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Abstract The geodynamical response of the lithosphere under stresses imposed by the geologically
young north polar cap is one of the few clues we have to constrain both the polar cap composition and the
present-day thermal state of Mars. Here we combine radar data with a flexural loading model to
self-consistently estimate the density (𝜌) and real dielectric constant (𝜀′) of the polar cap, and the elastic
thickness of the lithosphere underneath (Te). Our results show that 𝜌 ranges from 920 to 1,520 kg m−3, 𝜀′ is
2.75 (+0.40, −0.35), and Te is between 330 and 450 km. We determine a polar cap volume that is up to 30%
larger than current estimates that all neglect lithospheric flexure. Our inferred compositions suggest that,
for dust content larger than about 6 vol%, 10 vol% CO2 ice is mixed within the polar deposits, which has
important implications for the climate evolution of Mars.

Plain Language Summary The north polar cap of Mars is a tremendous reservoir of ices and
dust of unknown concentration and composition. It is transparent to radar giving us a unique insight into
its structure and composition. Here we use a novel technique that combines radar and elevation data along
with a flexure model, to invert for the polar cap composition and the strength of the underlying lithosphere.
Similar to previous studies, we find that the lithosphere below the north pole is extremely rigid and does
not deform much under the load of the polar cap. This implies that the north polar region is currently
colder than the rest of the planet, which has profound implications for our understanding of the structure
and evolution of the Martian interior. Our inferred compositions suggest that for reasonable dust contents,
about 10 vol% CO2 ice is mixed within the polar deposits. This is the first time a large quantity of CO2 ice
is constrained to exist in the north polar cap. Like on Earth, where the composition of buried ices gives
hints on the climatic evolution, having CO2 ice at the north pole of Mars will help improve scenarios for the
climate evolution of the planet.

1. Introduction
The Martian north polar cap has long been recognized to be a tremendous reservoir of water ice and pos-
sibly dry ice or even clathrate-hydrates (Mellon, 1996). The geologically young (<4 Ma, see Herkenhoff &
Plaut, 2000; Levrard et al., 2007) polar cap plays a significant role in the present-day Martian climate, and
its stratigraphically layered deposits are a witness to the planet's climate evolution (Nerozzi & Holt, 2019).
The cap acts as a large-scale load that can bend the underlying and surrounding basement. Analysis of the
associated lithospheric flexure is one of the few methods that give access to the composition of the polar cap
and to the present-day strength of the lithosphere, which is related to the thermal state of the planet (e.g.,
Phillips et al., 2008; Plesa et al., 2018).

Radar sounding data from MARSIS (Mars Advanced Radar for Subsurface and Ionosphere Sounding) on
Mars Express and SHARAD (SHAllow RADar) onboard Mars Reconnaissance Orbiter have been extensively
used to unveil the structure of the north polar deposits (Byrne, 2009). The two instruments operate at fre-
quencies of 1.3−5.5 MHz and 20 MHz, allowing them to probe depths from several hundreds of meters to
several kilometers with range resolutions in vacuum of 150 m for MARSIS (Picardi et al., 2005) and 15 m for
SHARAD (Phillips et al., 2008). The bulk of the north polar cap is made of the north polar layered deposits
that are thought to consist of nearly pure water ice (Grima et al., 2009; Selvans et al., 2010). These deposits
overlay a basal unit with a more limited extent and whose composition is believed to have a larger quantity
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Figure 1. (left) Estimated thickness of the north polar cap from MOLA surface elevations under the assumption that
the base of the cap follows the regional slope. The filled colored circles correspond to the thickness obtained at 213
regions from MARSIS radargrams. (right) Computed lithospheric deflection from our model (color map and white
contours) and that of Phillips et al. (2008) (red contours), for Te = 300 km and 𝜌= 1,100 kg m−3. For context, elevation
contours of the polar cap are plotted as black lines.

of dust (Herkenhoff et al., 2007; Nerozzi & Holt, 2019). Both MARSIS and SHARAD observed a general lack
of downward deflection below the north polar cap with uncertainties of about 200 m everywhere (Selvans
et al., 2010) and 100 m across Gemina Lingula (Phillips et al., 2008) (Figure 1).

The absence of measurable lithospheric flexure in these previous studies suggests that the thickness of the
elastic lithosphere is more than 300 km and that Mars might be colder than once thought (Phillips et al.,
2008). The joint spectral analysis of gravity and topography also constrained the present-day elastic thickness
for the south pole to be high, at least 108 km (Wieczorek, 2008). These high (and potentially different) elastic
thickness values at the north and south poles are difficult to reconcile with current thermal evolution models
(e.g., Plesa et al., 2018).

These inferences, however, could be flawed given that there are significant uncertainties that could hide the
signal of lithospheric deflection. The global uncertainty on the basal deflection given by analyses of MARSIS
data in Selvans et al. (2010) was for a single value of the real part of the complex dielectric constant (𝜀′,
hereafter abbreviated to dielectric constant), where it was assumed that the whole polar cap was made of
nearly pure water ice with 𝜀′ = 3. As the polar cap thickness scales as 1∕

√
𝜀′, varying 𝜀′ can significantly

increase this uncertainty. The study of Phillips et al. (2008) used the global topography as a load when pre-
dicting the deflection of the lithosphere, and the presence of a long-wavelength signal arising from the broad
Tharsis volcanic province could bias the lithospheric deflection beneath the polar cap. Lastly, we note that
constraints on the composition of the polar cap were obtained by assuming that its base is flat and invert-
ing for the dielectric constant using Mars Orbiter Laser Altimeter (MOLA) elevation and radar data (e.g.,
Grima et al., 2009; Nerozzi & Holt, 2019). If the base were deflected downward, this would require a lower
bulk dielectric constant of the polar cap and modify the inferred compositions.

In this study, we combine MARSIS and SHARAD radar data and MOLA elevation data with an improved
elastic loading model to jointly invert for the density and dielectric constant of the polar cap and the elastic
thickness of the lithosphere underneath. We refine and give a more robust elastic thickness estimate that
will help to constrain interior models using data from the InSight mission (Plesa et al., 2018; Smrekar et al.,
2018). We further give a new estimate of the north polar cap volume, which is up to 30% higher than previ-
ous studies that neglected lithospheric flexure. We finally constrain that, when considering reasonable dust
contents, there must be large quantities of CO2 ice mixed within the north polar perennial cap, which has
important implications for the climate evolution of Mars.
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2. Inversion for Elastic Thickness, Density, and Dielectric Constant
We invert for the elastic thickness of the lithosphere (Te), the polar cap load density (𝜌), and the dielectric
constant by minimizing the root-mean-square (rms) misfit of the function

𝝍(𝜀′,Te, 𝜌) = [he − h0 − W(Te, 𝜌)] − ht(𝜀′). (1)

In this equation, he is surface elevation, h0 is an estimated preloading surface topography, W is the computed
deflection of the polar cap basement, and ht is the thickness of the polar cap derived from radar data. All
terms depend implicitly on position. The first term in square brackets represents the thickness of the polar
cap at a given location based on the surface elevation and lithospheric deflection and is dependent on the
density of the polar cap and the elastic thickness. The last term is a measurement of the thickness from radar
data, which depends on the assumed dielectric constant.

For our calculations, it is necessary to have an estimate of the shape of the surface before the polar cap
formed. The preloading surface elevation (h0) was estimated using an annulus of MOLA elevation data
(Smith et al., 2001) exterior to the polar cap between 70◦N and 75◦N (see also Selvans et al., 2010), and these
data were interpolated poleward using the minimum curvature method of Smith and Wessel (1990). The
preloading surface follows the long-wavelength regional topography that slopes from high values north of
Arabia Terra near 90◦ E toward Alba Mons near 270◦ E (supporting information Figure S1). We note that
varying the annulus latitudinal limits by ±2◦ introduces an rms difference of only 170 m in the elevation of
the basement.

The radar thickness (ht) was derived from MARSIS and SHARAD data. We picked manually 213 locations
that are spatially scattered across the polar deposits, investigated all available radargrams, and identified
visually the reflections arising from the icy surface and the ice/substratum interface. The surface reflectors
were selected as those echoes with the strongest amplitude and with the shortest time delay, and the deepest
subsurface reflectors were identified as the strongest echoes with the largest time delay (Figure S2). For
each location, the lateral continuity of the surface and subsurface reflectors were verified to extend at least
seven frames along the orbital track (corresponding to a horizontal distance of about 35 km). The thickness
is calculated using the time delay between the surface and subsurface echoes (t) and then converting the
result into a distance by assuming a value for 𝜀′

ht =
ct

2
√
𝜀′
, (2)

where c is the speed of light in vacuum.

The elastic deflection (W) is computed using the load model of Belleguic et al. (2005) (see also Broquet
& Wieczorek, 2019) that improves upon the model used in Phillips et al. (2008) by better accounting for
the restoring normal stresses and self-gravitational effects. Since the load depends explicitly upon (W) and
the density (𝜌), we first define the load thickness from MOLA surface elevations and the initial preloading
surface (he −h0) and then iterate by adding the amount of corresponding deflected materials. Typically, only
a few iterations are necessary to converge to submeter accuracies. As in Phillips et al. (2008), the densities
of the crust and mantle were set to 2,900 and 3,500 kg m−3, respectively, the crustal thickness (Tc) was set
to 35 km, Young's modulus (E) was set to 100 GPa, and Poisson's ratio (𝜈) was assumed to be 0.25. Variation
of 200 kg m−3 for the crust or mantle densities and 30% variation in E, 𝜈, or Tc only result in less than 10%
variation in Te.

3. Polar Cap Thickness and Lithospheric Deflection
In Figure 1 (left), we plot an estimated thickness of the north polar cap from MOLA surface elevations
under the assumption that the base of the cap follows the regional slope. In this image, the polar cap has
a maximum thickness of 3,120 m and a volume of 1.31× 106 km3, which are consistent with earlier studies
(e.g., Selvans et al., 2010). Superposed on this map, we plot the polar cap thickness as determined by our 213
MARSIS measurements, with the fill color corresponding to the same color scale as the main image, where
we have assumed that 𝜀′ = 3 (e.g., Selvans et al., 2010). Given that the spacecraft orbit is not perfectly polar,
there are no observations poleward 87◦N. A good overall agreement between the estimated thickness and
radar measurements is seen. Small differences are likely due to local variations in dielectric constant and/or
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Figure 2. Minimum rms misfit as a function of the dielectric constant (𝜀′),
elastic thickness (Te), and bulk density of the polar cap (𝜌) using MARSIS
data at 213 locations. The color corresponds to the rms misfit that is cut off
at 266 m. The black lines delimit possible mixtures, and the red and orange
lines delimit those same mixtures that do not produce basal melting for
heat flows of 20 and 25 mW m−2.

to lithospheric deflection beneath the polar deposits. We also investigated
SHARAD data and observed that the thickness predictions are in good
agreement with MARSIS where the basal unit is not present. SHARAD
cannot generally see through the entirety of the basal unit as a result of its
shallow penetration depth in sand-rich deposits (see Text S1 and Figure
S2 and Nunes & Phillips, 2006).

On the right panel of Figure 1, we reproduce the deflection of the litho-
sphere from Phillips et al. (2008) in red, for an elastic thickness of 300 km
and a surface density of 1,100 kg m−3. The deflection using our model for
the same parameters is shown in white and is due solely to the isolated
load of the polar cap. Though both contours fit the condition of less than
100 m of relative deflection across Gemina Lingula, there are significant
differences. The deflection of Phillips et al. (2008) is offset from the cen-
ter of the polar cap, with about 400 m of deflection near the center and
more than 350 m of deflection outside of the polar cap. In comparison,
the deflection computed from our model that is centered on the polar cap
has a slightly smaller central value of 320 m and has less than 150 m of
deflection outside of the polar cap.

We found that this difference was due to Phillips et al. (2008) using
the global topography as a load (with a constant density of 1,100 kg
m−3) in the deflection model, causing the presence of an unwanted
long-wavelength signal originating from the broad Tharsis province. It
is clear that Tharsis formed billions of years before the polar cap was
emplaced and that its induced flexure is unrelated to the flexure resulting
from the geologically young polar cap. Given that our polar cap load is
defined with respect to the regional topographic slope, any ancient flexu-
ral signature resulting from Tharsis is already represented in the regional
topography that is being interpolated beneath the polar cap.

4. Results
We show in Figure 2 the minimum misfit of equation (1) as a function of
two parameters and for any value of the third parameter. The misfit was

computed using MARSIS data at 213 locations, of which the number is more than sufficient to obtain robust
estimates and uncertainties of the three free parameters in our inversion (see Figure S3). The rms misfit is
cut off at 266 m, which is the maximum allowed misfit in the estimation of the thickness of the polar cap
that includes the range resolution of MARSIS, surface roughness at the scale of the Fresnel zone of MARSIS,
and the uncertainty in the estimation of the preloading surface (see Text S2 for more details).

We observe that the dielectric constant ranges from 2.00 (the minimum value investigated) to 3.25 with a
best fit of about 2.75, the elastic thickness must be greater than 180 km, and the density must be less than
1,700 kg m−3. The minimum required elastic thickness is significantly lower than the 300 km obtained by
Phillips et al. (2008) as a result of the improved loading model. We will see that including additional con-
straints that were not considered by Phillips et al. (2008) will require an increase in the minimum elastic
thickness. We note that when assuming zero deflection (i.e., an infinite elastic thickness), the obtained
dielectric constant is 3.14± 0.35, which is similar to that found in Grima et al. (2009) who assumed zero
deflection.

Parts of the colored regions of Figure 2 correspond to densities and dielectric constants that cannot be simul-
taneously obtained by mixtures of ices and dust. A three-component Maxwell-Garnett mixing law (Sihvola,
2000) was used to compute the bulk dielectric constant where we assumed that the matrix was the compo-
nent with the largest volumetric abundance. We note that the results would be similar using a power law
mixing relation as in Nerozzi and Holt (2019). The dielectric constants for solid CO2, H2O ice, and dust
were set to 2.2, 3, and 6, respectively, and the densities of solid CO2 and water ice were assumed to be 1,560
and 920 kg m−3. The density of the dust component was allowed to vary from 2,200 to 3,400 kg m−3, which
covers the range from gypsum to basalt (Nunes & Phillips, 2006). The range of solutions that fit the data and
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Figure 3. Surface and deflection profiles across Chasma Boreale. The
profile section and deepest troughs are shown in the upper image. In the
lower image, we display an elevation profile based on MOLA data (blue), a
profile for the interpolated basement (red), and several profiles of
lithospheric deflection (dashed black). The deflection profiles were
computed for Te = 300 (lower) to 500 (upper) km with 50 km increments
and 𝜌= 1,100 kg m−3. The inset shows details regarding two SHARAD
measurements of the base of the polar cap (purple), where we set 𝜀′ = 3.5.
The interpolated basement is seen to extend above the MOLA profile by a
few tens of meters, from a distance of 90 to 360 km and from 1,550 to
1,750 km. This is due to local topographic variations with wavelengths that
are smaller than those used in defining the interpolated basement.

that can also be accounted for by a mixture of these three components is
outlined by the black dashed line in this figure. The range of permissible
values for the dielectric constant is reduced to 2.2 to 3.15, the minimum
elastic thickness is increased to 330 km, and the maximum density is
reduced to 1,600 kg m−3.

We further note that the thermal conductivity of the polar cap is strongly
dependent on the relative abundances of ices and dust (Mellon, 1996;
Wieczorek, 2008). If the effective thermal conductivity is low enough, this
could result in temperatures that would be sufficient to melt the base of
the cap (see Text S3 for more details). In regions covered by radar obser-
vations, there is no evidence for a melt layer being present today, and we
thus assume that basal melting is not presently occurring. The orange and
red dashed lines delimit the allowable compositions that do not generate
basal melting under typical heat flows of 20 and 25 mW m−2 (Plesa et al.,
2018). For a heat flow of 20 mW m−2, the dielectric constant is found to
range from 2.40 to 3.15, the elastic thickness is found to be independent of
heat flow with a value of at least 330 km, and the density is found to range
from 920 to 1,520 kg m−3. The obtained range of densities is in good agree-
ment with gravity studies at the north (Ojha, Nerozzi, & Lewis, 2019) and
south (Wieczorek, 2008; Zuber et al., 2007) poles where the bulk density
of both caps was found to be about 1,200± 150 kg m−3.

We performed an independent inversion using SHARAD data, but only
at 78 restricted locations where the basal unit is not present and where
the base of the polar cap is clearly visible (Figure S2). The results we
obtained were generally consistent with those presented above, but with a
slightly higher elastic thickness and lower dielectric constant (Figure S4).
As an example, for a heat flow of 20 mW m−2, the dielectric constant
was found to range from 2.4 to 3.0, the elastic thickness was found to be
at least 370 km, and the surface density was constrained to be less than
1,570 kg m−3.

We note that the only way to lower the elastic thickness at the north pole would be to simultaneously reduce
the density and dielectric constant of the mixture. This could be achieved by adding some porosity, and for
2 or 5 vol% porosity, the minimum elastic thickness would be reduced to respectively 300 and 280 km. On
Earth, a typical volume fraction of bubbles in glacial ice at an equivalent Martian depth of 1,200 m is only
about 0.5% (Fegyveresi et al., 2016), so the presence of porosity would likely have only a small effect on our
inversion results.

In Figure 3, we show a map of the polar cap and several profiles across Chasma Boreale. Chasma Boreale
is a deep trough that separates the main lobe of the north polar cap from Gemina Lingula (Figure 3). Radar
studies have shown that the basal unit is exposed at the bottom of Chasma Boreale where it is only about
150 m thick (Holt et al., 2010; Putzig et al., 2009; Selvans et al., 2010). Using SHARAD data, we confirmed
that the thickness of the basal unit in the two deepest troughs of Chasma Boreale is about 150 m. These two
troughs are located close to the center of the polar cap, where the basement is potentially subject to a large
deflection, which makes them remarkably sensitive to variations in elastic thickness such that we decided
to treat them separately.

The bottom panel of Figure 3 plots several profiles including the surface elevation as defined by MOLA
(blue), the preloading surface (red), and deflection profiles for various elastic thicknesses (black). The two
purple dots correspond to the base of the basal unit given by SHARAD in the two deepest troughs of Chasma
Boreale that is 150 m below the local surface elevation given by MOLA. We have considered a 65 m depth
uncertainty at these locations that corresponds to plausible variations in the dielectric constant (from 2.5 to
3.5), uncertainties from the preloading surface and surface roughness, and the range resolution of SHARAD.
At these locations, we observe that the preloading surface is about 230 m above the basement depth given
by SHARAD. A small amount of deflection of the surface is thus required to account for these measure-
ments. Based on the plotted deflection profiles, we observe that the elastic thickness has a best fit of about
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Figure 4. Ternary plot for allowable volumetric mixtures of ices and dust for three elastic thicknesses, 330, 350, and 400 km (from left to right), where the color
corresponds to the dielectric constant. The black lines limit the regions beyond which basal melting will occur as a function of various heat flows from 20 to
35 mW m−2 with acceptable solutions in the direction given by the black arrows. The dashed lines show the accepted mixtures that must be added if the dust
density is decreased from (1) 3,400 to (2) 2,200 kg m−3.

320 km and cannot be larger than 400 km. We note that if the load density is set to the highest allowed value
(1,520 kg m−3), then the largest allowable elastic thickness is 450 km.

5. Composition of the North Polar Cap
To address the composition of the north polar cap, we assumed that the polar cap is homogeneous and
explored which fractions of H2O and CO2 ices and dust (clathrates are treated in Text S4 and Figure S5)
could fit both our density and dielectric constant estimates. Given that both parameters are dependent on
the elastic thickness, we show three results in Figure 4 for three different elastic thicknesses (330, 350, and
400 km). Each plot is a ternary diagram that shows the range of allowable compositions, where the color
represents the corresponding dielectric constant of the mixture. In all cases, we observe that the north pole
is made mostly of pure water ice and that high heat flows require a low solid CO2 content in order to not
melt the base of the cap.

For an elastic thickness of 330 or 350 km, we observe that there must be at least 10 vol% dry ice within the
north polar deposits and that the dielectric constant of the allowed compositions ranges from 2.7 to 2.9.
Only the larger elastic thickness of 400 km allows for a solid CO2 free polar cap when the dust content is less
than 5 vol%. However, having less than 5 vol% of dust within the north polar cap is inconsistent with the
results of Nerozzi and Holt (2019). These authors constrained the minimum dust content of the basal unit
to be about 18%, which translates to an average of 6 vol% dust for the entire north polar cap, assuming that
the basal unit is 35% the volume of the cap (Selvans et al., 2010). We thus dismiss cases with dust contents
less than 5 vol%, and when it is larger than 6 and 8 vol%, the polar cap is required to have at least 8 and 13
vol% dry ice, respectively. The maximum volume fraction of dust in the polar cap is found to depend upon
the elastic thickness and dust density and varies from 5% to 28%. If the polar cap does not contain CO2, but
instead clathrate ices, there must be at least 77 vol% clathrate ices for a heat flow of 20 mW m−2, which is
unlikely (Figure S5).

6. Discussion
Using the formalism of McNutt (1984) and accounting for heat-producing elements (HPEs) in the crust
(Hahn et al., 2011), the minimum 330 and maximum 450 km elastic thicknesses can be shown to imply sur-
face heat flows of 16 and 11 mW m−2 (see Text S4). In a recent study, Ojha, Karimi, et al. (2019) computed
lithospheric deflection profiles beneath the north polar cap as a function of heat flow using a more sophis-
ticated finite element method with a visco-elastoplastic rheology. Our results imply a maximum absolute
deflection of 400 m at the center of the polar cap and 250 m below Gemina Lingula. From Figure 2 of Ojha,
Karimi, et al. (2019), our constraints require the mantle heat flow to be 13 to 20 mW m−2.

Using previously reported MARSIS and SHARAD radar constraints on the amount of lithospheric deflection
beneath the north polar cap, Ojha, Karimi, et al. (2019), however, inferred a considerably lower mantle heat
flow of 7 mW m−2. This discrepancy is largely the result of their having mistook previously reported relative
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deflections between two points with the maximum absolute deflection below the deposit (see Figure S7).
For example, the maximum deflection at the center of the cap, as predicted by both Phillips et al. (2008)
and this study, is about 350–400 m. Ojha, Karimi, et al. (2019) however used a value of 200 m, but this value
(Selvans et al., 2010) represents only the relative deflection from the edge of the cap to about half-way to the
center of the polar cap.

In a suite of thermal evolution models, Plesa et al. (2018) investigated how the thickness of the crust (which is
enriched in HPE) affects the thickness of the lithosphere. For these models, that have a chondritic abundance
of HPE, an elastic thickness of more than 330 km at the north pole was compatible with an average crustal
thickness of about 60 to 87 km. Nevertheless, if the concentration of HPE in the crust is twice the reference
value given by gamma ray spectroscopy measurements (e.g., Hahn et al., 2011), one model with a lower
crustal thickness (29.5 km) can satisfy our constraints on Te (see also Thiriet et al., 2018).

There are a few complications to our model that could perhaps provide a lower elastic thickness at the north
pole. It is possible that the polar cap load is not yet at elastic equilibrium but is rather in a transient state,
undergoing downward deflection, as a result of viscous relaxation. The north polar region could also be
experiencing some level of postglacial rebound (upward deflection) from a former larger cap that is compet-
ing with the present-day deflection. The presently observed deflection would then be the sum of these two
components, which would lead to an overestimation of the elastic thickness. Although elastic equilibrium
can be achieved on a timescale shorter than the age of the north polar cap (e.g., Phillips et al., 2008), the
influence of these two, possibly ongoing, effects depends upon the viscosity of the mantle that is yet poorly
constrained (Plesa et al., 2018) (see Text S5 and Figure S6).

In our simulations, the maximum allowed central deflection of the lithosphere is about 400 m and less than
200 m outside of the polar cap, giving a maximum cap thickness of about 3,500 m. For our range of acceptable
solutions, the deflected volume ranges from 0.19 to 0.41× 106 km3, and the total north polar cap volume is
1.51 to 1.73× 106 km3, which is 15% to 30% higher than previous estimates (Selvans et al., 2010).

The inferred compositions suggest that there must be at least 10 vol% of solid CO2 (0.15 to 0.17× 106 km3, 59
to 67 mbar) within the polar cap if the dust content is larger than 6 vol%, as suggested by the radar estimates
of Nerozzi and Holt (2019), the rest being water ice. Increasing the dielectric constant of water ice (from 3 to
3.15, e.g., Grima et al., 2009) or that of the dust (from 6 to 8.8, e.g., Nerozzi & Holt, 2019), or adding more dust
to the polar cap, would require an even larger solid CO2 content. Because of the strong feedback between
the polar caps and the atmosphere, having an important amount of sequestered CO2, 10 times larger than
what was detected at the south pole (Phillips et al., 2011), has important implications on the reconstruction
and prediction of the climate evolution of the planet (Levrard et al., 2007).
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