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Abstract–Asteroid 2008 TC3 was characterized in a unique manner prior to impacting
Earth’s atmosphere, making its October 7, 2008, impact a suitable field test for or validating
the application of high-fidelity re-entry modeling to asteroid entry. The accurate modeling
of the behavior of 2008 TC3 during its entry in Earth’s atmosphere requires detailed
information about the thermophysical properties of the asteroid’s meteoritic materials at
temperatures ranging from room temperature up to the point of ablation (T ~ 1400 K).
Here, we present measurements of the thermophysical properties up to these temperatures
(in a 1 atm. pressure of argon) for two samples of the Almahata Sitta meteorites from
asteroid 2008 TC3: a thick flat-faced ureilite suitably shaped for emissivity measurements
and a thin flat-faced EL6 enstatite chondrite suitable for diffusivity measurements. Heat
capacity was determined from the elemental composition and density from a 3-D laser scan
of the sample. We find that the thermal conductivity of the enstatite chondrite material
decreases more gradually as a function of temperature than expected, while the emissivity of
the ureilitic material decreases at a rate of 9.5 9 10�5 K�1 above 770 K. The entry scenario
is the result of the actual flight path being the boundary to the load the meteorite will be
affected with when entering. An accurate heat load prediction depends on the
thermophysical properties. Finally, based on these data, the breakup can be calculated
accurately leading to a risk assessment for ground damage.

INTRODUCTION

Since a 20-m-sized meteoroid that impacted near
Chelyabinsk generated an airburst that sent over 1600
people to the hospital for medical treatment of glass
cuts (Popova et al. 2013), the potential damaging
consequences of the impact of small 10- to 100-m-sized
asteroids have been taken more seriously. Efforts are
underway to predict these impacts in some detail with
respect to the breakup and strewn field on the ground
using computing tools originally developed for the
reentry of spacecraft and the development of thermal

protection systems (Arnold et al. 2015). For such
work, as much as possible needs to be known about
the initial shape and orientation of the asteroid during
impact. In addition, detailed thermophysical properties
of the relevant materials need to be known at
temperatures well above room temperature (Jones and
Kaiser 1966).

Asteroid 2008 TC3 was observed in space before
impacting over the Nubian desert of Sudan on October
7, 2008 (Jenniskens et al. 2009). The impact was
observed from space (Borovicka and Charvat 2009).
The shape and orientation of the asteroid during impact
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were determined from asteroid light curve analysis
(Scheirich et al. 2010). This makes 2008 TC3 a unique
test case for validating the application of high-fidelity
reentry modeling of small asteroid impacts. Re-entry
modeling has been used to calculate the flowfield
around spacecraft re-entering Earth’s atmosphere and
determines the heat load to the structure by calculating
the convective, conductive, and radiative heat transfer.
The resulting heat load to the structure depends on the
thermophysical properties of the heat shield material.
For a meteorite entry, the same tools could be applied
if the thermophysical properties of the meteorite are
available.

The recovered meteorites can be used to measure
the relevant thermophysical properties of the material.
Some 600 meteorites from the Almahata Sitta fall were
found at documented locations on the ground
(Jenniskens et al. 2009; Shaddad et al. 2010). Most
recovered meteorites were ureilites, but 20–30% were a
variety of more than 10 different types of enstatite and
ordinary chondrites (Zolensky et al. 2010; Bischoff et al.
2010). The fallen material is collectively referred to as a
single meteorite called Almahata Sitta (AhS), which is
classified as an anomalous polymict ureilite. Based on
other known polymict ureilites, it is suspected that the
nonureilitic materials survived entry more efficiently and
most of the initial asteroid was composed of ureilites,
with perhaps 1–2% of enstatite and ordinary chondrites
mixed in (Goodrich et al. 2015).

Of key interest are the thermal conductivity and the
specific heat capacity of all these materials. Heat
capacity is defined as the heat required to change the
temperature of unit mass of a substance by one unit of
temperature. Thermal conductivity is the material’s
ability to transport heat or packages of vibrational
energy called phonons. Of interest too is the emissivity
of these materials, their effectiveness in emitting energy
as thermal radiation, often expressed as the spectral
hemispherical emissivity in wavelength (ek) being the
fraction emitted of the expected blackbody radiation at
that temperature.

For the modeling of an asteroid entry in Earth’s
atmosphere, such information is required for
temperatures well above room temperature, until the
point of melting. Detailed thermal conductivity and
emissivity measurements were made of various minerals
in the past (e.g., Robie et al. 1978), but so far meteoritic
materials have only been studied at room temperatures
and below, relevant for the study of the Yarkovsky and
YORP effects (thermal inertia) on asteroids in space and
the sublimation rate of comets and other icy bodies
(thermal diffusivity) (Yomogida and Matsui 1983;
Matsui and Osako 1979; Parthasarathy and Sharma
2004; Opeil et al. 2010, 2012; Wach et al. 2014).

Here, we present data on the thermophysical
properties of two samples from the AhS meteorite.
Sample AhS S138 is a ureilite described in Zolensky
et al. (2010). Sample AhS S67 is an EL6 chondrite
similar to a previously examined AhS sample studied by
Zolensky et al. (2010). AhS S138 was suitable shaped
for emissivity measurements, and AhS S67 was suitable
shaped for thermal diffusivity measurements.
Measurements were made at temperatures 300–1200 K.

SAMPLES AND EXPERIMENTAL PROCEDURES

The two Almahata Sitta meteorites studied here are
from the University of Khartoum collection. The
location of these meteorites in the strewn field is shown
in Fig. 1. Meteorite AhS S67 was typed as EL6, and its
mineral composition was determined using the Cameca
SX100 electron microprobe (EPMA) at the E-beam
laboratory of the Astromaterials and Exploration
Science Directorate, Johnson Space Center, using a thin
section made from the surface area after diffusivity
measurement. We made point analyses at 15 kV and
used natural mineral standards. The composition of
critical minerals in sample S67 was measured in two
electron microprobe runs, both of which are
summarized in Table 1. The values are mean values of
two different data sets with 100 and 80 measurement
points, respectively. The material was rich in opaque
minerals. Low Ca pyroxene had average composition

Fig. 1. Almahata Sitta meteorites S67 and S138 and their
position in the strewn field. The ground-projected trajectory of
2008 TC3 is that according to Farnocchia (unpublished data).
Positions of recovered meteorites are color coded by meteorite
type (see legend) according to a preliminary classification
based on visual inspection of the meteorites by Shaddad et al.
(2010). The lower insets show a photo of S67 and 3-D scans
of this meteorite. The upper inset shows the front and back of
S138 after emissivity testing. (Color figure can be viewed at
wileyonlinelibrary.com.)
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Fo97.9 Wo0.2 or Fa1.9 Wo0.2, while troilite has up to 2.78
atom% Cr. Some metallic iron was analyzed during the
probe session. AhS S67 is typical of a large number of
enstatite chondrites found in the southern part of the
strewn field. It is a small 1-cm-sized cap (695.23 mg,
about 3.57 mm thick) of a larger oriented meteorite
(Fig. 1). Its flat broken surface and the homogeneous
thickness made this sample particularly suitable for
thermal diffusivity measurements.

A 3-D model of AhS S67 was derived using a 3-D
laser scanner (see inset in Fig. 1). These data were used to
determine the volume of the fragment as 207.2 mm3,
resulting in a density for the fragment of q = 3.35 g cm�3

(�0.02). The surface was slightly flattened to facilitate the
diffusivity measurement, so the density value could be a
little smaller. Indeed, a density of q = 3.16 (+0.12/�0.06)
g cm�3 was measured for EL6 chondrite Almahata Sitta
sample 41 (Shaddad et al. 2010).

AhS S138 measures about 1 9 1 9 2 cm in size and
is a coarse-grained ureilite (Fig. 1). Most of asteroid
2008 TC3 is thought to have been composed of ureilitic

material with composition similar to that of S138
(Goodrich et al. 2015). With a flat front surface, the
size and shape of this meteorite is ideal for emissivity
measurements. The composition of this meteorite was
not measured.

Thermal Diffusivity Measurement

Thermal diffusivity measurements were made using
the laser flash method, with the sample placed in an
inert argon atmosphere. The warming induced by a
laser heat flash on one side is measured with an IR
camera on the backside of the sample. A commercial
LFA 457 MicroFlash device was used that was able to
heat the sample to 1100 °C. The sample itself is kept in
an isothermal environment at the temperature level of
interest before a laser flash is triggered.

The sample is heated very quickly with a laser pulse
at the front side (from bottom to top in Fig. 2). The
temporal evolution of temperature on the rear side of
the sample is observed using an infrared camera. It is
assumed that the heat conduction process through the
sample is 1-D. The heat equation in one dimension (x)
is as follows:

oT
ot

¼ a
o2T
ox2

(1)

Inside the sample, the temperature distribution is
described by the solution of this heat equation with the
following two boundary conditions: a short heat pulse Q
(the laser flash) on one side and thermal insulation at the
opposite end (x = l). Parker et al. (1961) first published
this method. The temperature distribution is as follows:
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q c l
1þ 2

X1
n¼0

�1ð Þne�n2p2

l2
at

h i
(2)

Figure 3 shows the development over time of the
temperature at the rear end of the sample. The
temperature is normalized to its maximum and the
abscissa is the dimensionless time x.

The thermal diffusivity

a ¼ k
qc

(3)

of the sample is measured at the time t1/2 required for
the back side of the sample to reach half the maximum
temperature, i.e.,

a ¼ 1:38
l2

p2t1=2
(4)

Table 1. The mean of elemental heat capacities
determined from individual positions in the meteorite
and the mean weight% for S67. Because metallic iron
and troilite are not in the form of oxides, the total
weight% adds up to more than 100.

Element

Heat capacity

J (kg�1 K�1)
T = 300 K

Weight%

in S67
Data set 2

Weight%

in S67
Data set 3

Na 1228 0.27 0.51

S 736 4.20 2.85
P 669 0.06 0.05
K 753 0.03 0.07
Mg 1017 12.58 11.56

Al 900 0.71 1.57
Si 703 19.32 22.13
Ca 653 0.24 0.44

Ti 522 0.04 0.02
Fe 450 28.30 21.70
Cr 449 0.29 0.13

Mn 479 0.05 0.04
Co 421 0.08 0.06
Ni 444 2.32 1.78
O 918 44.34 44.30

Sum 112.84 107.21
From average
composition:

<Cp (J kg�1 K�1)
—300 K>

756 � 124 776 � 127

No. of samples 100 80

Mean of individual
positions:
Cp (J kg�1 K�1)

—300 K

688 � 113 670 � 113
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In order to measure the thermal diffusivity, it is,
therefore, sufficient to know the temperature rise from
the heat pulse and the sample’s thickness. Note that the
absolute value of the heat pulse is not required. The
applied method for the analysis of the S67 follows this
approach taking into account the boundary losses
through radiation at the front side as presented by Cape
and Lehman (1963). The sample was flattened at the
side toward the laser flash, which had a duration of
0.5 ms. Any systematic uncertainty due to the
inhomogeneous thickness is considered to be �30%.

Specific Heat Capacity

The specific heat capacity of a material is depending
on the capability of a material to store energy. Therefore,
for a composite material, the effective specific heat
capacity depends on the composition of the material:

Cp ¼
X

ni � cp;i (5)

where ξi stands for the mass fraction of the element and
cp,i is the specific heat capacity of the element at room
temperature. The bulk elemental composition of the
sample was used to derive the specific heat capacity at
room temperature. The derived value is Cp, because the
pressure during testing was constant, while the volume
could change and mass loss shows that there is a small
change.

Emissivity Measurement

The emissivity was measured using the emissivity
measurement facility (EMF) at the Institute of Space
Systems of the University of Stuttgart. The facility is
described in detail in Schuessler et al. (2009). Figure 4
shows the facility and the functional elements. The
sample is placed deep in a graphite tube (Fig. 4C).
Inside the tube, it is radiating as a blackbody in an inert
argon atmosphere, with emissivity 0.9993 < e ≤ 1.0000.
The sample is then quickly (isothermally) moved to the
front by a piston, where it radiates with emissivity
typical of that particular meteorite sample. If the
movement is fast enough, the temperature will not have
changed. The transition time in the facility is ~0.2 s. The
surface temperature and graybody emission of the
heated sample are measured using a spectrally
integrating GIRL IM-5 pyrometer with a spectral
response in between 1.1 and 22 lm. This pyrometer is
mounted in front of the long tube. The temperature is

Fig. 3. Theoretical temporal evolution of the rear-side
temperature, expressed in terms of dimensionless time (x = p2/
l2 a t) and normalized temperature to the mean value of the
temperature range T/TM.

Fig. 2. Thermal diffusivity measurement facility with (1)
detector; (2) iris, (3) furnace, (4) sample carrier, (5) furnace
hoist, (6) electronics, and (7) laser.
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measured through a water-cooled KRS-5 window, which
has a known spectral transmissivity of 69.0 � 0.5% at
700 nm, increasing to 72.0 � 0.5% at 30 lm. The
temperature measurement is obtained after correcting
for spectral response, which is a combination of the
window transmission and the IM-5 spectral responsivity.

In particular, the movement of the sample is so quick
that the sample stays isothermal. Thus, a measured
temperature change in the front position is only due to
the change from the blackbody emissivity (taken as e = 1
in position 1) to the material’s emissivity at this
temperature level (in position 2). The emissivity can,
therefore, be determined directly from the measured
temperatures in the two positions as follows:

e ¼ T4
2

T4
1

; (6)

where T1 and T2 stand for the temperature in the back
and the front position, respectively. More details of the
procedure and the facilities are described in Schuessler
et al. (2009). The quality of the measurements in this
facility have been investigated in the past by round
robin testing with data from several metrological
institutes (Monte et al. 2011).

RESULTS

Results from thermal diffusivity measurements are
shown in Fig. 5. The data comprise two heating runs

Fig. 4. Emissivity measurement facility (EMF). A) Mounted meteorite fragment in front position with open front lid. B) Facility
overview, with (1) pyrometer, (2) cooled access window, (3) vacuum tank, (4) pneumatic cylinder, (5) DC power supply, (6) argon
supply, (7) pyrometer electronics, (8) measurement control unit, (9) data monitoring and acquisition system, (10) two-stage vacuum
system, and (11) power control unit. C) Mounting tube with (1) sample holder, (2) sample, (3) guide plate, (4) sample support. D)
Detail of sample holder, with (1) sample holder, (2) sample, (3) insulator, (4) sample rod.

Fig. 5. Thermal diffusivity measurement of sample S67. Error
bars show the random measurement uncertainty only, the
systematic uncertainty due to the unknown geometry is �30%.
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with five single laser shots per temperature. Between the
two heating runs, the sample was repositioned. Results
are in good agreement.

From the composition of S67, the specific heat
capacity follows from the thermal diffusivity
measurements (see Equation 5). A mean specific heat
capacity is calculated from an average of all specific
heat capacities following from the compositions of the
different measurement locations for the two data sets. A
mean of these two data sets results in a mean specific
heat capacity for this S67 at room temperature of
cp = 679 � 113 J kg�1 K�1. The accuracy is the mean
standard deviation out of the 100 and 80 measurements,
respectively.

In the range 300–1100 K, the specific heat capacity
is expected to change by only ~150 J kg�1 K�1 on
theoretical arguments (Gosh and McSween 1999).
According to the Dulong–Petit law, the molar heat
capacity tends to one single value for all elements in the
solid phase at higher temperatures because the
maximum inner energy i in the vibrational mode of the
crystal structure is limited to i = 3RT. Toward high
temperatures, the value 25 J mol�1 K�1 should be
reached for all species. With the molar weight of
23.96 g mol�1, derived from the measured composition,
this translates to Cp = 1043 J kg�1 K�1, at the state of
maximal excitation (@25 J mol�1 K�1). The Dulong–
Petit law is quite accurate for solids with simple
elemental composition. In case of more complex
molecular composition, the vibrational energy of the
molecules has to be considered leading to higher molar
heat capacities.

From the measured EL6 density and the specific
heat capacity, the heat conductivity is calculated
(Equation 3). Results are summarized in Table 2 and
plotted in Fig. 6. The conductivity values are
determined under the assumption that the specific heat
capacity does not change drastically with temperature.

Figure 7 shows the results of the emissivity
measurements from the ureilite S138 as a function of
temperature. At each temperature level, two to three
measurements have been performed. There is a small
difference in temperature between the runs at one

temperature level. This is due to the power regulator of
the black body source. The emissivity is decreasing with
increasing temperature of the surface at a rate of
9.5 9 10�5 K�1 between 777 and 1207 K. The sample
melted at 1150 K, which was observed during the
heating to 1200 K. The last value in Fig. 7 is possibly
influenced by the melting process. From a visual
inspection, the sample appears a bit brighter after the
tests and is more reflective. The higher reflectivity
implies that the emissivity decreased, as measured.

DISCUSSION

Values for comparison for higher temperatures have
not been measured elsewhere so far. The thermal
diffusivity decreases as a function of temperature
(Fig. 6).

The results for specific heat capacity at room
temperature (679 � 113 J kg�1 K�1) is higher than the
Cp ~ 520 J kg�1 K�1 value for EL enstatite chondrites

Table 2. Thermophysical properties derived from thermal diffusivity measurements of enstatite chondrite S67
along two warming curves (curves I and II).

T (�C) T (K)
Thermal diffusivity I
(10�6 m2 s�1) T (K)

Thermal diffusivity II
(10�6 m2 s�1)

Thermal conductivity
(W m�1 K�1)

20 299.6 � 0.2 3.26 � 0.05 299.5 � 0.5 2.92 � 0.15 6.92 � 2.1

100 373.9 � 0.5 2.81 � 0.03 373.9 � 0.5 2.72 � 0.03 5.36 � 1.6
200 474.1 � 0.5 2.49 � 0.01 473.9 � 0.5 2.41 � 0.01 4.87 � 1.46
400 673.5 � 0.2 1.86 � 0.04 673.5 � 0.2 1.89 � 0.05 3.51 � 1.05
800 1073.3 � 0.1 1.49 � 0.04 1073.4 � 0.2 1.53 � 0.03 2.92 � 0.88

Fig. 6. Thermal conductivity of EL6 chondrite S67, compared
to measurements for EH4 chondrite Abee and EL6 chondrite
Pillister by Opeil et al. (2010, 2012). Dashed line shows the
theoretically expected temperature dependence.
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measured at 77 K by Macke et al. (2014) and
Consolmagno et al. (2014), but lower than the
Cp = 1340 J kg�1 K�1 measured at room temperature
by Rudee and Herndon (1981) for EH4 chondrite Abee.
The value is close to the Cp = 690 J kg�1 K�1 at 300 K
for the Kilabo LL6 chondrite (Wach et al. 2014) and
the average of 866 � 119 J kg�1 K�1 measured for
stony meteorites by Szurgot (2011) (Fig. 8).

The expected temperature dependence according to
the Einstein model of solids is shown by a dashed line
in Fig. 8 and expressed simply according to Cv = A (TE/
T)2 exp(TE/T)/(exp (TE/T) � 1)2, with Einstein
temperature TE ~ 200 K and constant
A ~ 800 J kg�1 K�1 to match the measured values. The
more accurate Debye model deviates only slightly at
lower temperatures, but is less simple analytically. The
heat is contained in vibrational modes that depend on
the material composition and are a function of
temperature due to activation energy barriers. The
lower value at 77 K (Consolmagno et al. 2013) is on
account of the lower excitation of vibrational states and
rises to reach a plateau only at 600 K, due to forsterite,
enstatite, and anorthite minerals, and it is expected to
again rapidly increase above 800 K due to metallic iron
(Macke et al. 2014). At 300 K, forsterite, enstatite, and
anorthite contribute about 770 J kg�1 K�1, fayalite a
lower 580 J kg�1 K�1, while metalic iron has only
310 J kg�1 K�1 (Gosh and McSween 1999). The dashed
curve in Fig. 8 shows the expected behavior if Cp = 770
exp (�32/T).

The resulting values for thermal conductivity at
room temperature (6.92 W m�1K�1) are higher than
presented by Opeil et al. (2010, 2012) for room
temperature and lower, but lower than found for EH4

Abee by Rudee and Herndon (1981). The conductivity
of samples is often affected by inhomogeneitites in the
meteoritic fabric, resulting in lower values than those of
pure minerals. Enstatite chondrite Abee (E4) showed no
such effect and had values more typical of those of
enstatite and olivine minerals (4.5–5 W m�1 K�1), in
agreement with our enstatite chondrite. The difference
in metal content makes only a small difference in
thermal conductivity (Fig. 6).

At temperatures below 50 K, the theory for
crystalline insulating materials, where heat transport is
dominated by phonon transport, predicts that the
thermal conductivity is controlled by the phonon
activation energy, increasing with T3 when temperature
increases (Opeil et al. 2012). Increased production of
phonons results in increased likelihood of scattering, as
a result of which the conductivity will decrease
proportional to kT ~ exp (hD/aT), where hD is the
Debye temperature and a is a constant (Klein 1967). To
first order, this is a kT ~ 1/T dependence. In practice,
less steep dependencies are often observed. The thermal
conductivity will also depend on the material properties,
as phonons will scatter from metal grains, grain
boundaries, and isolated pore spaces. For enstatite
chondrites, the thermal conductivity is gradually
increasing with temperature below 50 K, but that trend
reverses above 50 K. At very high temperatures, the
thermal conductivity is expected to follow a ~1/T
dependence. Based on our measurements, the thermal

Fig. 7. Emissivity measurement of S138. Fig. 8. Estimate of specific heat capacity for EL6 enstatite
chondrites (•). Open circles are measurements by calorimetric
techniques (Consolmagno et al. 2014 [C]; Rudee and Herndon
1981 [RH]; Szurgot 2011 [S]). The dashed curve is the
expected temperature dependence according to Einstein’s
model if the composition remains unaltered.
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conductivity decreases less rapidly, following an
exponential decay proportional to 6.9 * exp (�0.00092
T(K)).

The factor 2–3 higher thermal conductivity would
permit a more rapid transport of heat during
atmospheric entry, keeping the surface temperature of
the meteoroid lower than otherwise expected. This will
lower the rate of ablation and decrease the luminosity
of the meteoroid. In contrast, the slightly lower
emissivity at high temperatures will increase the surface
temperature and increase the rate of ablation.

The lower emissivity at temperatures above 900 K
will slightly decrease the rate at which energy is radiated
and the surface is cooled at these high temperatures.
This temperature dependence is observed more often for
dark materials, with emissivity initially increasing as a
function of temperature, then decreasing after reaching
a peak. Emissivity is a function of wavelength and the
specific value depends on the wavelength range
considered here (1.1–22 lm). The gray body radiation
of the tested meteorites falls within this wavelength
range. Therefore, the measurements are considered to
be spectrally integrated emissivity values.

Both the emissivity of ureilitic materials and the
thermal conductivity of enstatite chondrite materials
decrease as a function of temperature above 500 K.
Normally, thermal conductivity and emissivity behave
in an inverse manner. In metals, emissivity increases
slowly as the metal warms, then increases rapidly
approaching melting point. These highly conductive
materials have low emissivity at room temperature, but
heating will lower the thermal conductivity and increase
emissivity. When the material melts, the conductivity
drops and emissivity rises rapidly. Nonmetals are poor
thermal conductors and start out with high emissivity.
When the material warms, electrons become more
mobile, the thermal conductivity tends to increase, and
the emissivity will decrease.

CONCLUSIONS

The first measurements of specific heat capacity and
thermal conductivity for recovered samples of asteroid
2008 TC3 at temperatures relevant to asteroid entry in
Earth’s atmosphere are presented. The thermal
conductivity of EL6 enstatite chondrite material stays
higher than expected above 300 K, with implications for
heat transport into the asteroid and the rate of
meteoroid ablation. The emissivity of ureilitic material
decreases above 900 K, with implications for the
efficiency at which heat is radiated from the surface.

Future work will expand on these preliminary
measurements by probing a wide range of relevant
materials at the temperatures attained during asteroid

entry. These data are essential for a reliable prediction
of the breakup scenario, the resulting area of impact
of fragments and finally the prediction of the risk of
damage on ground. The entry scenario is the result of
the actual flight path being the boundary to the load
the meteorite will be affected with when entering. An
accurate heat load prediction depends on the
thermophysical properties. Finally, based on these data,
the breakup can be calculated accurately leading to a
risk assessment for ground damage.
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