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The effect of temperature on the
development of surface deterioration on
the petroglyph-bearing rocks with
black crust
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Petroglyph-bearing rock surfaces are commonly covered by a black crust, which often detaches from
the bedrock through blistering and scaling, resulting in the loss of valuable cultural information. This
study, for the first time, links the petroglyph deteriorationwith black crust, weak interlayer, and thermal
effect based on field statistical results of petroglyph deterioration development and orientation.
Laboratory experiments are conducted to examine the differences in ultrasonic velocity and
thermodynamicproperties between the black crust and the underlying rock layers (weak interlayer and
fresh bedrock). Basedon the experimental results, numerical simulations are used to explore the effect
of temperature on the development of blistering and scaling beneath the black crust. The results
demonstrate that the development of blistering and scaling on petroglyph-bearing rock surfaces is
attributed to the mismatch in thermodynamic properties between the weak interlayer and its adjacent
layers.

Petroglyphs constitute one of humanity’s most significant forms of cultural
heritage and have been discovered on every continent except Antarctica1.
According to data from the Italian Centro Camuno di Studi Preistorici,
approximately 150 major petroglyph regions have been identified world-
wide to date, with more than 68,000 documented petroglyph sites and over
74 million recorded petroglyph images2. A significant proportion of these
petroglyphs are located in arid regions, including the Sahara in Africa, the
Arabian Peninsula inWest Asia, the Central Asian Plateau, and the interior
of Australia3–7. Because petroglyphs are predominantly exposed in desert
environments, prolonged exposure to harsh natural conditions frequently
leads to surfaceblistering,which subsequently develops into scaling, causing
irreversible loss of cultural information8–10.

Similar to the arid environments inwhichmostpetroglyphs around the
world are found, the Damaidi petroglyph site is situated along the transi-
tional zone between semi-desert and desert. Consequently, severe surface
deterioration has developed on the Damaidi petroglyph. During the dete-
rioration survey at the Damaidi petroglyph site, the research team observed
that the blistering and scaling on the petroglyph-bearing rock surface pri-
marily occurred on rock surfaces covered with black crust. After the black
crust detached, a weak interlayer with lower mechanical strength was

exposed on the underlying bedrock surface. The corresponding field images
are detailed in Section of Peterioration phenomena. Experimental results
demonstrate significant differences in the thermodynamic properties
between the black crust and its underlying rock layers (further detailed in
Section ofDifferences in Thermodynamic Properties between the Black Crust
and Underlying Rock Layers). In addition, field statistics indicate that
petroglyph-bearing rock surfaces receiving longer durations of solar expo-
sure aremore susceptible todevelopingblistering or scaling (furtherdetailed
in Section of Relationship between the Development of Blistering and Scaling
and the Orientation of Petroglyph-bearing Rocks).

In academia, the substance formed on rock surfaces over long
periods of exposure to surface weathering environments, which alters
the color and surface characteristics of the bedrock, is commonly
referred to as rock varnish. Due to its widespread distribution in arid
climatic environments, it is also referred to as desert varnish by some
researchers11–13. Previous studies have indicated that rock varnish typi-
cally presents as a micron-scale black coating with thicknesses ranging
from approximately 20–200 μm14–16. However, the thickness of the slab-
like rock layers that detach from the petroglyph surface is typically in the
millimeter range, or even close to centimetres. It is evident that the rock
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varnish on the petroglyph surface does not represent the structure of
these slab-like rock layers. Some researchers refer to the rock within a
certain thickness range directly beneath the rock varnish as themodified
zone or hardened layer. Studies have also found that beneath this
modified zone or hardened layer, there exists a detachment zone with
relatively weaker tensile strength17,18. Dorn et al.19 pointed out that the
case hardening is the process by which the outer shell of an exposed rock
surface hardens due to near-surface diagenesis, and emphasized that
rock varnish and the case hardening are two distinct phenomena.
Although there has been some research on the rock varnish and har-
dened layer of rock surfaces, no studies have yet explored the differences
in properties between the slab-like detached layer on the petroglyph
surface and the underlying rock layers, nor the relationship between
these structural characteristics and the development of petroglyph
deterioration.

Current research on the deterioration of petroglyph-bearing rock
surfaces has mainly focused on freeze–thaw processes20–24. Previous
studies have demonstrated a close relationship between temperature
variations and surface scaling in rocks, with cyclic thermal stress
potentially playing a dominant role, especially in arid
environments25–30. For example, Eppes et al.31,32 demonstrated through
continuous monitoring of acoustic emissions, temperature, strain, and
other environmental conditions in sun-exposed granite boulders that
insolation-related thermal stresses by themselves are of sufficient
magnitude to facilitate incremental subcritical crack growth, thereby
making rocks more susceptible to cracking triggered by added stress
from other weathering mechanisms. In addition, Collins et al.33,34

evaluated granite exfoliation under cyclic thermal effects using ther-
modynamics, structural beam theory, and fracture mechanics. The
study showed that temperature variations caused by solar radiation are
sufficient to trigger further fracture propagation parallel to the rock
surface, ultimately leading to seemingly spontaneous exfoliation,
thereby demonstrating that thermal stress plays a critical role in trig-
gering exfoliation. Similarly, Lamp et al.35 verified the potential role of
thermal stress weathering in the flaking of millimeter-thick alteration
rinds of Antarctic rocks through field measurements, laboratory ana-
lyses, and numerical modeling. Thermal stress models incorporating
subcritical crack growth theory indicate that the thermal stresses gen-
erated at the base of thin alteration rinds are sufficient to trigger crack
growth under present climatic conditions, eventually leading to rind
detachment.

Although previous studies have investigated the phenomenon of rock
surface detachment caused by thermal effects through fieldmonitoring and
theoretical analyses, and have achieved meaningful progress, the structural
characteristics of rock surface layers were not considered in these investi-
gations. Based on preliminary statistical analyses, this study investigates the
property differences between the black crust and the underlying weak
interlayer on theDamaidi petroglyph-bearing rock, and examineshow these
differences influence the development of blistering and scaling on the
petroglyph-bearing rock surface under thermal effects. This study is not
only of significant importance for the treatment of deterioration and the
long-term preservation of petroglyphs, but also provides valuable guidance
for understanding rock surface delamination exhibiting similar structures in
arid regions.

Based on these considerations, a statistical survey of 880 petroglyph-
bearing rock surfaces within the conservation area of the Damaidi pet-
roglyph site was first conducted to document the orientation of the
petroglyph-bearing rock surfaces and the development of blistering and
scaling. Subsequently, laboratory experiments were carried out to investi-
gate the differences in P-wave velocity and thermodynamic properties
between the black crust and the underlying rock layers (weak interlayer and
fresh bedrock). Finally, numerical simulations based on the experimental
results were performed to explore the formation mechanisms of blistering
and scaling on petroglyph-bearing rock surfaces with black crust under two
different temperature variation conditions.

Methods
Petroglyph preservation environment
The Damaidi petroglyph is located in Zhongwei City, Ningxia Hui
Autonomous Region. The precise geographical location is shown in Fig. 1
(105.18°E, 37.51°N). The Damaidi petroglyph area spans approximately
2.51 km east-west and 1.27 km north-south, covering a total area of about
2.97 km². A total of 880 petroglyphs are distributed throughout the region,
with each engraved rock surface counted as a single petroglyph. The area is
characterized bymultiple east-west-trending andnearly parallel ridges, with
petroglyphs primarily carved onto the exposed rocks on the ridges. The
bedrock of the petroglyph ismedium- tofine-grained feldspathic sandstone.

According to data from theNingxiaMeteorological Bureau, the annual
average temperature and rainfall in the Damaidi region over the past five
years (2020–2024) are shown in Fig. 236. The average annual temperature
over the past five years was 9.45 °C, while the mean annual rainfall was
183.02mm. More than 70% of the total annual rainfall occurred between
June and September. During months when the average temperature in the
study area fell below zero, rainfall was relatively low. Notably, the months
with the highest temperatures generally coincided with those experiencing
the greatest rainfall. Such simultaneous high temperatures and substantial
rainfall can result in significant temperature fluctuations at the rock surface.

Deterioration phenomena
To ensure consistent terminology for surface deterioration of petroglyph-
bearing rock at theDamaidi site, this study adopts the descriptions provided
in the “Illustrated glossary on stone deterioration patterns” published by the
International Council on Monuments and Sites (ICOMOS). Based on the
descriptions in the glossary, this paper investigates the deterioration phe-
nomenaof “blistering” and “scaling”. Blistering refers to thephenomenon in
which a slab-like rock layer of a certain thickness on the rock surface
undergoes uplift deformation and locally detaches from the underlying
substrate, resulting in the formation of cavities behind the slab. It is con-
sidered an intermediate stage of scaling. In the study by Collins et al.33,34,
Lamp et al.35, and Wei et al.37, this phenomenon is also referred to as
“detachment” and “hollowing”. Delamination refers to the process bywhich
thin slabs of rock—typically ranging from millimeters to centimetres in
thickness—detach from the surface of a rock mass under relatively low
external stress. This form of detachment generally develops parallel to the
rock surface. In the study by Collins et al.33,34 and Lamp et al.35, this phe-
nomenon is also referred to as “exfoliation”, “spalling” and “flaking”. The
field images corresponding to eachdeterioration termaredisplayed inFig. 3.
The schematic diagram of the surface structure of the petroglyph-bearing
rock is shown in Fig. 4.

In situ tests
Tomonitor the temperature variationson the surface andat differentdepths
of the petroglyph-bearing rock, temperature sensors were used to measure
the temperature at both the surface and various depths. Themonitoringwas
conducted using the TH40W-EX wireless temperature monitor (Chinese).
The wireless temperature monitor is powered by batteries or solar energy,
with a monitoring range of −30 °C to 65 °C, a resolution of 0.1 °C, and an
accuracy of ±0.3 °C. The monitoring process is shown in Fig. 5. First, the
temperature sensors are fixed onto the cable at predetermined intervals.
Then, a sun-facing rock with a 180° orientation is selected on site using a
compass. After drilling to the designed depth and diameter, the cable with
the sensors is lowered into the hole. The rock debris generated by drilling is
then backfilled to ensure good thermal contact between the sensors and the
rock. The monitoring depths are 1, 3, 5, 7, 9, 15, 20, and 30 cm. The mon-
itoring period lasted fromAugust 2023 to April 2024, with data recorded at
30-min intervals. The monitoring data were uploaded to the cloud mon-
itoring platform via 4 G network. To enhance the reliability of the mon-
itoring, threemonitoring points were set up on site, and the average value of
these points was taken as the final result.

As the initial stage of scaling development, blistering is concealed
beneath the surface and is not visible to the naked eye. However, the
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Fig. 1 | Geographical location and distribution of the Damaidi petroglyph. The figure illustrates the geographical location and distribution of the Damaidi petroglyph
conservation area, while the right panel presents representative photographs of the Damaidi petroglyphs

Fig. 2 | Climate characteristics of the study area.
The figure presents the monthly average tempera-
ture and average rainfall in the Damaidi petroglyph
site from 2020 to 2024.

−8

0

8

16

24

1 2 3 4 5 6 7 8 9 10 11 12
0

9

18

27

36

45

e
gare

va
yl

ht
n

o
M

er
utare

p
met

(℃
) Temperature

e
gare

va
yl

ht
n

o
M

)
m

m(llaf
niar

Month

Rainfall

https://doi.org/10.1038/s40494-026-02447-1 Article

npj Heritage Science |          (2026) 14:173 3

www.nature.com/npjheritagesci


presence of air within blistering causes the surface temperature of the rock
above the blistering to differ significantly from that of the surrounding areas.
Consequently, thermal infrared imaging technology is currently theprimary
method for detecting blistering in stone cultural heritage38,39. Rock surfaces
with different orientations receive varying durations of solar exposure each
day, which reflects differences in the thermal effects experienced by the host
rock. To investigate whether the development of surface deterioration on
petroglyph-bearing rocks is related to thermal effects, both visible and
thermal infrared imaging were conducted for 880 petroglyph-bearing rock
surfaces within the study area, and the orientation of the rock surfaces was
measured. During imaging, a custom-made scale was affixed to the surface
of each petroglyph-bearing rock (Fig. 6) to facilitate subsequent calculation
of the areas of scaling and blistering using ImageJ software. Visible light
images of the petroglyph-bearing rock surfaces were captured using a
Canon 90D high-resolution camera. Thermal infrared images were
acquired using the InfraRed Camera R500Pro, manufactured by Nippon
Avionics Co. Ltd. (Japan), which operates within a wavelength range of
8–14 μm, a temperature measurement range of −40 to 2000 °C, and a
thermal sensitivity of 0.03 °C. The orientation measurements were con-
ducted using a YHL90/360S(A) electronic geological compass manu-
factured by Harbin Optical Instrument Factory, with a the measurement
range of 0–360° and a precision of 0.1°, 0° represents the north.

Laboratory experiments
To investigate the differences in P-wave velocity and thermodynamic
properties between the black crust and underlying rock layers, in addition to
conducting in-situ tests, typical samples of the black crust, weak interlayers
exposed after black crust scaling, and fresh bedrock from deeper strata were
collected for laboratory analysis (Fig. 7). It is important to emphasize that, in
order to avoid damaging the petroglyphs and to ensure that the mineral
composition andmicrostructure of the samples were not affected by nearby
soil or vegetation, all rock samples used for laboratory testing were collected
from rock surfaces near the petroglyphs butwithout any carvings. Naturally
detached black crust samples were collected, with the requirement that the
original location of each black crust on the bedrock could be clearly traced.
Additionally, all collected fragments were confirmed to be free from soil
coverage and unaffected by surrounding vegetation.

P-wave velocity is a comprehensive indicator reflecting themechanical
properties of rocks aswell as the development of porosities and fractures40. It
offers the advantages of non-destructive testing,making it a commonly used
method for evaluating the weathering degree and mechanical performance
of stone cultural heritage41. To investigate differences in P-wave velocity
between the black crust on petroglyph-bearing rock surfaces and the
underlying rock layers, ultrasonic wave velocity tests were conducted on the
black crust and the underlying rock layers. Due to the thinness of the black
crust on petroglyph-bearing rock surfaces, conventional non-metallic
ultrasonic testing devices are generally inadequate formeasuring its P-wave
velocity. Therefore, a higher-frequency ultrasonic thickness gauge was
employed for this purpose. The ultrasonic thickness gauge determines

Fresh bedrock

Weak interlayer 1-10mm

Black crust(1-10mm)

Fig. 4 | Schematic diagramof the surface structure of the petroglyph-bearing rock
at the Damaidi. The figure illustrates the structural layers of the petroglyph-bearing
rock surface from the exterior to the interior.
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Scaling

Black crust

Weak 
interlayers

Blistering
Scaling

Black crust

Weak interlayers
exposed after scaling

Black crust

Fig. 3 | Scaling and blistering on petroglyph-bearing rock surfaces. a Scaling on
petroglyph-bearing rock surfaces; b Blistering on petroglyph-bearing rock; c Weak
interlayer exposed after the black crust scaling. The figure illustrates two types of
surface deterioration and the structural characteristics of the petroglyph-bearing
rock surface.
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material thickness based on a known P-wave velocity. Conversely, by
comparing the actual sample thickness with the measured thickness, the
true P-wave velocity can be calculated. In this study, an A1210 ultrasonic
thickness gaugemanufacturedbyACS (Germany)wasused.The transducer
operates at a frequency of 2.4MHz,with a velocity range of 500–20,000m/s,
a thickness measurement range of 3–100mm, and a resolution of 0.1 mm.
To improvemeasurement reliability andaccount for rockheterogeneity,five
samples of each rock layerwere tested, and the average valuewas takenas the
representative wave velocity.

To investigate the thermodynamic differences between the black crust
on petroglyph-bearing rock surfaces and the underlying rock layers, the
black crust, the weak interlayer, and the fresh bedrock were cut into spe-
cimens of 50 × 50 × 25mm3 and 8 × 8 × 25mm3 for testing the thermal
conductivity and thermal expansion coefficient, respectively. Thermal
conductivity was measured using the HotDisk 2500S thermal constants
analyzer (Sweden), with a measurement range of 0.005–500W/m·K, a test
temperature of 25 °C, and an accuracy of ±3%. The thermal expansion
coefficient was measured using the DIL 402 C/4/G dilatometer (Germany),
operating at a heating rate of 5 K/min, with a measurement range of
±5000 μm and a displacement resolution of 0.125 nm. For each rock layer,
five samples were tested, and the average value was used as the repre-
sentative result.

Numerical simulation
As a numerical simulation software for geotechnical engineering, FLAC3D
is based on the explicit Lagrangian finite differencemethod, whichmakes it
easier to achieve convergence in large deformation simulations compared

Fig. 5 | Temperature monitoring of the
petroglyph-bearing rock. The figure presents a
flowchart of the temperature monitoring process at
the surface and at different depths within the
petroglyph-bearing rock.
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Fig. 6 | Investigation of scaling and blistering on petroglyph-bearing rock sur-
faces. aVisible light images of scaling; bThermal infrared imaging of blistering. The
figure illustrates two different methods used to survey these two types of surface
deterioration.

Black crust Weak interlayers Fresh bedrock

1cm 3cm 5cm

Fig. 7 | Rock samples from different layers of the petroglyph-bearing rock. The
figure shows field-collected samples of the surface black crust, the underlying weak
interlayer, and the fresh bedrock.
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with general-purpose software.To investigate the influence of the properties
differences between the black crust and the underlying rock layers on the
blistering and scalingof thepetroglyph-bearing rockunder thermal effects, a
numerical model of the petroglyph-bearing rock, the black crust and the
underlying rock layers at the Damaidi site was constructed using FLAC3D.
Based on field monitoring of temperature on the rock surface and at dif-
ferent internal depths, the model simulates the distribution of temperature,
strain, and stress within the rock body under thermal loading. For com-
parison, we also constructed a control model of the fresh bedrock and the
black crust, without a weak interlayer.

Based on the temperaturemonitoring results at different depthswithin
the rock (Fig. 14), it was determined that the primary influence of tem-
perature is confined to the upper 10 cm of the rock. Considering compu-
tational efficiency for the numerical simulation, themodel dimensions were
set to 20 cm in length, 20 cm in width, and 10 cm in depth. Both the black
crust and the underlying weak interlayer were assigned a thickness of 1 cm
each, as shown in Fig. 8.

Previous studies indicated that the elastic modulus of rock is related to
its P-wave velocity, as expressed by Eq. (1)42. In this equation,Vp represents
the P-wave velocity, ν is Poisson’s ratio, typically ranging from 0.2 to 0.3 for
sandstone, with a value of 0.25 adopted in this study, and ρ is the rock
density, which can be determined using the water displacement method.
Consequently, the elastic moduli of the black crust, underlying weak
interlayer, and fresh bedrock were determined from P-wave velocity mea-
surements. Thermodynamic parameters for the three layers were derived
from thermodynamic testing (further detailed in Section of Differences in
Thermodynamic Properties between the Black Crust and Underlying Rock
Layers). An isotropic thermal conduction model and elastic constitutive
model in FLAC3Dwere employed, with specific parameters summarized in
Table 1. The boundary conditions included normal constraints and adia-
batic boundaries on the sides and bottomof themodel, with a free boundary
on the top surface.

E ¼ ρV2
P
ð1� 2υÞð1þ υÞ

ð1� υÞ ð1Þ

Meteorological studies have demonstrated that daily environmental
temperature fluctuations can generally be described by a sinusoidal
function43, which can be expressed in the general form:

T ¼ A � sin
2π
24

� t þ φ

� �
þ C ð2Þ

where T represents the temperature at time t, A is the amplitude of the
temperature fluctuation, φ is the phase angle, and C is the average
temperature.

According to the surface temperature monitoring results of the
Damaidi rock (Fig. 13), the daily temperature fluctuations of the rock
surface exhibit a sinusoidal pattern similar to that of ambient envir-
onmental temperature. However, the surface temperature of the rock is
significantly higher than the environmental temperature. Based on the
field monitoring, the surface temperature of the rock was set to range
from a minimum of 293 K to a maximum of 328 K in the simulation.
Due to the long duration of daily temperature cycles, directly applying a
24-h temperature variation would result in excessive computational
time. Therefore, in this study, the daily temperature cycle was pro-
portionally shortened, and the period for one complete temperature
fluctuationwas condensed to 6 h. The corresponding temperature curve
is shown in Fig. 9.

Although the Damaidi petroglyphs are located in the transitional zone
between semi-desert anddesert regionswith lowannual rainfall, themonths
with the highest temperatures generally coincide with those receiving the
most rainfall. The rate of temperature change in rocks induced by rainfall is
significantly higher than that caused by regular daily temperature cycles.
Therefore, in addition to long-term exposure to cyclic daily temperature
fluctuations, the petroglyph-bearing rock surface at Damaidi is also subject
to intermittent abrupt temperature changes. Previous studies have
demonstrated that the cooling behavior of general materials follows

Table 1 | Rock parameters used in the numerical model

Rock unit Density (kg/m3) Elastic modulus (GPa) Poisson’s ratio Thermal conductivity W/(m·K) Specific heat J/ (kg·K) Thermal expansivity

Black crust 2000 20 0.25 1.73 1140 9.64

Weak interlayer 1800 6 0.25 1.12 1070 6.67

Fresh bedrock 2500 52 0.25 4.37 1150 9.96

Black crust

Weak interlayer

Fresh bedrock

Fig. 8 | Numerical model of petroglyph-bearing rock with black crust. The figure
presents a numerical model of the petroglyph-bearing rock surface with a
black crust.
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Newton’s Law of Cooling, which describes the exponential decrease of
temperature over time. The general form of this law can be expressed as:

T ¼ C þ ðT0 � CÞ � e�kt ð3Þ

where T is the temperature at time t, T0 is the initial temperature, k is the
decay rate (thermal conductivity), and C represents the environmental
temperature.

At standard atmospheric conditions, the thermal conductivity of liquid
water is approximately 0.59W/(m·K), and the typical temperature range of
raindrops is between 0 °C and 25 °C44. In this study, the raindrop tem-
perature is assumed to be 10 °C.Therefore, to simulate themost unfavorable
circumstance, a sudden rainfall event is considered to occur when the rock
surface reaches its highest summer temperature. The resulting abrupt
temperature change curve is illustrated in Fig. 10.

To quantify the variation in temperature, strain, and stress within the
rock during thermal fluctuations, eight monitoring time points were
established in the daily temperature fluctuation simulation at intervals of
45min. These points include the time of peak surface temperature as well as
the point when the temperature returns to its initial state, as shown in Fig. 9.
In the simulation of abrupt temperature change, the cooling process occurs
much faster than theheat conductionwithin the rock.Therefore, the cooling
duration was extended to 30min. Six monitoring time points were estab-
lished at 15 s, 1min, 2min, 10min, 20min, and 30min, respectively, as
shown in Fig. 10. By comparing the temperature, strain increment, and
maximum principal stress along the depth of the rock at different time
points, this study aims to reveal themechanical deformation characteristics
of rock surfaces covered by the black crust under two distinct temperature
loading conditions: daily temperature fluctuation and abrupt temperature
change.The spatial arrangementof thedepth-directionmonitoringpoints is
illustrated in Fig. 11, with all points evenly spaced at 0.5 cm intervals.

Results
Temperature variations on the surface andalong the depth of the
petroglyph-bearing rock
The temperature variation curves at different depths on the surface and
within the petroglyph-bearing rock are shown inFig. 12.As the temperature
in thenumerical simulationmust be expressed inKelvin (K), themonitoring
results are presented in Kelvin (K) for better comparison and validation.
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Fig. 10 | Abrupt temperature change curve and monitoring points. The figure
shows the variation curve of abrupt temperature change induced by rainfall, along
with six monitoring points at different time intervals.
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During the monitoring period, the highest recorded surface temperature
occurred on September 3, reaching 325 °C. A detailed 24-h temperature
profile from 06:00 am on September 3 to 06:00 am on September 4 was
plotted, as shown in Fig. 13. As illustrated, the surface temperature rose and
then declined over the 24-h period, exhibiting a pattern resembling a
sinusoidal function.

To further analyze vertical thermal responses, the 24-h period from
06:00 on September 3 to 06:00 on September 4was divided into eight evenly
spaced time points, and temperature profiles along the rock depth were
plotted for each time point (Fig. 14). Steeper temperature gradients were
observed closer to the surface. Additionally, the rate of temperature change
within the rock differs notably within two distinct depth intervals: when the
depth is less than 10 cm, the temperature gradient is relatively steep; beyond
10 cm, the gradient significantly reduced. This indicates that the primary
influence of temperature fluctuations is confined to the upper 10 cm of the
rock, and thermal effects on deeper layers are significantly weaker.

Relationship between the development of blistering and scaling
and the orientation of petroglyph-bearing rocks
Based on the orientation measurements of 880 petroglyph-bearing rock
surfaces within the study area, the resulting orientation rose diagram is
presented in Fig. 15. The orientations of petroglyph-bearing rocks are
predominantly distributed between 90° and 270° (95%), with a concentra-
tion between 180° and 210° (37%), 0° represents the north.

To investigate the relationship between blistering and scaling and the
orientation of petroglyph-bearing rock surfaces, the orientation range of
90°–270° was evenly divided into six angular intervals. The proportion of
petroglyph-bearing rocks exhibiting blistering and scaling features within
each orientation interval was statistically analyzed, as shown in Fig. 16. The
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proportion of petroglyph-bearing rocks with blistering and scaling first
increases and then decreases with increasing orientation angles, with a peak
occurring in the range of 150°–210°. These findings suggest that blistering
and scaling aremore susceptible to developingwhen the petroglyph-bearing
rock orientation approaches approximately 180°.

BecauseDamaidi petroglyphs are located in theNorthernHemisphere,
rock surfaces oriented between 150° and 210° receive sunlight for longer
durations within a day compared to those oriented between 90°–150° and
210°–270° (Fig. 17). This results in more intense thermal effects. Consistent
with this, Collins et al.35 showed that crack propagation and rockfall are
more likely to occur during the warmest times of the day and year based on

fieldmonitoring. The above analysis indicates that the blistering and scaling
on the petroglyph-bearing rock surface are related to temperature effects.

Differences in P-wave velocity between the black crust and
underlying rock layers
The P-wave velocities of the black crust, weak interlayer, and fresh bedrock
samples measured by the ultrasonic thickness gauge are presented in
Table 2. The average P-wave velocity of the weak interlayer samples is
1980.4 m/s, that of the black crust is 2967.6 m/s, and that of the fresh
bedrock is 4153.2m/s. These results indicate that the fresh bedrock exhibits
the highest P-wave velocity, while the weak interlayer shows the lowest,
approximately 47.7% of that of the fresh bedrock. The black crust’s average
P-wave velocity lies between the two, approximately 1.5 times higher than
the weak interlayer and 71.5% of the fresh bedrock velocity.

Differences in thermodynamic properties between the black
crust and underlying rock layers
The measured thermal conductivity and thermal expansion coefficients of
the black crust, weak interlayer, and fresh bedrock samples are presented in
Table 3. The average thermal conductivity values for the freshbedrock,weak
interlayer, and black crust are 4.37, 1.12, and 1.73W/m·K, respectively. The
corresponding average thermal expansion coefficients are 9.96 × 10⁻⁶/K,
6.67 × 10⁻⁶/K, and 9.64 × 10⁻⁶/K. These results indicate that the fresh bed-
rock exhibits the highest thermal conductivity and thermal expansion
coefficient, while the weak interlayer shows the lowest values (25.6% and
66.9% of fresh bedrock, respectively). The black crust falls in between (1.5
and 1.4 times those of the weak interlayer, and 39.6% and 96.7% of fresh
bedrock, respectively).

Influence of the black crust on the development of blistering and
scaling under thermal effects
The temperature distribution cloud maps in the model of the petroglyph-
bearing rock under both daily temperature fluctuation and abrupt tem-
perature change conditions are shown in Fig. 18. Due to space limitations,
only one time point is presented here. Based on the numerical simulation
results, temperature values were extracted from the vertical monitoring
points, and the temperature variation curves along the rock depth at dif-
ferent time points were plotted, as shown in Fig. 19.

(1) In Fig. 19a, under daily temperature fluctuation, the rock surface in
themodel exhibits higher temperatures than the interior prior to time point
5, with temperature gradually decreasing with depth. After time point 6, the
surface temperature drops below that of the interior, and temperature
increases progressively with depth. This indicates a noticeable lag in sub-
surface temperature response relative to surface temperature changes.

(2) In Fig. 19b, under abrupt temperature change, the surface tem-
perature in the model of the rock decreases rapidly over time, resulting in
lower surface temperatures compared to the interior.

(3) Fig. 19 also reveals that the temperature gradient is steeper closer to
the rock surface under both daily temperature fluctuation and abrupt
temperature change. Notably, compared with the model without a weak

Fig. 17 | Schematic diagrams of the relationship between rock surface orientation
and duration of sunshine. The figure shows the relationship between different
orientations of the petroglyph-bearing rock surface and the duration of sunshine.

Table 2 | P-wave velocities of the black crust, weak interlayer,
and fresh bedrock samples

Sample
number

P-wave velocity
of theblackcrust
(m/s)

P-wave velocity of
the weak interlayer
(m/s)

P-wave velocity of
the fresh bedrock
(m/s)

1 3125 1907 4110

2 2778 1913 3797

3 3289 2023 3896

4 2795 2083 4615

5 2851 1976 4348

Average 2967.6 1980.4 4153.2

Table 3 | Thermal conductivity and thermal expansion coefficients of the black crust, weak interlayer, and fresh bedrock

Sample
number

Black crust Weak interlayer Fresh bedrock

Thermal conductivity
(W/mK)

Thermal expansivity
(*E-6/K)

Thermal conductivity
(W/mK)

Thermal expansivity
(*E-6/K)

Thermal conductivity
(W/mK)

Thermal expansivity
(*E-6/K)

1 1.74 8.59 1.12 5.79 4.31 10.04

2 1.79 10.92 1.13 5.44 4.43 9.69

3 1.65 9.40 1.11 5.72 4.31 9.58

4 1.75 10.11 1.10 7.62 4.51 9.93

5 1.70 9.18 1.14 8.79 4.29 10.56

Average 1.73 9.64 1.12 6.67 4.37 9.96
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interlayer, the model incorporating a weak interlayer exhibits a more pro-
nouncednonlinear gradient transitionwithin thedepth rangeof 0.5–2.0 cm.
The highest rate of temperature change occurs within the black crust near
the rock surface, but drops markedly upon reaching the underlying weak
interlayer with lower thermal conductivity, highlighting the thermal dis-
continuity between the two layers.

A comparison between the numerical simulation and fieldmonitoring
results (Figs. 14 and 19) of rock temperature variations with depth at the
same time indicates that the two exhibit generally consistent trends,
although slight numerical differences are present. Both results show that the
temperature gradient becomes increasingly pronounced closer to the rock
surface. Because the temperature variation curve used in the numerical
simulation takes into account the temperature changes in the study area
over the years, slight numerical differences from the fieldmeasurements are
expected. A comparison of the numerical simulation and field monitoring
results for rock temperature variations with depth at different times shows
that, similar to the fieldmonitoring, the numerical simulation also indicates
a noticeable lag in the internal rock temperature response relative to surface
temperature changes. This pattern is similar to the temperature variations
observed at different depths of rock at a petroglyph site in South Africa
monitored by Stéphane Hœrlé between 15 June and 31 July 200425. These
results indicate that the numerical simulation method employed is reliable
for investigating the thermal stress distribution within the petroglyph-
bearing rocks at the Damaidi.

The maximum principal stress reflects the internal stress state of the
material and can be used to evaluate the stress differences between the black
crust and the underlying rock layers. A greater difference in maximum

principal stress indicates a more pronounced mechanical mismatch
between the two layers. The cloudmaps ofmaximum principal stress in the
model of petroglyph-bearing rock under daily temperature fluctuation and
abrupt temperature change are shown in Fig. 20. Due to space limitations,
only one point in time is displayed. Based on the numerical simulation
results, themaximumprincipal stress valueswere extracted fromthe vertical
monitoring points, and the stress variation curves along the rock depth at
different time points were plotted, as shown in Fig. 21.

(1) In Figs. 20a and 21a, under daily temperature fluctuation, the
maximum principal stress values at different time points remain relatively
low. Additionally, there is no significant depth-dependent change in max-
imum principal stress. Minor fluctuations in the curves are attributed to
local mesh distortions in the numerical model. These results indicate that
daily temperature fluctuation does not induce notable stress concentration
within the model of the rock body.

(2) In Figs. 20b and 21b, the maximum principal stress in the rock
under abrupt temperature change is significantly higher than that under
daily temperature fluctuation. During abrupt cooling, the maximum

Fig. 19 | Temperature variation curves along the depth of the petroglyph-bearing
rock at different time points under two temperature conditions. a Daily tem-
perature fluctuations; b Abrupt temperature changes. The figure presentsthe tem-
perature profiles along the depth of the petroglyph-bearing rock at different times
under daily temperature fluctuations and abrupt temperature changes.

Fig. 18 | Temperature distribution of the petroglyph-bearing rock under two
temperature conditions. a Daily temperature fluctuation at time point 4; b Abrupt
temperature change at time point 4. The figure presents temperature cloud maps of
the petroglyph-bearing rock at a specific moment under daily temperature fluc-
tuations and abrupt temperature changes.
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principal stress increases progressively over time.When a weak interlayer is
present, the zones of maximum principal stress are concentrated near the
surface of the model prior to time point 4. After time point 4, the zones of
maximumstress shift to the interior of the rock. In contrast, in the absenceof
aweak interlayer, themaximumprincipal stress is always greatest at the rock
surface. These results suggest that abrupt temperature change induces the
formation of stress concentration zones within rock models containing a
weak interlayer.

(3) In Fig. 21, unlike the relatively smooth trend observed under daily
temperature fluctuation, themodel incorporating a weak interlayer exhibits
a sudden drop followed by a sharp rise in the maximum principal stress
within the depth range of 0.5–2.0 cm under abrupt temperature change.
This jump-like behavior indicates the presence of discontinuous stress
gradients at the interface between the weak interlayer and its adjacent layers
(the outer black crust and the inner fresh bedrock). These results suggest
that, under abrupt temperature changes, the existence of theweak interlayer
facilitates the development of stress discontinuities at this interface, making
the rock surfacemore prone to separation and the formation of blistering or
scaling.

The strain increment reflects the deformation state of thematerial and
can reveal differences in deformation between the black crust and the
underlying rock layers. A larger difference in strain increment indicates a
greater degree of non-uniform deformation. The cloud maps of strain
increment under daily temperature fluctuation and abrupt temperature
change are shown in Fig. 22. Due to space limitations, only one time point is
displayed. Based on the numerical simulation results, the strain increment
values were extracted from the vertical monitoring points, and the strain

increment variation curves along the rock depth at different time points
were plotted, as shown in Fig. 23.

(1) In Fig. 23a, under daily temperature fluctuation, the strain incre-
ment at the rock surface initially increases and subsequently decreases,
reaching apeak at timepoint 4. Except for thedepth range of 0.5–2.0 cm, the
strain increment decreases gradually with depth before time point 5. After
time point 6, the strain increment gradually increases with depth. This
indicates that the strain increment response within the rock exhibits a
noticeable lag relative to surface temperature variations.

(2) In Fig. 23b, under an abrupt temperature change, the absolute
values of strain increment gradually increase over time. Except within the
depth range of 0.5–2.0 cm, the strain increment generally decreases with
increasing depth. Furthermore, strain increments exhibit higher rates of
change closer to the surface.

(3) In Fig. 23, under both daily temperature fluctuation and abrupt
temperature change, the model incorporating a weak interlayer exhibits a
sudden decrease followed by an abrupt increase in the absolute values of
strain increments within the depth range of 0.5–2.0 cm, compared with the

Fig. 21 | Variation curves of maximum principal stress along the depth of the
petroglyph-bearing rock at different time points under two temperature con-
ditions. aDaily temperature fluctuations; bAbrupt temperature changes. The figure
presents the variation curves of maximum principal stress along the depth of the
petroglyph-bearing rock at different times under daily temperature fluctuations and
abrupt temperature changes.

Fig. 20 | Cloud maps of maximum principal stress in the rock under two tem-
perature conditions. a Daily temperature fluctuation at time point 5; b Abrupt
temperature change at time point 5. The figure presents cloudmaps of themaximum
principal stress within the petroglyph-bearing rock at a specificmoment under daily
temperature fluctuation and abrupt temperature change.
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model without a weak interlayer. This indicates a discontinuous gradient
deformation at the interfaces between the weak interlayer and its adjacent
layers. Consequently, the presence of the weak interlayer facilitates the
separation of the rock surface and promotes the formation of blistering and
scaling.

Although the model with a weak interlayer exhibits jump-like varia-
tions in strain increments within the 0.5–2.0 cm depth range under both
temperature loading conditions, the increments are positive under daily
temperature fluctuation and negative under abrupt temperature change.
This finding suggests that, under daily temperature fluctuation, the initial
separation typically occurs at the interface between the black crust and the
underlying weak interlayer, causing scaling predominantly of the black
crust. In contrast, under abrupt temperature change, the separation typically
initiates at the interface between the weak interlayer and the fresh bedrock
below, resulting in scaling involving not only the black crust but also por-
tions of the weak interlayer.

Discussion
Previous studies have shown that the threshold value for temperature
change rates inducing thermal shock damage in rock is approximately
2 °C/min.When the rate of temperature change is below this threshold, rock
damage primarily occurs through thermal fatigue. However, when the
temperature change rate equals or exceeds this threshold, the rock attempts
to adjust at a rate exceeding its plastic deformation capability, resulting in
irreversible plastic strain and structural damage45,46. At the Damaidi pet-
roglyph site, the petroglyph-bearing rocks experience their most rapid daily
temperature changes during morning warming (time point 2) and

afternoon cooling (time point 6). The rate of temperature change during
these periods isΔT/t = 0.07 °C/min, which is significantly below the thermal
shock threshold. In contrast, the instantaneous temperature change rate
(ΔT/t = 35 °C/min) caused by rainfall-induced abrupt cooling substantially
exceeds the thermal shock threshold. This explains why numerical simu-
lations revealed the maximum principal stress within the rock remains low
without clear stress concentration zones under daily temperature fluctua-
tions, but significant stress concentrations with considerably higher max-
imum principal stresses under abrupt temperature changes (Fig. 21). As
described byWalker, cracking sounds are often heard from rocks after such
storms in hot desert environments47.Moreover, Eppes et al.31 found through
acoustic emission and temperature monitoring of rocks under insolation
that most cracking occurs when storms or other weather events strongly
perturb the rock surface temperature field at these times, further supporting
this conclusion.

Meanwhile, the differences in thermodynamic properties (thermal
conductivity and thermal expansion coefficient) between theblack crust and
the underlying rock layers result in varying thermal expansion and

Fig. 23 | Variation curves of strain increment along the depth of the petroglyph-
bearing rock at different time points under two temperature conditions. a Daily
temperature fluctuations; b Abrupt temperature changes. The figure presents the
variation curves of strain increment along the depth of the petroglyph-bearing rock
at different times under daily temperature fluctuations and abrupt temperature
changes.

Fig. 22 | Cloud maps of strain increment in the rock under two temperature
conditions. a Daily temperature fluctuation at time point 4; b Abrupt temperature
change at time point 1. The figure presents cloudmaps of the strain incrementwithin
the petroglyph-bearing rock at a specific moment under daily temperature fluc-
tuation and abrupt temperature change.
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contraction responses under temperature fluctuations. Additionally, the
mechanical strength of the weak interlayer sandwiched between the black
crust and fresh bedrock is significantly lower. This creates a distinct “hard-
soft-hard” structural configuration that undermines the integrity of the rock
surface. Consequently, thermal stresses preferentially damage the weaker
internal weak interlayer rather than the harder outer black crust, as con-
firmed by field observations of blistering and scaling features (Fig. 3).

In summary, the formation of blistering and scaling on petroglyph-
bearing rock surfaces is driven by both external and internal factors.
Externally, the harsh climatic conditions at the petroglyph site subject the
rock surface to long-term thermal fatigue and intermittent thermal shock.
Internally, the primary cause is the differences in thermodynamic and
mechanical properties between the weak interlayer and the adjacent black
crust above and the fresh bedrock below. Under conditions of thermal
fatigue from daily temperature fluctuations and thermal shock from abrupt
temperature changes, nonlinear gradient deformation and stress con-
centration develop within the weak interlayer (Figs. 21 and 23). Conse-
quently, separation occurs at theweak interlayer interface between the black
crust and the fresh bedrock, leading to the formation of blistering or scaling.
Since a single cycle of daily temperature fluctuation induces low internal
stress within the rock, abrupt temperature changes aremore likely to trigger
interlayer separation, leading to the formation of blistering or scaling.
Nonetheless, strain increment cloud maps indicate that daily temperature
fluctuations also produce discontinuous gradient deformation at the
interfaces between the weak interlayer, black crust, and fresh bedrock
(Fig. 23). Moreover, Eppes et al.32 demonstrated that thermal stresses
associatedwith temperature change rates of less than0.2 °Cmin−1 are also to
induce subcritical crack propagation through continuous monitoring of
acoustic emissions and temperature in sun-exposed granite boulders.
Similarly, Collins et al.33 noted that cyclic thermal forcing may enhance the
efficacy of other, more typical exfoliation triggers, thereby making rocks
more susceptible to cracking triggered by added stress from other weath-
ering mechanisms. Therefore, the impact of thermal fatigue from daily
temperature fluctuations on the development of blistering and scaling
should not be disregarded. Furthermore, strain increment analyses reveal
differences in the initial separation locations of blistering and scaling under
daily temperature fluctuations compared to abrupt temperature changes. A
schematic representation of these initial separation processes under both
temperature conditions is illustrated in Fig. 24. Based on the formation
mechanisms of the blistering and scaling on the petroglyph-bearing rock
surface, it is recommended that, in future petroglyph conservation efforts,
the direct impact of solar radiation and rainwater on the petroglyph-bearing
rock should be minimized as much as possible. This can be achieved by
installing sun shields in areas with concentrated petroglyphs.

This study focuses on the formation mechanisms of blistering and
scaling on the petroglyph-bearing rock surfaces with black crust and weak
interlayer structures under temperature effects. However, our findings are
also applicable to exfoliation issues in rocks with similar surface structures

and climatic conditions17,18. Furthermore, based on the results of this study,
it can be concluded that it is the presence of the weak interlayer that causes
cracks parallel to the rock surface to first form at a certain depth beneath the
surface under thermal effects. These cracks then progressively expand,
ultimately leading to the occurrence of spalling35.

Although the numerical simulation has provided a good explanation
for the formation mechanisms of blistering and scaling on the petroglyph-
bearing rock surface under thermal effects, it still has some limitations.
Firstly, our model assumes a planar rock surface and does not take into
account how a more complex, irregular surface may influence thermal
stresses. For example, Martel et al.48,49 and Stock et al.50 showed that surface
curvature can exacerbate surface-normal tensile stresses. Secondly, this
study primarily investigates how differences in the physical properties
between the black crust and the underlying weak interlayer on the
petroglyph-bearing rock influence surface deterioration. It does not expli-
citly account for the intrinsic heterogeneity within each rock layer.
Accordingly, our resulting thermal stresses are calculated assuming a
homogenous rock and do not take into consideration the effects of grain-
scale processes and the influence of the mismatch in thermal and
mechanical properties51–54. Including these effects would likely increase the
maximum thermal stresses at the rock surface, thereby facilitating sub-
critical crack propagation. Moreover, Nara55 investigated subcritical crack
growth parameters under various environmental conditions and found that
these parameters are influenced by factors such as the temperature,
humidity and existence ofwater. Therefore, these influencing factors should
be taken into account in future studies.

Data availability
All data generated or analyzed during this study are included in this article.
The raw data are available from the corresponding author upon reasonable
request.
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