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A B S T R A C T

Observations of the diurnal variations of the surface temperature of asteroid (162173) Ryugu from orbit and on 
the surface were performed by the Haybusa2 spacecraft and MASCOT lander. A low thermal inertia of the 
boulders on Ryugu was derived from these temperature variations and interpreted as the consequence of high 
porosity. Samples of Ryugu returned to Earth by Hayabusa2 showed higher thermal inertia when investigated by 
microscopic thermography. Here, we apply a simple thermal model, considering a horizontal fracture inter
rupting the heat flow into the surface, and investigate whether the low thermal inertia of Ryugu’s boulders might 
be caused by fractures rather than high porosity. We find that the diurnal temperature variations on Ryugu 
observed by MARA can be partially explained by introducing a single horizontal crack at 9 mm depth below the 
surface observed by MARA.

1. Introduction

The JAXA Hayabusa2 sample return mission investigated asteroid 
(162173) Ryugu via remote sensing (Watanabe et al., 2019), deployed 
the DLR/CNES MASCOT lander (Ho et al., 2021), performed an artificial 
impact experiment (Arakawa et al., 2020) and returned samples to Earth 
(Yada et al., 2022). Ryugu is a rubble-pile asteroid with similarities to 
aqueously altered carbonaceous chondrites, in particular CI chondrites 
(Kitazato et al., 2021, Hamm et al., 2022, Nakamura et al., 2022, 
Yokoyama et al., 2023). One of the biggest surprises was the prevalence 
of boulders and decimeter-sized pebbles on the surface and the defi
ciency of smaller particles (Jaumann et al., 2019; Sugita et al., 2019). 
Such smaller particles were expected to dominate the surface based on 
thermal inertia estimates from telescopic infrared observations (Müller 
et al., 2017). The MASCOT radiometer MARA and the main spacecraft’s 
TIR infrared imager confirmed the thermal inertia estimates from tele
scopic observations despite the boulder-dominated surface (Grott et al., 
2019; Okada et al., 2020). The low thermal inertia was confirmed to be 

an intrinsic property of the boulders themselves (Grott et al., 2019; 
Sakatani et al., 2021; Hamm et al., 2022). More specifically, the pres
ence of a layer of dust masking the thermophysical properties of the 
boulder was limited to small patches of thin dust layers, or no dust at all 
(Biele et al., 2019; Hamm et al., 2023). In contrast to these in-situ re
sults, the analysis of sample fragments by lock-in thermography resulted 
in much larger thermal inertias more comparable to that of meteorite 
samples (Ishizaki et al., 2023).

In this study, we attempt to reconciliate the results from spacecraft 
observations and laboratory analysis by expanding our thermophysical 
model to incorporate horizontal fractures in the surface material. This 
procedure has been proposed by Elder, 2024. We investigate if it is 
possible to explain the MARA observations with a fractured boulder of 
higher bulk thermal inertia. This work also has implication on the 
regolith gardening on asteroids like Ryugu, as weak and porous boulders 
would respond differently to micro-meteorite impacts than fractured 
boulders with low porosity (Cambioni et al., 2021).
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2. Methods

We start from the 1D-thermal model as used in Hamm et al., 2020. 
The heat conduction equation is solved for a 1D grid of 200 points from 
x0 = 0 to x200 = 0.166 m. The grid points are distributed in increasing 
intervals: 0.05 mm for x < 1mm, 0.1 mm for x < 2mm, 0.5 mm for x < 7 
mm, and 1 mm for x ≥ 7mm. At the lower boundary condition, the flux 
into the computational domain is set to zero. The upper boundary 
condition is given by the surface energy balance 

I (1 − A) = σεeff T4(x = 0, t) − k
∂T
∂xx=0 

With temperature T, Stephan-Boltzmann constant σ, Bond albedo A, 
and thermal conductivity k. Illumination I is calculated by averaging 
over those facets of a boulder shape model within the MARA field of 
view, while weighting each facets contribution by the view factor of the 
facet to the MARA detector (Hamm et al., 2022). To reduce the 
computational costs, we incorporate thermal radiation of the sur
rounding by assuming the environment of the surrounding to be on 
average equal to the temperature of the simulated spot. Then, the energy 
input from the environment is − fεT4, where f parameterizes the view 
factor to the surrounding terrain. We then combine this expression with 
the radiation of the simulated spot to σεeff T4(x = 0, t) as described in 
Hamm et al., 2023. The surface roughness introduces temperature het
erogeneity in the MARA field of view resulting in deviation of the 
observed flux from a Lambertian emitter that are depending on the 
observation and insolation geometry. During nighttime observations 
this effect becomes negligible (Giese and Kührt, 1990; Grott et al., 2019; 
Hamm et al., 2022). Hamm et al., 2022 showed that the boulder shape 
model accounts for most of the roughness effect and Hamm et al., 2023
showed that the further simplification by introducing f as described 
above accounts for most of the effect.

In this study, we introduce cracks into the model by considering only 
radiative heat transport across them. In this case, the heat conduction 
equation is given by 

ρcp
∂T(x, t)

∂t
= σ

(
T4(xd, t) − T4(xu, t)

)

for xu ≤ x ≤ xd, with xd the grid point defining the lower edge of the 
fracture and xu the upper edge, i.e., closer to the surface. Density is given 
by ρ, specific heat by cp. Elsewhere on the grid, heat transport is gov
erned by conduction and given by 

ρcp
∂T(x, t)

∂t
= k

∂2T(x, t)
∂x2 

This adaption accounts for radiative transfer across a horizontal 
fracture that blocks the conductive heat transfer. It is valid locally within 
the material if the fracture is spread far enough to neglect conduction 
over contact points. Also, the model assumes that the fracture is wide 
enough, i.e., larger than a few μm, to neglect heat transfer contributions 
by evanescent waves (Persson and Biele, 2022). Under these assump
tions, the width of the crack does not influence the heat transfer across 
the cracks.

The heat conduction equation is solved by a commercial solver from 
Numerical Algorithms Group (nAG®), using a backward integration 
scheme. We vary the depth of the crack hc by setting xu = hc and vary the 
thermal conductivity k of the bulk material. For specific heat capacity 
and density, we use the bulk values of the Ryugu samples as reported in 
Nakamura et al., 2022: cp = 865 J/K (at 298 K) and ρ = 1800 kg/m3. 
The thermal conductivity is varied such that the thermal inertia TI =

̅̅̅̅̅̅̅̅̅
kρcp

√
varies from 300 to 1000 Jm− 2K− 1s− 1/2. This approach assumes 

that k, ρ, cp are independent of temperature above and below the frac
ture. Analysis of carbonaceous chondrites found only little dependence 
of k and cp on temperature above 200 K (Opeil et al., 2020). Assuming 
temperature independence of thermophysical parameters is a common 

simplification proven in previous works on Ryugu that showed that 
introduction of temperature dependency did not improve the fitting 
quality of the respective models (e.g. Grott et al., 2019; Hamm et al., 
2020; Hamm et al., 2022; Shimaki et al., 2020; Senshu et al., 2022).

3. Results

The presence of a horizontal fracture in the modelled subsurface 
significantly alters the diurnal surface temperature variations. The 
reduced heat flow results in higher diurnal amplitudes. Also, the lag of 
the diurnal temperature variation and insolation, i.e., the time between 
maximum insolation during noon and maximum temperature, decreases 
if a fracture is present. Thus, the diurnal temperature curve becomes 
similar to those of a surface with lower thermal inertia. The increase in 
amplitude and decrease in lag depend on the position of the fracture. 
The closer the fracture is to the surface, the more the thermal inertia is 
reduced. Fig. 1 shows results of the thermophysical model in comparison 
to the surface temperature observations by MARA (Grott et al., 2023). 
For reference we show the result for a simplified thermal model with no 
fracture and a thermal inertia of 300 J m− 2 K− 1 s-1/2 (Hamm et al., 
2023). While amplitude and lag get very close, the overall shape of the 
cooling curves cannot entirely be reproduced within measurement 
uncertainties.

The dependence of temperature amplitude and lag on the position of 
the fracture is shown in Fig. 2. The trends are non-linear and converge 
towards amplitude and lag of the bulk materials if the crack is placed 
about two diurnal skin depths below the surface. This is expected as 
diurnal temperature variation should be dominated by the subsurface 
properties within the skin depth. Beyond the skin depth the sub-surface 
temperature variations become smaller and smaller until the tempera
ture reaches an equilibrium. Unlike stationary instruments like MARA, 
infrared instruments on orbiters can usually only observe fractions of the 
diurnal temperature variation. If only temperature range or temperature 
lag with respect to insolation are used to determine thermal inertia, a 
model considering a crack or one with lower thermal inertia cannot be 
distinguished.

We vary depth of fracture and bulk thermal inertia, i.e. the thermal 
inertia of the material above and below the crack, varying k and keeping 

Fig. 1. Surface temperature derived from the MARA 8–12 μm filter in com
parison to result of the thermophysical model with various parameters. The best 
fitting model is shown in red for a homogenous 1D-model with no fractures. In 
shades of gray, is the model assuming a fracture at depth h and a much higher 
bulk thermal inertia. The vertical line indicates the time from where data is 
included for fitting. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.)
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cp and ρ constant. In order to derive the best-fitting crack depth we 
attempt to fit the nighttime observations of MARA, considering the last 
453 data points. At these times, roughness effects become negligible. 
Fig. 3a shows the reduced χ2 values across the parameter space. Values 
of χ2/dof > 20 are not plotted, where dof are the degrees of freedom, 
here 451. Usually, a good fit should have a have χ2/dof ≅ 1. Such 
values are obtained for models with a fracture so deep that it does not 
alter the surface temperature and a bulk thermal inertia of roughly 300 
J m− 2 K− 1 s-1/2. This is equivalent to assuming no fracture at all and 
reproduces earlier modelling results (Hamm et al., 2020; Hamm et al., 
2022; Grott et al., 2019). A second minimum appears for fracture depth 
at 9 mm for bulk thermal inertia between 600 and 800 J m− 2 K− 1 s-1/2. 
Here, the χ2/dof is between 2.5 and 3.5. Given the simplicity of the 
model and the discrepancy of earlier works to laboratory measurements 
of thermal diffusivity (Ishizaki et al., 2023), we accept these solutions 
nevertheless.

The boulders on the surface of Ryugu vary in thermal inertia. Shi
maki et al. (2020) published a map of thermal inertia on Ryugu and 
Sakatani et al. (2021) published a histogram of thermal inertia of 

individual boulders. Both assume homogenous half-spaces in their 
thermal model, i.e., not including cracks. These works analyzed the TIR 
observations, observing only illuminated terrain. The effect of surface 
roughness was accounted for when estimating the thermal inertia. Thus, 
the reported thermal inertias are independent material properties and 
can be directly compared to our study. We investigate which fracture 
depth fits best a model without fracture. This is equivalent to investi
gating the apparent thermal inertia of a fractured boulder with higher 
thermal inertia of the intact material. The model results are converted 
into flux as would be observed by the MARA instrument. Fig. 3b shows 
the fracture depth for models with material’s thermal inertia of 500 and 
900 J m− 2 K− 1 s-1/2 that fit the temperature variation calculated with the 
model not including a crack with thermal inertias from 200 to 400 J m− 2 

K− 1 s-1/2. This range covers the majority of the thermal inertia range of 
boulders as reported by Sakatani et al. (2021). As expected, the lower 
the thermal inertia of the homogenous model, the closer the crack has to 
be to the surface in a model with higher thermal inertia. The corre
sponding crack depths range from 1 to 17 mm. None of the fits are 
perfect and as for the MARA data, not the entire curve can be 

Fig. 2. Parameter of diurnal temperature variation as function of fracture depth a) Amplitude of the diurnal temperature variation calculated using the simplified 
thermal model assuming a horizontal fracture as a function of depth of the fracture with a bulk thermal inertia of 600 J m− 2K− 1s-1/2. b) as a) but showing the lag 
between maximum temperature and maximum insolation. In both figures, dash-dotted horizontal lines show the amplitude and lag of temperature variations for a 
thermal model assuming the bulk thermal inertias of 300, 400, and 600 J m− 2K− 1s-1/2 not including a crack, vertical dotted lines indicate the skin-depth for a thermal 
inertia of 600 J m− 2K− 1s-1/2.

Fig. 3. Results of model fitting. a) reduced χ2-value for range of hc and Γ fitting the last 453 data points of the MARA 8–12 μm Filter observations. b) Fitting the 
diurnal temperature curve calculated with a model not assuming a crack with a model assuming a crack, varying the depth of that crack. Simulation results are 
converted to observed flux using the MARA calibration and the part of the curve used for fitting is identical to a). Y-axis shows the best-fitting depth of the crack for a 
bulk thermal inertia of 500 and 900 J m− 2K− 1s-1/2

. X-axis shows the thermal inertia used in the model without assuming a crack. The plot shows that, e.g., a model 
assuming 500 J m− 2K− 1s-1/2 with a crack at 1 cm depth will have a similar temperature variation as a model assuming 300 J m− 2K− 1s-1/2 and no crack.
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reproduced. A thermal inertia below 200 J m− 2 K− 1 s-1/2 cannot be 
explained within the limits of our fracture model.

4. Discussion

Introducing a fracture in the subsurface interrupts the heat flow since 
radiative heat transfer is significantly less efficient than solid conduction 
at relevant temperatures. Consequently, the solar energy absorbed by 
the surface has less space to dissipate and the surface above the cracks 
heats up faster. At night, the trapped heat close to the surface is ineffi
ciently heated from below, resulting in faster cooling. It is therefore not 
the introduction of a T-dependent thermal conductivity but the inter
ruption of heat flow within the diurnal skin depth that changes the 
diurnal temperature variation. Qualitatively, the results are similar to 
those of a 3D thermal model of particle monolayers on rock substrate as 
reported in Ryan et al., 2024. In that same study, the authors concluded 
that since no dust particles were observed during close-up observations 
of boulders on Bennu with low apparent thermal inertia, a high degree of 
fracturing could explain the low thermal inertia of the observed 
boulders.

Our model does not offer a perfect fit. The last 4 h of the night can be 
well reproduced using this model while the temperatures around sunset 
cannot. This could be due to the simplicity of the model, since, in a real 
boulder, the fractures are forming networks with some solid conduction 
at contact points. Only a fraction of the cracks within Ryugu’s boulder 
will be parallel to the surface. Elder, 2023 showed that in preliminary 
results vertical cracks, i.e. parallel to the heat flow, will have only a 
small influence on the thermal conductivity, while pointing at the need 
for further studies to verify that hold for various widths and depths of 
vertical cracks. The results showed that the position of the first crack 
interrupting the heat flow, i.e. parallel to the illuminated surface, will be 
most relevant for the reduction of thermal conductivity (Elder, 2023; 
Elder, 2024). We also omit the effect of heat transfer by evanescent 
waves as described by Persson and Biele, 2022.

Applying Occam’s Razor, the simplest model assuming a homoge
nous sub-surface with low thermal conductivity, which also fits the data 
best, would be the preferable explanation for the observations of MARA 
on Ryugu. However, since the analysis of Ishizaki et al., 2023, shows that 
the investigated millimeter-sized samples of Ryugu have a higher bulk 
thermal conductivity, we are left with few options: First, the samples 
could be more compact fragments of boulders, with the more porous 
material observed by MARA and TIR being lost during sampling. Second, 
the surface of the boulder might be streaked by fractures where those 
parallel to the surface obstruct the heat flow and lower the apparent 
thermal inertia. Third, rather than fractures, mono- or bilayers of dust 
particles cover the boulder and the interruption of heat flow at the 
particle-substrate interface reduces the apparent thermal inertia as re
ported by Ryan et al., 2024 for asteroid Bennu. The effect of such mono- 
layers has not been modelled for Ryugu yet. Layers of dust could explain 
some difference between Ryugu sample C0137 MIR spectra and MARA 
observations. However, for such an effect the layer of dust needs to be 
more than a few layers of particles thick and such a thick layer covering 
any substantial fraction of the MARA field of view could be excluded 
(Hamm et al., 2023). Furthermore, no such layer was observed by 
MASCOT camera images (Jaumann et al., 2019). Consequently, dust is 
unlikely to produce the low observed thermal inertia. Contrarily, the 
obstruction of heat flow by fractures was observed in Ryugu samples 
(Ishizaki et al., 2023).

Fractures in the shallow sub-surface of boulders could be the result of 
a continuous influx of impactors of small size. Depending on the size 
ratio of the impactor to the boulders that were hit, these events form 
small craters with radial and concentric fractures below the crater floor, 
or they disrupt the entire boulder. In the latter case, it can be expected to 
find fractures in the impact generated boulder fragments. In the last 
years, a series of laboratory experiments into competent rock have been 
conducted where the target materials vary in terms of porosity and 

strength, including materials like sandstone, quartzite, marble, granite, 
tuff and also asteroid (Carbonaceous Chondrite) simulant (Kenkmann 
et al., 2018; Avdellidou et al., 2020; Kurosawa et al., 2022; Hamann 
et al., 2023). The weaker materials, the asteroid simulant and the tuff, 
are also the ones with the largest bulk porosity of ~26 % and 43 %, 
respectively, while sandstone shows a porosity of 23.1 %, and marble 
and quartzite are non-porous. The resulting craters are strength domi
nated and show significant spallation zones. An inner deeper crater is 
surrounded by a relatively wide and shallow zone (e.g. Poelchau et al., 
2013). The formation of fractures and spall depends on the target 
properties. For non-porous materials, fractures have been observed in 
radial and concentric direction from the crater floor, and spall fractures 
close to the impact facing surface (Winkler et al., 2018; Hamann et al., 
2023; Polanskey and Ahrens, 1990; Hörz, 1969). With increasing 
porosity, a decrease of crater volumes and cratering efficiency is 
observed with respect to non-porous targets (Poelchau et al., 2013). For 
sandstone targets, fractures have been mostly observed as spallation 
fractures, but, in contrast to the non-porous targets, were not so devel
oped underneath the crater floor (Buhl et al., 2012). Nevertheless, ma
terial damage was observed for sandstone targets far below the crater 
floor (Raith et al., 2018). Even though boulders on Ryugu are expected 
to be weaker than rocks on Earth, strength dominated cratering with 
spallation fractures parallel to the surface and subsurface modification is 
a feasible process for the formation of fractures that alter the thermal 
inertia of a single boulder.

Besides impacts, the diurnal temperature cycles cause stress fields 
that can introduce fractures in the surface material. The process is 
known as thermal fatigue and has been postulated as an important factor 
of weathering surface material on airless bodies (Delbo et al., 2014; Guy 
et al., 2024). Rozitis et al., 2020 refer to micro-strutural cracks as one 
possible reason for the low thermal inertia on Bennu and in particular at 
its equator. Thermal fatigue is also the likely cause of fractures in rocks 
on Dimorphos observed by the DART mission (Lucchetti et al., 2024). As 
shown by Molaro et al., 2017, thermal stresses can cause the cracks 
parallel to the surface that we cover in this study and that would reduce 
the overall thermal conductivity of the boulders on asteroids). These 
parallel cracks can lead to exfoliation of smaller fragments, which is one 
mechanism that could explain the ejection of particles on Bennu (Molaro 
et al., 2020). On Ryugu, such an ejection was not observed, but thermal 
fracturing could occur on Ryugu with the fragments remaining on the 
surface. In particular, recent work by Schirner et al. (2024) showed that 
the north-south orientation of large cracks on Ryugu’s boulders are 
strong signs for thermal fatigue. Daoud et al., 2020 found that thermal 
fatigue has a memory effect where damage during past exposure to 
temperature cycles accumulates over time. Given that Ryugu might have 
experienced substantial heating on past orbits, the boulders on Ryugu 
might have experienced high degrees of thermal fatigue over the course 
of time (Michel and Delbo, 2010).

5. Conclusion

The reconciliation of observations of Hayabusa2 and MASCOT on the 
one hand, and laboratory analysis of the samples from Ryugu on the 
other hand, remains a challenge. Further analysis of the thermophysical 
properties of the samples and advances in thermal modelling are 
necessary. We show that fractures obstructing the heat flow as observed 
in returned samples can reduce the apparent thermal inertia and 
partially explain the MARA observations. Such fractures can form in the 
vicinity of impact craters and due to thermal fatigue. Analysis of the 
fracture networks within various samples of Ryugu, Bennu, but also 
meteorites and correlation with heat-flow experiments such as the lock- 
in thermography by Ishizaki et al., 2023 are important next steps. Such 
measurements could then substantially improve modelling efforts and 
thus advance the interpretation of mid-infrared observations, e.g. from 
TIRI onboard the ESA Hera mission to (65803) Didymos.
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