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ABSTRACT
A Sonoran Desert petroglyph panel experienced an intense wild!re 
event in July 2021 that eroded the entire surface, removing the 
Hohokam-style rock art. Field observations during sampling in 1995 
indicated that the panel: (1) was coated with a heavy rock varnish, 
(2) had a ‘fresh’ visual appearance, and (3) had some granite- 
derived sand (angular grus) at the panel’s base. Micron-scale back- 
scatter and nanoscale transmission electron microscopy of pre-!re 
samples revealed a minimal amount of decay (granite grussi!ca-
tion): mainly minor grain-to-grain separation; minor internal disso-
lution; and a little feldspar grain cracking. Our basic !nding is that 
even this minimal amount of grussi!cation was enough to set the 
stage for the wild!re to erode the entire panel. Pre-!re micron-scale 
cracking may have enabled the !re’s steep thermal gradient to spall 
the surface. Panel erosion was likely enhanced by pre-existing 
grain-to-grain porosity to facilitate further !re-induced granular 
disintegration. Pre-!re nanoscale dissolution within mineral grains, 
formed along crystal defects, provided a weakness that then led to 
grain cracking of quartz and other granitic minerals. The implication 
for the conservation of rock art on granitic panels is worrisome, but 
clear and simple: condition assessments need to indicate whether 
any granitic sand occurs at a panel’s base. Given that many places 
experiencing climate change are also experiencing drought and 
enhanced risk from wild!re, the appropriate management recom-
mendation would then be to remove all vegetation near the panel 
on a regular basis.
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Introduction

A growing scienti!c consensus holds that the world is experiencing signi!cant climatic 
change. The ongoing drought in southwestern North America, for example, may be the 
most severe such climatic event since 800 CE, with perhaps a !fth of this change resulting 
from anthropogenic e"ects (Williams, Cook, and Smerdon 2022; Williams et al. 2020). One 
manifestation of this change is an increase in the number, intensity, and distribution of 
wild!res. Between 1972 and 2018, for example, there has been a !vefold increase in the 
annual burned area within the state of California (Williams et al. 2019), with the global 
burnable area estimated to have doubled between 1979 and 2013 (Jolly et al. 2015). These 
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!gures link, in part, to longer annual !re seasons and the growing number of days 
reaching extreme !re indices levels (Goss et al. 2020; Zhuang et al. 2021). A recent 
United Nations report found that by ‘the end of the century, the likelihood of catastrophic 
wild!re events will increase by a factor of 1.31 to 1.57. Even under the lowest emissions 
scenario, we will likely see a signi!cant increase in wild events’ (United Nations 
Environment Program 2022, 10).

One implication of increasing wild!res is a change in the threat to (and potential 
destruction of) archaeological sites. Although sites of all kinds are potentially at risk, rock 
art sites are especially endangered from wild!re. Rock art is landscape art, typically 
pictographs (paintings) or petroglyphs (engravings) placed on natural rock surfaces 
(Whitley 2005). The issue is global with recent scholarship examples including Australia 
(Franklin 2014; May et al. 2015), South Africa (Hall 2009) and Spain (Pozo-Antonio et al.  
2018). Although sometimes equated with ‘cave art’, in our focus region of western North 
America rock art is more commonly found on open rock boulders and cli" faces. These 
contexts are often exposed to all of the elements, including wild!res.

The most common approach to rock art site management in North America has been 
passive preservation (Whitley 2001), following the logic that the sites have achieved a kind 
of natural equilibrium with their physical environment given that many of them have 
retained their integrity for hundreds if not thousands of years. Despite this tendency, site 
condition assessments reveal a host of di"erent natural and anthropogenic processes that 
can damage or lead to the loss of rock art (Allen et al. 2011; Dorn et al. 2008; Fitzner, 
Heinrichs, and LaBouchardiere 2004; Groom et al. 2019; Loubser 2001; Pillans and Fi!eld  
2013; Pope 2000; Sampietro-Vattuone and Peña-Monné 2021). In the past decade, aware-
ness increased among rock art scholars that climate changes can directly or indirectly lead 
to rock art damage, particularly by wild!res (Carmichael 2016; Carmichael et al. 2018; 
Giesen, Mazel, et al. 2014; Giesen, Ung, et al. 2014; Huntley et al. 2021).

Climate variability and climate changes set the stage for wild!res by enhancing natural 
swings between wet periods followed by extreme drought (Collier and Webb 2022; Dai, 
Zhao, and Chen 2018; Post and Knapp 2020; Todhunter, Jackson, and Mahmood 2020). This 
creates an abundance of fuel that then becomes tinder dry. Invasive grass species are 
another key factor in western North American wild!res. The Sonoran Desert of Arizona, for 
example, did not experience extensive wild!res naturally (Humphrey 1963; McDonald and 
McPherson 2013; Narog, Koonce, and Cocoran 1995; Shyrock, Esque, and Chen 2015). Even 
though lightning strikes occur in the region during the North American monsoon summer 
season, sparse vegetation cover naturally inhibited the spread of !res in this region 
(Humphrey 1963; McDonald and McPherson 2013; Narog, Koonce, and Cocoran 1995; 
Shyrock, Esque, and Chen 2015). This changed with the invasion of exotic annual grasses 
such as Bromus tectorum and Bromus madritensis ssp. Rubens, altering natural grass/!re 
cycles (Aslan et al. 2021; Brooks and Pyke 2001). Native scrub replacement by invasive 
grasses produces abundant !ne fuels followed by increasing frequency of large !res 
(D’Antonio and Vitousek 1992). Furthermore, after !res, invasive grasses typically thrive, 
leading to a !re regime that did not previously exist naturally (Brooks and Pyke 2001).

Archaeologists are aware of how rock properties and rock surface weathering impacts 
and interacts with rock art (Fillatre et al. 2021; Lacanette et al. 2013; Meiklejohn et al., 2009; 
Walderhaug 1998), as well as stone monuments (Hosono et al. 2006). Archaeologists 
interested in the e"ects of !re on rock art have long been worried about the implications 
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of wild!re on rock art conservation (Kelly and McCarthy 2001). Some of the rock art 
literature highlights speci!c case studies of !re damage (Figueiredo, Paupério, and Romão  
2021; Knight 2020; Sefton 2011), and many study the processes by which !re erodes rock 
surfaces (Ryan et al. 2012; Tratebas, Cerveny, and Dorn 2004) as a mean to develop more 
e"ective management strategies (Giorgi and Tacon 2019; Lambert and Welsh 2011; 
Nhamo 2018; Pozo-Antonio et al. 2020; Pozo-Antonio et al. 2018).

Geomorphologists interested in how !re interacts with rock surfaces have long recog-
nised that rock decay (weathering) before a wild!re promotes the erosion of rock surfaces 
(Allison and Bristow 1999; Allison and Goudie 1994; Birkeland 1984; Blackwelder 1927; 
Buckman, Morris, and Bourman 2021; Dorn 2003; Dragovich 1993; Emery 1944; Esposito 
et al. 2013; Goudie, Allison, and McClaren 1992; Ollier 1983; Shakesby and Doerr 2006; 
Shtober-Zisu et al. 2018; Shtober-Zisu et al. 2015; Shtober-Zisu and Wittenberg 2021a,  
2021b; Swanson 1981; Yatsu 1988). The presence of moisture within the weathered pores 
spaces in the rock can also worsen a rock’s response to heat from a wild!re (Mol and 
Grenfell 2022). The engineering literature also recognises the role of pre-!re rock decay in 
enhancing !re-related erosion of granitic building stones (Dionisio et al. 2021) and 
naturally fractured granite (Ding, Wang, and Cheng 2022).

The speci!c research question explored here is whether even a limited amount of natural 
rock decay (weathering) in seemingly ‘fresh’ (hard rock) granitic rock art panel can lead to 
panel loss during a wild!re (Pozo-Antonio et al. 2020). This paper focuses on a case study 
where we have before and after samples, in which a petroglyph’s granitic host rock was 
exposed to a wild!re event that took place in July 2021 in central Arizona, USA. The host 
granite bedrock seemed fresh during sampling in 1995, with the sort of ‘ring’ when pinged 
with a rock hammer (under the pecked joint face and far away from the rock art) that is 
typical of hard granite. Still, the area around the panel’s base had some accumulation of 
grus (angular sand composed of the same mineral as the bedrock granite), indicating that 
the bedrock must have experienced some degree of ‘grussi!cation’—a term meaning 
granite weathering that leads to granular erosion (Anovitz et al. 2021; Dorn, Mahaney, 
and Krinsley 2017; Hayes et al. 2020; Hoskin and Sundeen 1985; Isherwood and Street 1976; 
Neely and DiBiase 2020; Rahmntara and Krawczyk 2022; Wakatsuki et al. 2007).

By comparing samples from the petroglyph panel collected in 1995 with those col-
lected in July 2021 immediately after the Tiger Fire, we were able to test the hypothesis 
that a wild!re can completely erode the surface of a bedrock petroglyph panel – even 
bedrock that did not seem very weathered prior to the wild!re. We next explain the study 
area, present methods, our results, and then we discuss the implications of our !ndings in 
the context of prior scholarship.

Study Area

The !rst author visited a rock art site in 1995, in the far northern Sonoran Desert of central 
Arizona, that experienced the Tiger Fire in July 2021 (Figure 1). The 1995 visit included 
then-USA Bureau of Land Management archaeologist Connie Stone and three individuals 
from the Yavapai Nation, as well as other observers. After some discussion and observa-
tion of the petroglyph sampling technique, the !rst author was asked to collect samples 
from an engraving about 15 centimetres long. Following standard procedures presented 
in Dorn et al. (2012), samples were also collected from the natural surface surrounding the 
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Figure 1. Tiger fire public information map from 14 July 2021, superimposed on land ownership. 
Located between interstate-17 to the east and the Bradshaw Mountains to the west, the petroglyph 
site was subject to a 2014 wildfire, but not a 2020 wildfire. As is appropriate and by convention, the 
exact location of the rock art site is left vague. The map was modified from the public domain version 
at: https://inciweb.nwcg.gov/incident/map/7595/0/115349.
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petroglyph to serve as a comparison. The samples were archived until funding could be 
obtained to conduct analyses required to measure the petroglyph’s age. The samples 
were not analysed, however, until the engraved boulder’s surface completely eroded 
away during the Tiger Fire.

The rock type hosting the petroglyph is a slightly metamorphosed granite that was 
described as a ‘foliated granite’ by Phillip Anderson (Reynold et al. 2017). The petroglyph 
carved into the granite was a Gila-style (Wright and Bostwick 2009) Hohokam engraving 
produced by direct percussion (Figure 2). This type of image is typically called ‘Pipette’ 
(Bostwick 1998). The area around the petroglyph site contained pieces of Prescott 
Grayware shards (Stone 2015). The !rst author was asked to keep the speci!c site 
con!dential, but the location was within kilometres of the Euler Site, a Hohokam masonry 
pueblo occupied between 1200 CE and 1400 CE (Stone 2015). Although basalt and 
sandstone rock types often host petroglyphs in western North America, rock art panels 
commonly occur on granitic rock types that are abundant in the Sonoran Desert (Bostwick  
1998; Stone 2015) and such places as the Sierra Nevada in California (Whitley 1987) and in 
many other locations globally (Pozo-Antonio et al. 2018; Pozo-Antonio et al. 2020).

As noted above, the Sonoran Desert within Arizona, including the study site, did not 
experience extensive wild!res prior to the invasion of non-native grasses (Humphrey  
1963; McDonald and McPherson 2013; Narog, Koonce, and Cocoran 1995; Shyrock, Esque, 
and Chen 2015). Prior to the invasion of European grasses, if a patch of desert caught !re, 
areas would burn here and there in a mosaic-type pattern. Invasive grasses, however, 
generate mats of dried material that result in much larger burn areas (Wentz et al. 2001). 
Fires in grasslands, furthermore, spread and burn more rapidly than in many other 
environments, making containment and suppression more di#cult.

Figure 2. Pre-fire image of the lost petroglyph, contextualised by the position of the bedrock granite 
in a landscape burned by the July 2021 Tiger Fire. The burned vegetation consists of charred remains 
of palo verde (Cercidium) and catclaw (Acacia). The other Sonoran Desert plants (e.g. creosote bush) 
were completely burned. The Pipette engraving was about 15 centimetres long, visible because 
percussion removed the surrounding darker rock varnish and exposed the lighter-colored weathering 
rind of the granite.
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The extreme 2021 drought conditions in central Arizona also impacted desert scrubs 
such as creosote bush (Larrea tridentata), jojoba (Simmondsia chinensis), cruci!xion-thorn 
(Canotia holacantha), bur sage (Ambrosia dumosa), brittlebush (Encelia farinosa), and 
ocotillo (Fouquieria sp.), making them more $ammable. Small trees, including species of 
palo verde (Cercidium), some catclaw (Acacia), and mesquite (Prosopis) added to the fuel 
load at the study site. Given that all of the woody plants burned to the level seen in 
Figure 2, the !re could have been quite hot. However, we did not make measurements of 
the intensity or duration of the !re at the rock art panel, and we know of no such 
measurements made for other rock surfaces during the July 2021 !re.

Methods

Individuals with stewardship over a petroglyph that request sampling usually wish to 
observe the sampling process on natural surfaces, typically rock surfaces away from a rock 
art panel. Once questions are asked and answered, and permission given, petroglyph 
samples are collected using a tungsten-carbide needle, prying out millimetre-scale pieces 
that are already loose. Samples are also collected from adjacent natural rock surfaces next 
to the engraving to serve as control. Since no funding was available to process the 
samples further, they were archived in glass vials until the Tiger Fire event of 2021.

Once the area was re-opened a few days after the !re, the !rst author revisited the 
location (Figure 2). The bedrock surface hosting the engraving had completely eroded 
away. No evidence of a petroglyph existed, and no rock varnish remained on the boulder 
surface. The !rst author then re-collected samples from the original location of the 
petroglyph and also from the original location of the adjacent control surface, as well as 
10 other locations across the former panel.

One petroglyph sample chip from the 1995 sampling was prepared for varnish micro-
lamination (VML) dating. The basis for VML dating is that major climatic changes alter the 
layering pattern found in the rock varnish that forms on top of petroglyphs found in 
drylands. Wet periods produce manganese-rich layers that appear darker in thin sections. 
Drier periods produce manganese-poor layers that appear orange or yellow if extremely 
dry. The method was developed by Tanzhuo Liu of Columbia University (Liu 2022), who 
made calibrations of the varnish layers using independent age control (Liu 2003; Liu and 
Broecker 2007, 2008a, 2008b, 2013). Liu’s Holocene calibration (Liu and Broecker 2007) 
was veri!ed independently for the Sonoran Desert (Dorn 2014). The method has been 
subject to blind tests in both geomorphic research (Marston 2003) and in rock art research 
(Whitley 2013).

The VML dating method is not precise for several reasons. VML ages are minimums, 
because varnish formation post-dates the process that exposed the surface to varnishing – 
in this case, the making of the petroglyph. Also, age estimates are in ranges between the 
key wet climatic intervals. In this case, the key wet-period bracketing events in the late 
Holocene are the Little Ice Age black layers called WH1 (wet Holocene 1) that formed 
between 350–650 yr BP and WH2 (wet Holocene 2)—a Medieval Warm wet event around 
900 yr BP (Liu and Broecker 2007).

In order to understand the impact of pre-existing grussi!cation on the response of 
a petroglyph panel to wild!re, it is important to obtain an understanding of prior weath-
ering in the host foliated granite rock – all prior to when the engraving was made. To 
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obtain a broader perspective of inherited weathering in the area, samples were also 
collected from a roadcut in the region that is the same foliated granite. The roadcut 
contains classic examples of core stones surrounded by grus. Five samples were collected 
along a transect from the grus into the centre of a core stone (or heartrock) to understand 
natural variability in the ‘inherited’ grussi!cation of a petroglyph surface. The di"erent 
samples were impregnated with epoxy in the !eld in order to preserve in situ relations.

We employed di"erent electron microscope techniques to characterise the rock decay 
of the material collected in 1995 and then after the Tiger Fire in 2021. Sample preparation 
involved placing a rock chip in epoxy with an orientation normal to the subaerial rock 
surface. The epoxy and the rock chip were polished with smaller and smaller grit sizes, 
ending up with a 0.1 µm aluminium paste. Back-scattered electron (BSE) detectors gen-
erated images of polished surfaces where brightness re$ects the average atomic number 
(Krinsley et al. 2005). In some cases, rock decay had progressed to the point where chunks 
of mineral material broke lose during polishing, providing 3D BSE perspectives that image 
atomic number and also topography. Also, high resolution transmission electron micro-
scopy (HRTEM) (Krinsley, Dorn, and Tovey 1995) was used to generate nanoscale images. 
Both BSE and HRTEM imaging approaches employed energy dispersive spectroscopy 
(EDS) to provide elemental chemistry of individual granitic minerals (Reed 1993).

Results

Varnish Microlamination Dating

The minimum age for the Hohokam-style Pipette engraving (Figure 2) is between 650 yr 
BP and 900 yr BP (Figure 3). This age is consistent with what is known about temporal 
variability in this style (Bostwick 1998). It is also consistent with the age of a nearby 
Hohokam masonry pueblo estimated to have been occupied from 1200 CE to 1400 CE 
(Stone 2015).

Figure 3. Varnish microlamination thin section of varnish formed on top of the Pipette engraving. The 
WH1 (wet Holocene 1) set of black layers is the Little Ice Age signal. As is typical for Hohokam-age 
engravings, there is no WH2 layer present between WH1 and the underlying rock surface of the 
engraving. Thus, the VML age is bracketed between 650 yr BP and 900 yr BP. The varnish thickness 
ranges between 11 µm on the left and 8 µm on the right.
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Electron Microscope Observations

A roadcut in the region of the sampled petroglyph provided insight into the range of rock 
decay that can be seen in the same foliated granite rock type as the petroglyph. The idea 
behind analysing classic spheroidal weathering of foliated granite core stones surrounded 
by grus (Figure 4) is to provide a qualitative view of a range of grussi!cation in the area.

The !ve samples collected along a 1.5 m-long transect from thoroughly grussi!ed 
granite sand (Figure 4(a)) to the centre of a rock-hard corestone (Figure 4(e)) identi!ed 
in Figure 4. The interior of the core stone is most similar to the panel sample collected 
before the Tiger Fire. The transect A-E corresponds with the BSE images in Figure 4(a-e). At 
the most decayed end of the transect, grussi!ed sand (held in place by !eld-impregnated 
epoxy) displays substantial space separating grains – many of which show abundant 
internal porosity (Figure 4(a)). The interior of fresh-looking core stone shows the most 
grain-to-grain contact and the least amount of internal grain porosity (Figure 4(e)). The 
three sampling positions in between reveal a gradient of decreasing porosity towards the 
interior of the core stone. The summary !nding is that all analysed samples displayed 
some degree of grussi!ction in the form of grain-to-grain separation and internal grain 
porosity – even the interior of a core stone.

Samples of the engraved boulder collected in 1995 prior to the Tiger Fire show some 
grussi!cation. The least amount of porosity was found in a sample collected 1 m away 
from the engraving (Figure 5(a)), covered by rock varnish. The most observed porosity 
occurred next to a lichen inside the petroglyph (Figure 5(b)). Lichen-generated acids 

Figure 4. Road cut exposure of the same granite rock type as the studied petroglyph panel but 
showing the rock decay status as being classic core stones separated by grussified material. Samples 
collected along a 1.5 m a-to-e transect (from rotten granite to the fresh-looking interior of a core 
stone) and imaged by back-scattered electron microscopy reveal a qualitative change in grussification 
from high porosity and internal grain decay (a) to just some porosity along some grain-to-grain 
boundaries (d and e). The condition of the engraved boulder is most similar to image e, found near the 
interior of core stone.
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Figure 5. Electron microscope BSE images of the natural surface of the panel (image a), a sample from 
the engraving that was adjacent to lichen growth (image b), and samples of the interior of the bedrock 
collected from a rock face that was not engraved (images c and d). Mineral abbreviations are qtz 
(quartz); plg or plag (plagioclase); ksp or kspar (orthoclase); bio or biot (biotite); musc (muscovite); and 
mag (magnetite). The minerals were identified by EDS analyses.
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enhanced dissolution of the rock, creating a porous weathering rind that was covered and 
case hardened (Dorn, Mahaney, and Krinsley 2017) by a thin layer of rock varnish 
(Figure 5(b)). Samples collected from the interior of the bedrock show images of some 
porosity developed between grain boundaries and across grains that appears most similar 
to the interior of the core stone (Figure 4(e)).

Samples collected in 1995 and then a few weeks after the Tiger Fire in 2021 from 
approximately the same location on the boulder reveal what happened to the petroglyph 
(Figure 6). The rock varnish was mechanically removed when the petroglyph was made, 
seen in an angular unconformity (Figure 6(a)) with post-petroglyph varnish on top. Then, 
after the !re, there is no evidence of the original varnished surface (Figure 6(b)).

The bedrock surface of the panel had its surface completely removed/eroded by the 
e"ects of the !re, taking the panel with it. Samples taken from the bedrock surface that 
was exposed by the !re reveal three general patterns of rock decay. Figure 7 illustrates 
examples of grain cracking of di"erent minerals. Figure 8 shows the development of 
$akes with separation somewhat parallel to the surface of the rock. Figure 9 shows the 
development of multiple fractures underneath the surface that will lead to future $aking, 
all within the upper 2 mm of the sampled rock surface. Note that no rock varnish occurs in 
any of the images in Figures 7–9. This is because the entire surface of the panel eroded 
away due to the !re. Just how many millimetres or centimetres of erosion took place in 
response to the !re is not known.

Internal cracking of grains (Figure 7), the development of a surface-parallel fracture 
(Figure 8), and the development of multiple surface-parallel fractures (Figure 9) are 

Figure 6. Complete removal of a petroglyph revealed in before and after BSE images of an edge of the 
Pipette engraving. The before-fire image a shows the percussion that removed the original varnish, 
and then more varnish developed along the unconformity after the engraving was made. The after- 
fire image b shows cracked quartz; the micron-scale fractures could have been the result of the fire’s 
intense heating. The lineations seen in image b are due to an imperfect job of polishing during sample 
preparation.
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processes that would have contributed to loss of the petroglyph panel. Using the ergodic 
assumption, substituting space (in this case moving into the rock’s interior) for time, all of 
these processes are now causing surface erosion. The physical separation of grains from 
the rock (Figure 7), the clear separation of a $ake (Figure 8) or multiple $akes (Figure 9) all 
show surfaces that are literally ‘hanging on by a thread’ of rock.

The BSE images of pre-!re samples (Figures 5 and 6) compared with BSE images of 
post-!re samples (Figures 7–9) suggest that pre-existing ‘inherited’ rock decay could have 
contributed to erosion of the panel in response to a !re. The pre-!re samples (Figures 5 
and 6) show some separation along grain boundaries and some internal dissolution. 
Consider the pattern of fractures seen in Figures 8 and 9; some of these fractures some-
times follow grain-to-grain boundaries, and then suddenly break across the interior of 
a mineral. The thermal stresses associated with heating air in the pore spaces and rock 
material di"erentially could have contributed to the patterns observed in the post-!re 
sample (Figures 7–9).

Further suggestive evidence for the role of rock decay prior to the !re comes from 
observations at the nanoscale (Figure 10). Before the !re, dissolution generated 100 nm- 

Figure 7. Post-fire surface samples that display cracking within and between different mineral grains. 
Quartz displays a variety of cracking behaviors: image a cracks have a 3D geometry that leads to the 
polishing process ‘popping out’ chunks of the quartz; images b and c show thoroughly fractured 
quartz adjacent to much less fractured quartz. Orthoclase displays the least amount of cracking, while 
plagioclase fractures with an intensity between quartz and orthoclase. Mineral abbreviations are qtz 
(quartz); plg or plag (plagioclase); ksp or kspar (orthoclase); bio or biot (biotite); musc (muscovite); and 
mag (magnetite).
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scale holes in quartz aligned along crystal defects (Figure 10(a)). After the !re, those 
dissolution holes were the places where quartz cracking initiated (Figure 10(b)). The same 
sort of change can be seen for magnetite where pre-!re dissolution etching (Figure 10(c)) 
was dramatically altered by the !re (Figure 10(d)). More broadly, it appears that even 
nanoscale mineral decay can become the nexus of !re-induced damage.

Discussion

Role of Grussi!cation in Fire-Induced Erosion: Engineering Literature

Our !ndings clearly link even limited pre-existing (inherited) granitic weathering to the 
ability of a wild!re to destroy the surface of a rock art panel. We acknowledge that greater 
con!dence in linking pre-!re grussi!cation to boulder erosion would require laboratory 
experiments using the same granite material as the studied petroglyph (with a similar 
degree of grussi!cation) and subjecting the samples to !res of varying intensity. That 

Figure 8. Post-fire surface samples that display the development of fractures that could lead towards 
future flaking of the surface. Note that the fractures cut across multiple types of minerals. Mineral 
abbreviations are qtz (quartz); plag (plagioclase); kspar (orthoclase); and biot (biotite).

Figure 9. Post-fire surface samples display the development of multiple fractures somewhat parallel to 
the rock surface. These fractures could lead to future flaking events.
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systematic strategy is beyond the scope of this research. Instead, we follow the sorts of 
deduction that other researchers typically employ (Brierley et al. 2021).

Shtober-Zisu et al. (2015), for example, observed that the presence of micro-cracks in 
rocks prior to a !re can decrease the tensile strength of rock. Shtober-Zisu and Wittenberg 
(2021a, 2) explain that the impact of this decrease in strength occurs when the 

surface temperature changes faster than that of the underlying rock, producing a steep 
thermal gradient. Consequently, the outer part of a rock mass expands such that the tensile 
strength of the rock increases radially causing fractures that are often parallel to the surface.

This is similar to spalling seen in geomorphic research related to granitic rocks in natural 
settings that had experienced inherited weathering (Buckman, Morris, and Bourman 2021; 
Dorn 2003; Emery 1944; Ollier 1983). Engineering studies of tunnel !res note this same 
type of spalling (Wsantha, Guerrieri, and Zu 2021). We, thus, gain con!dence in our 
interpretation because we observe this same process in Figures 8 and 9.

Figure 10. Nanoscale imagery of pre- and post-fire quartz and magnetite. The samples were obtained 
from the same location within the Pipette petroglyph. Images a and c are pre-fire. Images b and d are 
post-fire samples collected from the same approximate location, but after the entire surface had been 
flaked away. (a) Secondary electrons reveal 100 nm-scale dissolution holes aligned along crystal 
defects in the quartz. (b) HRTEM imagery shows those same type of dissolution hole (white areas), but 
with the addition of a linear fracture. Note the crisscrossing crystal defects that align with the 
orientation of the linear fracture and the dissolution holes. (c) High resolution BSE imagery of a pre- 
fire magnetite grain with dissolution etching. (d) High resolution BSE imagery of a post-fire magnetite 
grain that shows further alteration of the magnetite; the composition of the darker zones is rich in 
silicon and aluminum.
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The engineering literature on !re’s impact on building stone indicates that !re’s 
thermal shock (Yin, Yang, and Yin 2021) can induce grain microcracking in granitic 
building materials (Freire-Lista, Fort, and Varas-Muriel 2016; Wang, Fruhwirt, and 
Konietzky 2020). Pozo-Antonio et al., (2018) observed this same type of intragranular 
cracking, and they note that granitic ‘minerals have di"erent thermal expansion coe#-
cient rates’ and this ‘varying thermal behaviour favours physical disruption of the rock 
mass by thermic shock’ (Pozo-Antonio et al., 2018, 2445). Pozo-Antonio et al. (2018) 
speci!cally note that a granitic petroglyph site impacted by !re experienced the most 
physical deterioration in the upper few millimetres. Again, this is what we see in Figures 6 
through 10 here.

Pozo-Antonio et al. (2018) observe the most micron-scale cracking in plagioclase in 
their study, but with less micron-scale cracking in quartz. Here, Figures 7 through 9 show 
both plagioclase and quartz cracking. In some samples, quartz cracked more than any 
other mineral (e.g. Figure 7(b)), while plagioclase was sometimes more cracked than 
quartz (e.g. Figure 7(c)). The pre-!re samples shown in Figure 5(c,d) exhibit much more 
internal fracturing of plagioclase, and hence it is possible that some observed post-!re 
plagioclase fracturing observed in this study could be inherited from pre-!re weathering. 
The broader issue of greatest relevance to rock art conservation rests in the common 
observation in our study and in prior research – that wild!re fractures the most common 
granitic minerals and this leads to panel destruction.

The abundant quartz fracturing observed here (e.g. Figures 7 and 8), however, is best 
explained by the Tiger Fire – where micron-scale impacts cracking (Figure 6(b)) similar to 
engineering studies of how granite reacts to !re (Biro, Hlavicka, and Lubloy 2019). 
Figure 10(a) shows a typical pattern of pre-!re dissolution of quartz, where nanoscale 
dissolution holes align along lineaments. Figure 10(b) presents a HRTEM image of an ultra- 
thinned quartz where crystal defects show up in a crisscrossing pattern. The holes, 
inherited from pre-!re dissolution, align with the nanoscale defects. The arrows in 
Figure 10(b) highlight quartz decrystallization caused by hydration (Dorn et al. 2013; 
Pope 1995) that rim the dissolution holes. Note this same rim of decrystallization next 
to a portion of the !re-generated fracture – indicating that the inherited nanoscale 
dissolution appears to have ‘set the nanoscale stage’ for the !re-induced quartz fractur-
ing. The key point for conservation is that even a tiny amount of mineral dissolution, seen 
only at the nanoscale, can be the key weakness that then promotes mineral fracturing. 
This mineral fracturing then can result in panel erosion.

Yet another example of the importance of pre-!re mineral decay comes from nanos-
cale observations of magnetite. In micron-scale imagery (e.g. Figures 7–9), magnetite 
appears relatively unaltered. However, higher resolution BSE images of pre-!re magnetite 
shows mineral etching (Figure 10(c)). After the !re, these etchings appear greatly altered 
(Figure 10(d)). The cause that replaces the magnetite with Si-Al-rich (darker) materials in 
Figure 10(d) is not known, but it is certainly the result of a !re-related process.

An alternative hypothesis to explain the complete erosion of the central Arizona 
petroglyph (Figure 2) is that !re alone resulted in the loss of the surface – regardless of 
the presence of inherited grussi!cation of the granite. While this alternative interpretation 
cannot be falsi!ed, the interpretations presented in this section instead strongly suggest 
an important role for inherited rock decay.
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Implication for Condition Assessment of Rock Art Panels

The importance of our preferred interpretation – that the natural rock decay sets the stage 
for !re to erode rock art panels – has implications for research on condition assessment of 
rock art panels. There are a variety of rock art condition assessment methods (Fitzner, 
Heinrichs, and LaBouchardiere 2004; Giesen, Ung, et al. 2014; Loubser 2001; Sampietro- 
Vattuone and Peña-Monné 2021), including the Rock Art Stability Index or RASI (Allen 
et al. 2011; Allen and Groom 2013; Dorn, Dorn, et al. 2012; Dorn et al. 2008; Groom et al.  
2019). Many are extraordinarily expensive (Fitzner, Heinrichs, and LaBouchardiere 2004), 
and some use remote sensing to detect deterioration threats (Sampietro-Vattuone and 
Peña-Monné 2021).

Regardless of the condition assessment approach, we advocate here adding an addi-
tional entry into condition assessments of granitic rock types: to look for evidence of 
grussi!cation (the granular erosion of granitic minerals from bedrock) in at the base of 
bedrock in the area around a panel (Anovitz et al. 2021; Dorn, Mahaney, and Krinsley 2017; 
Hayes et al. 2020; Hoskin and Sundeen 1985; Isherwood and Street 1976; Neely and 
DiBiase 2020; Wakatsuki et al. 2007). We are asking to simply note the presence of any 
grus at the base of the panel and surrounding bedrock surfaces. Grus is very di"erent from 
sand carried by desert washes. Grus mineral grains are angular and look like they just 
‘popped out’ of the bedrock. If the observer simply picks up a dozen grus grains and holds 
them up to the surface of the bedrock granite – and they look like a size and mineral 
match – then a wild!re could end up destroying the panel.

Since the pre-!re status of grussi!cation of the eroded petroglyph boulder was not 
highly decayed, but just starting (e.g. comparison between unde!nedFigure 4 and 5), 
a presence or absence notation in a condition assessment is an important and easy 
addition. Then, site stewards would have the important job of regularly clearing woody 
vegetation from the area of these rock art panels. If this had been done for the studied 
panel, this important cultural resource would still exist. We note that the issue of invasive 
grasses driving destructive western North American wild!res (Brooks and Pyke 2001) is 
not a global management issue and that other regions would have other management 
solutions (Pozo-Antonio et al. 2020).

Sandstone is a granular rock type that can also experience wild!re e"ects (Tratebas, 
Cerveny, and Dorn 2004). We speculate that the same processes observed here for granite 
could operate for sandstone as well, in that inherited weathering set the stage for 
complete removal of sandstone boulder surfaces (Dorn 2003). To be on the safe side, 
until further research on the impact of !re on sandstone panels can be conducted, 
a prudent course of action would be to recommend regular clearing of woody vegetation 
near even sandstone panels. More broadly, we advocate the position that clearing woody 
vegetation from the areas of all rock art panels would be a good preventative measure, 
given the possibility that a wild!re could set the stage for future panel erosion (Shakesby 
and Doerr 2006; Shtober-Zisu et al. 2018; Shtober-Zisu and Wittenberg 2021b).

Connection Between Rock Art Damage and Anthropogenic Processes

A broader theme in rock art research connects anthropogenic air pollution and climate 
change to rock art sites. Some have used automobile emissions like lead as a tool to 
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authenticate rock art (Dorn, Gordon, et al. 2012). Others have linked industrial emissions 
with severe damage to panels (Black, MacLeod, and Smith 2017). Still other researchers 
focus on the impact of climate change on rock art (Huntley et al. 2021). Our research 
highlights what is already well known – that anthropogenic activities have increased the 
potential of wild!re to damage stone surfaces occupied by rock art (Kelly and McCarthy  
2001; Knight 2020; Lambert and Welsh 2011; Pozo-Antonio et al. 2018; Sefton 2011; 
Shtober-Zisu et al. 2018; Shtober-Zisu et al. 2015; Shtober-Zisu and Wittenberg 2021a,  
2021b; Tratebas, Cerveny, and Dorn 2004).

Implications for “Microerosion Dating” of Petroglyph

The ‘microerosion dating’ strategy of attempting to date petroglyphs (Bednarik 1993) 
relies on the assumption that the petroglyph manufacturing process created what is 
observed using low power light microscopy in the !eld. As has been pointed out 
previously (Pope 2000), this method su"ers from the fatal $aw that there is no way of 
knowing whether new corners formed before the manufacturing process. Pope (2000) 
explained that any weathering that existed prior to making the petroglyph (secondary 
alteration) will prevent the use of the microerosion dating method in that this inherited 
weathering could have caused what someone sees with a low-powered light microscope 
in the !eld. It should be obvious from the pre- and post-!re microscope imagery 
presented here that even a rock that looked ‘fresh’ in the !eld was not. All possible use 
of any microerosion method would require nanoscale analyses (e.g. Figure 10) to ensure 
that inherited weathering did not in$uence results.

Conclusion

The July 2021 Tiger Fire resulted from a lightning strike on mats of dried invasive grasses. 
Aided by long-term drought, the !re spread across a region of the far northern Sonoran 
Desert in central Arizona. This wild!re completely eroded a Hohokam petroglyph that had 
been sampled 26 years earlier, providing a unique opportunity to evaluate before-and- 
after conditions of the host bedrock rock surface. By comparing samples from the 
petroglyph panel collected in 1995 with those collected in July 2021 immediately after 
the Tiger Fire, we found that even a small amount of granite rock decay can result in the 
complete loss of a petroglyph panel that was exposed to a wild!re. This !nding is 
disturbing, because the appearance of the panel in 1995 in the !eld was that it was 
‘fresh hard rock’ and safe from weathering-generated erosion in some condition assess-
ment approaches (Fitzner, Heinrichs, and LaBouchardiere 2004; Sampietro-Vattuone and 
Peña-Monné 2021).

The before-!re condition of the foliated granite panel in SEM analysis reported here 
displayed a little bit granite weathering, with grain-to-grain separation, some develop-
ment of micron-scale cracking, and development of internal porosity in the minerals. The 
pre-!re overall state of granite grussi!cation (turning granite into angular sand) was 
similar to what is found near the centre of core stones in a nearby roadcut exposure of 
naturally weathered granite.

This pre-!re ‘inherited’ weathering set the stage for the complete erosion of the rock 
art panel. The micron-scale cracking decreased the granite’s tensile strength; the !re- 
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caused steep thermal gradient generated radial fracturing parallel to the petroglyph 
panel’s surface. Because granitic minerals have di"erent coe#cients of thermal expansion, 
the incipient grain-to-grain separation seen in pre-!re samples provided su#cient weak-
ness for the thermal shock to blow apart mineral grains in the upper few millimetres. Pre- 
!re internal nanoscale dissolution, combined with crystal defects in individual minerals, 
led to cracking of the quartz. The micron-scale and nanoscale electron microscope 
evidence suggests that even a little bit of inherited granite decay can set the stage for 
the loss of an entire petroglyph panel.

The implication for rock art conservation is a simple management recommendation to 
!rst conduct a condition assessment such as the Rock Art Stability Index (RASI) (Dorn et al.  
2007; Groom et al. 2019). Then, in the condition assessment for granitic panels, simply 
note whether or not grus (angular granite sand) is present around the panel base. Even 
minimal grussi!cation will lead to some granular disintegration of the granite. Since this 
minimal grussi!cation can set the stage for the loss of an entire panel surface, the 
management recommendation for this problem is straightforward. Our suggestion is to 
remove all vegetation from the vicinity of a rock art panel. Every time a site steward visits 
a site, cut back all woody vegetation to a distance of several metres to prevent an intense 
wild!re from getting close to the panel surface. If this had been done for the studied 
panel, there would have been no thermic shock to blow apart the panel surface.

A !nal concluding thought is to note that some researchers consider rock art to be 
inert, changing very little due to an inherent stability of stone, needing only protection 
from vandals. The truth is the rock art is a living, changing part of the landscape (Zerboni 
et al. 2022)—a perspective often taken by representatives of original owners and a#liated 
First Nations. Consultations with those who see change as an inherent part of the natural 
world could shed light on further direct conservation investments.
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