.45 − 4.19 0.30

Granophyre 4 1.31 − 0.05 0.11

Gabbro 1 − 2.11 − 8.90 6.60 (3.974)

Gabbro 1 − 1.00 − 7.11 2.01

Gabbro 3 − 0.09 1.17 2.25

Gabbro 3 − 3.17 − 4.79 5.60

Gabbro 4 − 0.04 0.32 1.67

Gabbro 4 0.96 − 0.67 1.37
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experiment revealed the presence of organic and carbo-
naceous material. The carbonaceous material is charac-
terised by two broad bands near 1340 and 1590   cm−1, 
commonly called the D and G band, respectively 
(Fig.  10). In some areas these bands are overlain by a 
number of bands between 900 and 1800   cm−1 that can 
be assigned to vibrations of complex organic material. 
Noticeably, these bands are not detectable in the spec-
tra from the same sample area that were recorded after 
the weathering experiment, but the carbonaceous phase 
is now unambiguously detectable by its characteristic D 
and G band. The very low laser power used for analysis 
(< 5 mW) precludes the formation of carbonaceous mat-
ter from organic material by local laser heating. It thus 
follows that the organic material must have been dis-
solved or washed away, whereas the carbonaceous mate-
rial remained. The overall shape and relative intensities 
of both broad Raman bands indicate very immature car-
bonaceous matter and thus a low formation temperature 
(< 80 °C) [47], as is to be expected given that the varnish 
formed under surface temperatures.

Chemical changes
The percentage change in the Si, Al, Fe, and Mn concen-
tration of the surface area in the centre of the samples as 
a function of weathering time is shown in Fig. 11. Si and 
Al can be viewed here as tracers of the silicate phases of 
the host rock and the kaolinite alteration layer under the 
desert varnish that, in turn, can be traced by Fe and Mn. 

All weathered samples show significant chemical surface 
changes, even those that were weathered for one month 
only. The relative change of Si and Al at the surface with 
time follows a positive linear trend for both rock types 
(r2 > 0.96), with the granophyre samples showing a signifi-
cantly larger rate of Si and Al loss from the surface than 
the gabbro samples (α < 0.05). On the other hand, the Mn 
and Fe concentration of the gabbro surface decreased 
with weathering time. Assuming a linear time depend-
ence, the slope is less than zero with probabilities of error 
of 0.03 and 0.29 for Mn and Fe, respectively. The element 
K, Ca, and Ti were also slightly depleted from the sur-
face with increasing experimental weathering time (not 
shown here, but results are given in Table 4). However, 
the situation is different for the granophyre. Here, the Fe, 
Mn, K, Ca, and Ti surface concentrations of the 1-month 
granophyre sample stand out from the 3- and 4-months 
samples. These elements are relatively enriched at the 
surface after only 1 month of artificial weathering, while 
the surface concentrations of the 3- and 4-month samples 
are similar to those of the gabbro samples (Fig. 11).

Material loss during artificial irrigation
At the end of the experiment, the artificial rainwater that 
was sprinkled over the surface of two gabbro and one 
granophyre sample was collected and its Ca, Na, Si, Al, 
Fe, and Mn concentrations were measured by ICP-MS. 
Figure 12 shows the results in comparison to the concen-
trations in the blank rainwater sample. Since the samples 

Fig. 9 Hyperspectral Raman image from an area a of a pristine granophyre cube and b after it was artificially weathered for 4 months. Both images 
show the distribution of quartz, iron oxides (mainly hematite and magnetite), anatase, and calcite. The images reveal no significant changes in 
mineralogy. One calcite crystal seems to have disappeared on image b and some anatase crystals seem to have formed, which can be attributed to 
repositioning errors, which are in the same order of magnitude as the crystal sizes. The 632.81 nm laser with 17 mW power ( source power, < 5 mW 
on the sample surface) was used and each point was measured 2 times 10 s
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were already artificially weathered for 4  months, any 
dust, small particles, and organic relicts had already been 
washed from the surface.

All elements are significantly enriched in the water that 
was sprinkled over a sample surface, except for Fe and 
Si in one gabbro and granophyre sample, respectively. 
The absolute enrichment with respect to the blank water 
range between 0 ± 1 and 23 ± 1 ppb for Fe and between 
8 ± 1 to 65 ± 4 ppb for Mn. Noticeably, the Mn concen-
tration in the water that was rinsed over the gabbro sam-
ples was higher than in the water that was rinsed over 
the granophyre samples (Fig.  12). However, this can be 
explained by different Mn concentrations of the varnish 
surface. In fact, the normalisation of the solution concen-
trations to the surface concentrations analysed by PXRF 
does not show systematic differences between the gabbro 
and granophyre samples (Fig. 12).

Discussion
The main objective of this study was to evaluate with 
various analytical techniques whether it is principally 
possible to detect chemical, physical, and mineralogical 
weathering effects on the varnish surface within labora-
tory time scales under simulated Murujuga climatic con-
ditions. In fact, significant changes in colour, chemical 
and physical properties of the rock surface were observed 
within 4  months, with one actual test day equalling six 
Murujuga days. The experimental results demonstrate the 
relative value of different analytical techniques to record 
weathering effects as a function of time with the used set-
ups and settings. Raman spectrometry and XRD instru-
ments provide qualitative mineralogical information, 
but could not be used to reliably quantify mineralogical 
changes. However, µCT, PXRF, and colorimetry enabled 
the quantification of chemical and physical changes with 

Fig. 10 Representative Raman spectra from the same location on a gabbro sample surface, measured before (red) and after (blue) 3 months of 
artificial weathering with a 532.09 nm laser. Beside the characteristic quartz band near 464  cm−1, multiple bands occur in the frequency range 
between 900 and 1800  cm−1 which indicate the occurrence of complex organic material (all bands with frequency labels). These bands do not 
occur in the spectrum taken after artificial weathering (blue spectrum), where only the D- and G-band of carbonaceous matter are visible. These 
carbonaceous bands occur also in the red spectrum, but here are overlapped by organic bands. The sharp signal at 1707.06  cm−1 is a neon line that 
was used to correct for any spectrometer drift during long-time measurements
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Fig. 11 Percentage change of different element concentrations on the sample of surface varnish with artificial weathering time. Least-squares 
regression lines are shown with the 95% confidence limit that is marked by coloured fields. The Fe and Mn data from the granophyre scatter 
erratically and are therefore not fitted with a function

Table 4 Summary of the difference in the element concentrations in the surface varnish with increasing artificial weathering time

Sample Time 
[months]

Δ [wt.%]

SiO2 Al2O3 Fe2O3 K2O CaO TiO2 MnO

Gabbro 1 4.2 ± 2.1 6.8 ± 2.1 − 6.8 ± 1.3 − 3.4 ± 1.5 − 14.9 ± 3.8 − 7.5 ± 1.9 − 2.3 ± 1.9

3 5.7 ± 1.6 11.8 ± 3.8 − 8.77 ± 1.6 − 6.2 ± 1.6 − 8.70 ± 5.4 − 3.0 ± 4.0 − 10.39 ± 2.5

4 8.0 ± 3.0 16.2 ± 7.2 − 3.9 ± 1.1 − 10.9 ± 1.2 − 22.4 ± 1.8 − 11.5 ± 3.8 − 7.1 ± 1.9

Granophyre 1 12.8 ± 5.4 16.9 ± 11.8 10.7 ± 4.0 17.4 ± 5.2 27.6 ± 2.1 9.1 ± 4.1 21.6 ± 16.5

3 17.7 ± 6.0 48.4 ± 17.0 − 5.1 ± 4.1 − 7.0 ± 3.5 − 32.4 ± 1.6 − 13.9 ± 4.8 4.9 ± 5.1

4 27.6 ± 10.4 71.4 ± 26.4 − 5.1 ± 4.9 − 9.6 ± 6.1 − 19.7 ± 3.2 − 7.5 ± 7.0 − 14.7 ± 9.5
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weathering time, but particular care had to be taken to 
ensure that the same surface area was analysed before 
and after the experiment.

The surface roughness of the samples precludes quan-
titative treatment of the XRD data. This is because even 
slight, but unavoidable geometric sample-beam misalign-
ments between the two measurements can have an influ-
ence on the relative diffraction intensities. In future, this 
problem may partly be overcome by using a sample spin-
ning system that rotates the sample in phi axis during the 
measurement.

The colour change of the rock surface is considered to 
be one of the most important parameters for monitoring 
and quantifying the deterioration of the petroglyph [48]. 
However, previous studies using colour measurements 
on Murujuga rocks [19, 22] were not reliable or accurate 
enough due to inadequacies in experimental procedures 
and data evaluation [20, 48]. For instance, Markley et al. 
[22] carried out comprehensive colour measurements 
over a timespan of 10  years on different rock surface 
spots, but (i) changed the chromameter during data col-
lection, (ii) did not evaluate the reproducibility of the 
measurements, (iii) did not assess the colour change 
over the whole timespan, and (iv) did not analyse the 
changes in brightness of their samples [20, 48]. In light 
of our results, the value of rock surface colour measure-
ments is indeed highly questionable. We could clearly 
observe that even small differences in the sample position 
can have a major influence on the reproducibility. This is 
because the rough varnish surface scatters photons in dif-
ferent directions depending on their wavelength, which 
has an unpredictable effect on the colour measurement. 

We therefore collected multiple measurements under dif-
ferent orientations, which averaged out these scattering 
effects and provided an estimate of reproducibility. With 
this approach, the colour measurements revealed statis-
tically significant changes in the ΔE* and ΔL* values of 
all artificially weathered samples. Such an observation 
is critical, because the petroglyphs are primarily visible 
due to the contrast between the dark rock varnish and 
the lighter coloured layer underneath. If the varnish is 
removed, the petroglyphs will disappear over time [18].

The observed correlation between colour change and 
changed area on the surface, quantified using the µCT 
data, suggests that part of the colour change is due to 
possible physical flaking and material loss, because 
most changes were visible along the edges of the 
porous gabbro samples. Owing to the limited voxel size 
of about 6 μm3 for the particular µCT scanner used, 
changes were only visible when relatively large pieces 
of material were removed, which can be expected for 
physical weathering effects. Mechanical disintegration 
of the varnish may be enhanced by thermal stress of 
the sample surface imposed by (artificial) solar heat-
ing and night-time cooling or moisture. Physical dis-
integration of the rock varnish is indeed also observed 
on Murujuga (Fig. 1e) [16]. Although no obvious signs 
of large-scale mechanical loss of mineral particles 
from the granophyre sample edges were detected using 
µCT, the average ΔE* value of 0.10 ± 0.01 is evidence 
that some surface changes occurred, which is likely 
rather due to chemical processes (dissolution) than to 
physical effects. The ΔE* value differences are not vis-
ible with the human eye, but are significantly (α < 0.05) 

Fig. 12 a Spider plot of the element concentration in the blank artificial rainwater and in the artificial rainwater that was rinsed over the 
granophyre or gabbro samples. The detection limits are also plotted. b Spider plot of the change in element concentration normalised to the oxide 
concentration of the sample surface that was determined by PXRF (see Fig. 11). The value for Fe from gabbro 1.2 is not displayed, because it is 
slightly negative
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higher than those obtained from the reference samples. 
The reason for the reversal of the colour and lightness 
change after 3-month weathering (Fig.  6a, b), which 
is not accompanied by a reversal in the chemical sur-
face changes (Fig. 11), is as yet not fully understood. A 
possible explanation may be related to the small num-
ber of samples and to unpredictable mechanical saw 
effects, which may have affected the integrity of the 
bonds attaching the varnish to the underlying weath-
ering rind, particularly on the gabbro samples. The 
observation that possible varnish flaking and material 
loss predominantly, but not exclusively, occurred along 
the edges of the gabbro samples supports this explana-
tion and suggests that the effect of physical weather-
ing in the experiment may be overestimated to some 
extent.

The results of the PXRF measurements reveal a lin-
ear increase of the surface Al and Si concentration and 
an overall significant decrease of Fe and Mn content 
with artificial weathering time. This indicates that Fe 
and Mn dissolved in the artificial rainwater and were 
washed away, while aluminosilicates and other rock-
forming minerals were increasingly exposed to the ana-
lysed surface volume over time. It is noteworthy that 
the critical analysis depth of characteristic, i.e., ele-
ment-specific X-rays, depends on their energy as well 
as the composition and density of the target material 
and thus varies for each element as well as at different 
surface sites. For Fe and Mn the analysis depth at the 
varnish surface is in the order of 100 to 300 µm, while 
for all other elements the analysis depth is well below 
100  µm. Si and Al have a very similar analysis depth. 
Removal of any fine particles and organic compound 
from the rock surface during the irrigation process 
may have also contributed to the observed increases in 
rock surface Al and Si and the colour change. Unam-
biguous evidence for significant material loss due to 
chemical weathering through dissolution in rainwa-
ter, however, is given directly by ICP-MS analyses of 
the water that was sprinkled over the samples’ surface 
at the end of the experiment when any loose material 
at the sample surface should have been washed off 
already. These measurements revealed a significant 
enrichment of Fe, Mn, Al, Ca, Si, and Na in the col-
lected water of all samples (Fig. 12), which is evidence 
of a significant loss of material from the surface dur-
ing a single, here 15 min long rainfall event, at least in 
slightly acidic water as used in our experiment and as 
is typical for the Murujuga peninsula (pH = 4.8 ± 0.1) 
[27]. The consistency of the results from different 
samples suggests that the elemental concentrations 
in solution primarily reflect the dissolution of surface 
minerals and only marginally of rock-forming minerals 

from the vertical sides of the sample cubes (chemical 
weathering effect). Moreover, this consistency makes it 
very unlikely that fine particles washed off the surface 
after physically being detached from the underlying 
surface (physical weathering effect) were analysed.

Conclusion
Our results demonstrate that artificial weathering of the 
varnish surface of rock samples from Murujuga caused 
detectable physical and chemical changes, even within 
a simulated period of one month using slightly acidic 
rainwater with a similar composition to the rainwater on 
Murujuga. When correctly applied, colorimetry, PXRF, 
and μCT have been proven to be suitable analytical 
methods for the quantification of physical and chemical 
varnish surface changes. In addition, short time irrigation 
of an approximately 1  cm2 varnish surface was sufficient 
to remove enough surface minerals for detection by ICP-
MS analysis. All these methods have been shown to be 
suitable for detecting and quantifying the physical and 
chemical weathering effects under controlled weather 
and climate conditions.

Although our data clearly demonstrate that acidic rain 
has measurable effects on the varnish surface, including 
its colour and increased dissolution of Fe and Mn com-
pounds, it should be stressed here that this does not nec-
essarily mean that natural weathering of the petroglyphs 
is accelerated by anthropogenic pollution. Nevertheless, 
a recent analysis of photographs of twenty-six Murujuga 
petroglyphs from pre/early industrial development com-
pared with recent photographs showed 50% changed 
over time, with the changes being attributed directly to 
industrial activity [49]. Modelling by Parsons and col-
leagues [50] shows that substantial deposition of nitrogen 
dioxide and nitric acid is concentrated over the industrial 
area of Murujuga, while deposition of sulphur dioxide 
is concentrated over the shipping lanes of the Murujuga 
coast, but extends to many locations containing rock art.

In future, further experiments are necessary in which, 
for instance, two representative sample groups should 
simultaneously be placed in a climate chamber, but irri-
gated with different waters. This would ensure that the 
weather and climate conditions are the same for both 
groups while only the composition of the rainwater 
differs. The natural rainwater compositions could be 
determined by sampling the rainwater on Murujuga as 
well as in a comparable region not affected by indus-
trial emissions. The rock samples should be analysed 
once before the artificial weathering and after defined 
periods of time during the course of the weathering 
experiment. With such a semi-actualistic experimen-
tal approach, it should be possible to reliably quantify 
the difference between the weathering rate of the rock 
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varnish in contact with anthropogenically polluted and 
unpolluted natural rainwater under Murujuga climatic 
conditions. This statement is essentially in line with 
reliable and robust results obtained from other experi-
mental studies with climate chambers to study weather-
ing processes ([33, 34] and [49]). We thus hope to also 
encourage other researchers to design new experiments 
that study weathering of the rock varnish at Murujuga 
in order to obtain a more robust scientific understand-
ing of the precise implications of industrial pollution. 
Such robust data will allow governmental and industrial 
decision makers to take the necessary steps concerning 
the protection of the extraordinary rock art heritage of 
Murujuga as well as other petroglyphs.
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