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Article summary

Elastic-plastic flexure, considering ice friction and plastic flow, is estimated for Europa, Ganymede, and
Ariel. Comparisons to observed rift flank data reveal heat fluxes lower than previous estimates, with
implications for the geodynamic history of icy worlds.

Abstract

Investigating ice shell flexure observed in elevation data provides one of the few ways to infer the ice
shell structure and the thermal evolution of icy moons. Most previous work have relied on the classical
elastic plate model to fit observations and infer the elastic thickness of the lithosphere and heat flux at
the time of deformation. Here, we show how to compute more realistic elastic-plastic flexural profiles
considering ice friction in the upper ice shell and plastic flow at deeper levels. This approach does not
rely on the elastic thickness mathematical construct and can be used to directly infer the ice shell heat
flux and/or rheology from observed flexural profiles. We show that, under high plate curvature
(>10°m™), purely elastic models predict unrealistic oscillations near and in the flexural bulge region,
which can bias the estimated elastic thickness and heat flux. Applying our elastic-plastic flexural model
to Ariel and Ganymede, we find heat fluxes lower than previous estimates, which has implications for
our understanding of the geodynamic history of these worlds. We demonstrate that the maximum
curvature of the synthetic elastic plate profile should be used when relating elastic thickness to heat
flux, and discuss heat flux estimation on icy moons.
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1 Introduction

Investigations of ice shell flexure, as observed from stereo-derived topographic profiles, have been
commonly used to provide information on the interior structure and evolution of icy moons, includ-
ing Ganymede (e.g., Nimmo & Pappalardo, 2004; Nimmo et al., 2002), Europa (e.g., Billings & Katten-
horn, 2005; Hurford et al., 2005), Enceladus (e.g., Giese et al., 2008), Dione (e.g., Hammond et al., 2013),
and Ariel (e.g., Beddingfield et al., 2022; Peterson et al., 2015). The most commonly used approach is
to fit the observed flexure to an elastic plate model to infer the effective elastic thickness (hereafter
denoted as elastic thickness), which provides information on the rigidity of the body’s ice shell. The
widespread use of this approach lies in its simple analytical expression (e.g., Turcotte & Schubert, 2002),
allowing to explore a wide parameter range at multiple locations. With improved topography models
for icy satellites (e.g., Enya et al., 2022; Park et al., 2024; Schenk & McKinnon, 2024), flexural analyses
can be applied across the surface to infer lateral variations in the interior structure of the body. More
sophisticated models, accounting for time-dependent elastic-viscous-plastic rheology have also been
proposed (e.g., Damptz & Dombard, 2011). However, while these models have shown the importance of
the time-dependent response of the lithosphere, with implications for the interpretation of the inferred
elastic thickness, they require using non-trivial finite-element solvers (see also Dombard & McKinnon,
2006).

For geologic interpretations, the elastic thickness can be converted to a heat flux using several ap-
proaches. For example, this can be achieved by setting the bending moment of the elastic plate equal
to the bending moment of a more realistic plate with a temperature-dependent rheology that considers
fracturing and plastic flow (e.g., Burov & Diament, 1995; McNutt, 1984). One critical issue with this ap-
proach is related to the seemingly arbitrary selection of the input plate curvature, which affects the cal-
culation of the bending moment (Goetze & Evans, 1979). The curvature of the plate varies with position
by orders of magnitude and has a prominent effect on the inferred bending moment and associated heat
flux. Some previous works have used the curvature at the first zero-crossing of the flexural profile (e.g.,
Smrekar et al., 2022) or the maximum plate curvature (e.g., Nimmo & Pappalardo, 2004), but the relia-
bility of such assumptions has not been investigated in the framework of ice shell deformation (see also
Mueller & Phillips, 1995). Alternative approaches have assumed the base of the elastic lithosphere to be
defined by a rheology-dependent isotherm in combination with a specific Deborah number (Hammond
et al., 2013; Nimmo et al., 2002). The Deborah number is defined as the ratio of the stress magnitude
(viscosity times strain rate) and the elastic shear modulus, and this parameter weighs the elastic contri-
bution to the plate’s rheology as a function of the loading time scale (e.g., Mancktelow, 1999). However, it
remains unclear what Deborah number should be assumed when the plate is elasto-plastic (rather than
purely elastic) and whether both the equal-bending moment and the Deborah number approaches lead
to similar results.

In addition, for most icy moons, the retrieved elastic thicknesses were generally found to be small
(<5 km) indicating high heat fluxes (>100 mW m™2) at the time of the deformation (e.g., Nimmo, 2018;
Van Hoolst et al., 2024). Such information are critical to assess icy moons’ habitability (e.g., Grasset et
al., 2013; Vance et al., 2023) or the dynamics of interior plumes (Berne et al., 2024; Spitale et al., 2025).
However, one key question is whether the elastic plate model can be used to reliably predict the flexure
of an ice shell (and the associated heat flux) with a thin elastic lithosphere, wherein plasticity might
dominate. Finally, the presence of impurities or water ice layers (e.g., Buffo et al., 2020; Soucek et al.,
2023) will affect the yield strength and flexural response of the ice shell, but such features cannot be
included onto simple analytical elastic plate models.

In this work, we follow the framework developed in Mueller and Phillips (1995), to test the applica-
bility of elastic plate models on icy satellites. We compare elastic plate models to elastic-plastic flexure
solutions using an example yield strength envelope for Europa and provide a criterion for curvature se-
lection when relating elastic thickness to heat flux. We discuss synthetic plastic-elastic flexure profiles
considering ice shell impurities and demonstrate that local weak zones (such as from liquid pockets) af-
fect the ice shell’s flexural response. We further show that previous work that used a Deborah number
overestimated the heat flux, with examples for Ariel (Peterson et al., 2015) and Ganymede (Nimmo et al.,
2002).

2 Methods: Plate flexure

The deflection of a plate can be described using the von K&rmén equation (Fung, 1965). Under the
assumption of negligible shear force applied to the top and bottom of the plate, which is adequate for
icy satellites, the von Kadrman equation can be simplified as (e.g., Mueller & Phillips, 1995; Turcotte &
Schubert, 2002)
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d’M(x) d?w(x)
dx2 = -N() dx2

In this equation, x is the horizontal dimension, M is the bending moment of the plate, N is the in-
plane force, w is the deflection, and g,, is the vertical normal stress applied to the plate. Other parame-
ters include the density contrast of materials below and above the plate, Ap, and the local gravitational
attraction, g. We note that the model is invariant with respect to the other horizontal direction. More
sophisticated 2D elasto-plastic flexure modeling is out of the scope of this study.

Under elastic flexure theory, the bending moment varies linearly with plate curvature and is given by
the product of flexural rigidity and curvature. A boundary condition is also typically applied such that
flexure at x = 0 equals to some constant w, that is determined from observations. For a broken plate,
the curvature (or bending moment) also equals zero at x = 0. Ignoring in-plane forces, this leads the
above equation to only depend on a flexural parameter a and the central deflection w; as (see Turcotte
& Schubert, 2002).

+ Dpgw(X) + 0,(x, 0). (1)

w(x) = wpe™/% cos (x/a) (2)

where the flexural parameter can be expressed as

2\
o (s vims) ?

In this equation, T, is the elastic thickness of the lithosphere, E is Young’s modulus, and v is Poisson’s
ratio. The above assumptions have been widely used to infer the strength and thickness of the elastic
lithosphere when and where the gravity field were insufficiently known, including on Earth (e.g., McNutt
& Menard, 1982), Venus (e.g., Smrekar et al., 2022), Mars (e.g., Grott et al., 2005), and icy moons (e.g.,
Nimmo et al., 2002).

For elastic-plastic flexure, however, the moment-curvature relationship is non-linear and solutions
to Equation (1) need to be determined numerically. Following Mueller and Phillips (1995), we first deter-
mine the moment-curvature relationship based on an input interior yield strength envelope (YSE). The
bending moment is integrated considering both tensile and compressional yield stresses together with
a curvature and associated neutral plane depth (e.g., Goetze & Evans, 1979). Bending moments are esti-
mated for a wide range of curvatures, and the non-linear relationship between the two is parametrized
using spline functions (Woltring, 1986). We note that throughout the rest of the manuscript we ensure
that all constructed moment-curvature spline functions adequately reflect the input data. Finally, Equa-
tion (1) is numerically solved as a two-value boundary problem using a substitution of variables ap-
proach (see Phillips, 1990). Codes to solve the elastic-plastic flexure equation for an input YSE, but also
to convert an input YSE to T, (and reciprocally), are archived in Broquet (2026) and Broquet (2022).

3 Results

3.1 Curvature selection when relating yield strength envelope
and elastic thickness

Inthis section, we compare flexural profiles of a broken elastic plate (Equation (2)) to our YSE-dependent
elastic-plastic flexure model. Here, we use Europa’s ice shell as an example considering a single central
flexure (wy) and assumed heat flux, but note that a wider parameter search is discussed further below.
For Europa, we use the YSE described in Dombard and McKinnon (2006), which considers Byerlee’s law
forice in the upper brittle ice shell as well as dislocation and grain boundary sliding in the lower ice shell
(Figure 1a). Assumed parameters include a surface temperature (T,) of 80 K, a thermal gradient of 18
K/km, a strain rate of 107" 577, and a 1 mm grain-size. All relevant rheological and interior parameters
are summarized in Table S1. For this YSE, the associated moment-curvature relationship is seen to satu-
rate for curvatures greater than |3.5/x10°® m™" (Figure 1b). After this threshold limit, yielding occurs and
any additional increase in the plate curvature does not induce a significant increase in the bending mo-
ment that is supported within the plate. The saturation threshold depends strongly on the yield strength
envelope, but can be estimated by simply estimating the total bending moment of the plate.

As expected, this saturation behavior is not reproduced by the analytical elastic curvature-moment
relationship, which allows the elastic plate to maintain unphysically high curvatures (Figure 1b). Interest-
ingly, we further observe the elastic and elasto-plastic models to slightly differ in terms of bending mo-
ment before the saturation point. Although plate flexure theory shows that elasto-plastic plates have an
elastic core located near the midpoint of the plate (e.g., Burov & Diament, 1995), even for small amounts
of yielding, a plate will not behave fully elastically. Plasticity near the surface and at the base of the
plate will both affect the bending moment. We note that Europa’s YSE and associated plate saturation
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Figure 1 | Example YSE for Europa (a) together with its associated moment-curvature relationship (b). For compari-
son, we show the analytical elastic moment-curvature relationship considering a 3 km elastic thickness. The YSE is
from Dombard and McKinnon (2006).

point strongly depend upon the assumed ice shell rheology and temperature. A full exploration of such
parameters is out of the scope of this study.

The constructed YSE and associated curvature-moment relationships are used to compute elastic-
plastic flexure (see Equation (1)). Assumed parameters include a central deflection, wy, of 0.5 km, Pois-
son’s ratio of 0.33, Young’s modulus of 1 GPa, a mean gravitational attraction of 1.314 m s~2, and a density
contrast of 1000 kg m3 (Table S1). Because we are comparing synthetic data, these assumptions do not
affect the main results presented here. The estimated elastic-plastic flexure solution is then compared
to a broken elastic plate model, for which one needs to assume an elastic thickness. To estimate the
elastic thickness, we use the classical YSE to elastic thickness formalism (e.g., McNutt, 1984). Therein,
the curvature-dependent bending moment of the YSE is equated to an elastic bending moment. As the
elastic bending moment analytically depends on the flexural rigidity and plate curvature (assumed to be
constant), this approach can be used to link a YSE and assumed plate curvature to an elastic thickness,
or vice versa. However, and as discussed above, a key unknown is what curvature one should use to
adequately infer the elastic thickness. Here we consider a wide range of curvatures to estimate several
elastic thicknesses using the above formalism. Elastic thicknesses are then used to construct synthetic
broken elastic plate models using the same parameters as for the elastic-plastic solutions. A root-mean-
square (rms) misfit is then used to compare broken elastic plate and elastic-plastic flexural profiles. The
curvature used to construct the best-fit broken elastic plate model is retained and is then compared
to the laterally variable curvature of the synthetic profiles. This approach enables the inference of the
representative curvature required to relate the elastic thickness of the lithosphere to a yield strength en-
velope (and heat flux), and conversely, to derive an elastic thickness from a yield strength envelope and
input flexural parameters.

For curvatures ranging from 107 to 107> m™", the elastic thickness associated with our example YSE
ranges from 5.0 to 2.3 km (Figure 2a). The broken elastic plate model that best-fits the elastic-plastic
model has an elastic thickness of 3.0 km, and was retrieved for a curvature of 3.6x10°® m™" (Figure 2b).
This optimal curvature is best estimated considering the maximum curvature of the best-fit broken elas-
tic plate model (Figure 2b,c), in agreement with previous work (e.g., Mueller & Phillips, 1995). As ex-
pected, such curvature is found near the midpoint between the flexural profile start and the first zero-
crossing flexure point. If instead, the curvature were selected at the first zero-crossing point (as in Sm-
rekar et al., 2022), here with a value of 2.3x107® m™", the elastic thickness of the lithosphere would be
overestimated by 10%.

We have also explored a wider parameter space considering positive and negative w, ranging from -4
km to 4 km as well as heat fluxes of 20 to 300 MW m~2, building on the Ariel and Ganymede investigations
presented below (Figure S1). In all tested scenarios, we look for the input curvature that allows for a
best-fit between the elastic model (which depends on an elastic thickness and curvature) and the elastic-
plastic solution (which depends on a heat flux). The best-fit curvature is then compared to the maximum
curvature of the synthetic elastic model, as was done above. This analysis shows that for a wide range of
heat fluxes (thus yield strengths), as well as central deflections (thus curvatures), selecting the maximum
curvature of the synthetic elastic profile is always a good approach to match elastic-plastic and elastic
models and therefore to estimate the heat flux from an elastic thickness.

These analyses demonstrate that a temperature-dependent yield strength envelope can be related
to an elastic thickness by considering the maximum curvature of the synthetic profile that best fits an
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Figure 2 | Elastic-plastic versus broken elastic plate flexure for Europa. (a) Root-mean-square misfit between the
elastic-plastic and synthetic broken elastic plate models for various elastic thickness and curvatures. (b) Flexural
models for broken elastic (orange) and elastic-plastic (black) plates. The orange shade shows all tested broken elas-
tic plate models. (c) Absolute value of the curvature as a function of distance for the best-fit models. The curvature
leading to the lowest misfit between the broken elastic and elastic-plastic plate is shown by the red horizontal line.
The x-axis in (b, c) corresponds to the distance away from the load.

observed flexural profile. In the tested scenario for Europa with a relatively small central deflection of
0.5 km, flexure obtained by the broken elastic plate model is also found to closely resemble that from
the elastic-plastic model.

3.2 Non-elastic flexure

As discussed above and shown in Figure 1b, the bending moment of a lithosphere that considers
fracturing and plastic flow will start to saturate under high curvatures. Where yielding occurs, an elastic-
plastic flexural profile will differ from the elastic plate model that can sustain infinitively high curvatures.
To illustrate this effect, we have increased w to 1 and 2 km, as greater central deflection leads to increas-
ing plate curvatures (Figure 3a,b). We note that such high central deflection have been observed on Ariel,
with values reaching ~4 km (Peterson et al., 2015). As in the previous section, the maximum curvature in
the synthetic profile should again be used to determine the best-fit elastic thickness associated with the
YSE and input deformation parameters (Figure 3c,d).

We observe that yielding of the plate before the first zero-crossing point and in the flexural bulge re-
gion both lead to a flexural profile that strongly departs from the broken elastic plate model (Figure 3a,b).
Alarge flexural bulge with positive relief and high curvature, above the theoretical saturation point (Fig-
ure 3c,d), is seen in the elastic model, but absent from the more realistic elastic-plastic solution. This
effect is more pronounced as wj increases.

This analysis shows that under high flexural curvatures, elastic and elastic-plastic solutions can sub-
stantially differ. In particular, by neglecting plasiticity, elastic flexure modeling will lead to the apparition
of unrealistic plate oscillations in the flexural bulge region. Thus, the fit of observed data in such region,
which has been typically investigated by prior elastic flexure models (e.g., Hurford et al., 2005; Nimmo
et al., 2002; Peterson et al., 2015), can lead to biases in the estimation of the elastic thickness of the
lithosphere.
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Figure 3 | Effect of plasticity in the ice shell. Elastic-plastic versus broken elastic plate flexure for Europa under
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Figure 4 | Effect of ice shell weakening or strengthening on flexural profiles. Yield strength envelopes for the refer-
ence, weak, and strong cases (a) and the associated flexural profiles (b).

4 Discussion

4.1 Effect of impurities and liquid water on flexure

Impurities or the presence of liquid water reservoirs can strengthen or weaken the ice shell, which
will affect its flexural response to various geological loads. To estimate these effects, we provide two
simulated YSEs for Europa. In one case, we added a 500 m layer with a 50% higher yield strength in
the middle of the ice shell. The presence of such layer could, for example, result from the existence
of a low-porosity or pure-ice region, as the reduction of porosity or impurity content both increase the
strength of ice (e.g., John et al., 2018). In a second case, we added a 500 m water ice layer at the ice shell
midpoint. For both cases, we compare synthetic flexural profiles to a case without impurities or liquid
water (Figure 4).

For the case with impurities strengthening the ice shell, we observe minor effects on the flexural pro-
file. This is due to the additional yield strength only moderately affecting the total bending moment

PLANETARY RESEARCH | volume 1|2026



PLANETARY RESEARCH | ARTICLE | Elastic-plastic flexure and heat flux on icy moons

that can be supported by the ice shell (Figure 4b). When including a liquid water pocket with near-zero
strength, however, the system becomes mechanically decoupled. Such decoupling drastically reduces
the effective elastic thickness and resistance of the plate to yielding (see also Burov, 2010). In that sce-
nario, the flexural profile displays narrower wavelength of flexure with a closer-in flexural bulge. We
note that these example models do not require global water ice or impurity layers. Local yield strength
anomalies with a wavelength greater than the deformation (i.e. several hundreds of km) would lead to
the same flexural profiles. These results imply that if the elastic properties of the ice shell are known, wa-
ter ice reservoirs and other factors that decouple the flexural response of the ice shell, can be mapped
by investigating ice shell flexure. On Earth, elevation change have been typically used to map subglacial
lakes in Antartica (Siegert, 2000; Wilson et al., 2025).

4.2 Revisiting flexural profiles at Ariel and Ganymede

Given the potential issues related to purely elastic flexure models, we here revisit two studies that
investigated flexure and heat flux at Ariel (Peterson et al., 2015) and Ganymede (Nimmo et al., 2002),
using our elastic-plastic model. In Peterson et al. (2015), analyses of steep rift flanks observed in a stereo-
photoclinometry digital elevation model constrain the elastic thickness of the lithosphere to be 3.8 to
4.4 km. These values were then used together with the Deborah number formalism to estimate the heat
flux, as further described below. Considering a Deborah number of 0.01, three ice rheologies, two end-
member strain rate and grain size best-fit heat fluxes at Ariel were found to have been between 28 and
92 mW m~2 (see also Beddingfield et al., 2022). Using a similar framework, Nimmo et al. (2002) have
constrained elastic thicknesses of about 1 km by investigating rift flank uplifts at Ganymede (see also
Nimmo & Pappalardo, 2004), and estimated the best-fit heat flux to be <245 mW m~2.

For both studies, we have digitized the average topography and associated standard deviations pro-
files of rift flanks considered. Rather than inferring the elastic thickness of the lithosphere from the ob-
served flexural profiles, our approach allows one to directly constrain the yield strength envelope of the
ice shell and thus the heat flux for a given rheology. For each case, we compare results using an elastic
and elastic-plastic model. Relevant rheological and interior parameters are summarized in Table S1.

4.2.1 The case of Ariel

In Peterson et al. (2015), Ariel’s heat flux is found to have been between 28 and 92 mW m~2 at the time
of deformation. For simplicity and comparison purposes, we here focus on the maximum allowed heat
flux using our elastic-plastic flexure model. The maximum allowed heat flux is estimated considering
the strongest possible ice rheology, which was obtained assuming grain-boundary sliding, a grain-size
of 10 cm, and a strain rate of 107" 57" according to the parameter range in Peterson et al. (2015). For
consistency, we also assume a thermal conductivity of 5W m~" K. Similar to the previous section, the
brittle part of the ice shell is determined based on parameters found in Beeman et al. (1988) (see also
Schulson & Fortt, 2012).

Using these strong rheology parameters, we construct heat flux dependent YSE and estimate elastic-
plastic flexure, which is then compared to the broken elastic plate model and observations made in Pe-
terson et al. (2015). For each flexure model, we keep the central deflection w, and the reference eleva-
tion (the part unaffected by flexure) as free parameters in order to best-fit the observations. We note
that additional geometrical parameters could be considered in the fit to observations, such as with the
inclusion of a regional slope, and these would affect the inferred heat flux of elastic thickness. However,
such considerations are difficult to assess given the limited number of available observations and are
beyond the scope of this work. The misfit is determined using a rms considering two cases. In the first
case, we only allow models that fit observations within their allowed uncertainty range, which consists
of the standard deviation to the mean profile estimated in Peterson et al. (2015) together with an added
150 m uncertainty associated with the vertical resolution of the digital terrain model. In the second case,
we retain models with a rms misfit that is less or equal than a total root mean square error encompassing
the average standard deviation and elevation uncertainty (both assumed independent).

Misfit plots of heat flux versus w, are then constructed for the elastic-plastic model and for the elastic
model where we first fit the elastic thickness and then estimate the heat flux using a Deborah number
of 0.01. We find that in order to match the observed flexural profiles within uncertainties and with an
elastic-plastic model, the heat flux should be less than 32 mW m=2 and with a well-defined best-fit of
25 mW m~2 (Figure 5a,b). For the second approach, the rms misfit is thresholded to 450 m providing a
heat flux of at most 45 mW m=2. Weaker rheologies would naturally require lower heat fluxes to match a
similar flexural profile. Higher heat fluxes (e.g. 50 mW m~2) lead to a smaller flexural wavelength that is
inconsistent with observations.

When considering an elastic plastic flexure model, where the heat flux is estimated using an assumed
Deborah number of 0.01, the allowed heat fluxis found to be substantially higher, reaching best-fit values
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Figure 5 | Rift flank and heat flux at Ariel. Rms misfit contour of heat flux and central deflection w, when using
our elastic-plastic model to fit the observed flanks at Ariel (a, b). Rms misfit contour using the elastic model and
Deborah number approach to estimate the heat flux (c, d). Best-fit flexure profile (black) and rift flank observations
with associated uncertainties (blue) digitized from Peterson et al. (2015) (e, f). The black line in a, b, c, d delimits
models that fit observations within their 1-sigma bounds. Best-fit parameters are provided in the legend and the
red cross indicates the best-fit.

of 92 mW m~2 and allowed values of up to 160 mW m=2 (Figure 5¢,d). Thus, when considering elastic-
plastic flexure, the required heat flux are substantially lower than found in Peterson et al. (2015) for a
similar rheology.

As discussed above, this inconsistency may stem from the assumption of plate elasticity, as the es-
timated central deflection and plate curvatures are large (~10 m™", Figure S3). Another possibility is
related to the Deborah number approach used to estimate the temperature at the base of the elastic
lithosphere and the associated heat flux (see Nimmo et al., 2002). The assumed Deborah number of 0.01
represents the materials’ behavior at the crossover depth between the elastic lithosphere and viscous
asthenosphere. However, simply translating elastic thickness to elastic depth is an idealized view that
does not consider the lithosphere as an elasto-visco-plastic medium. Elasticity within a lithosphere typ-
ically occurs within an “elastic-core” located near the midpoint of the plate (e.g., Burov, 2010; McNultt,
1984). Under low curvatures, the entire plate behaves nearly elastically (mechanical thickness equals
lithosphere thickness) and the thickness of the lithosphere can be used to estimate the base of the elastic
lithosphere. In high curvature regimes, the elastic core is confined to the middle part of the plate, the top
of the elastic core does not reach the surface and thus the base of the elastic lithosphere is systematically
deeper than its thickness. As a result, the depth of the base of the elastic lithosphere is underestimated
using the Deborah number approach and the heat flux is overestimated. This behavior is conceptually
observed in the misfit plots, where the Deborah number predicted heat flux increases away from the
elastic-plastic fit as the central flexure w, (and hence plate curvature) increases (Figures 5 and S3). For
small w, (< 3 km) and heat flux (< 30 mW m~2), we find curvatures of less than 10® m™" (Figure S3) and
both approaches are found to provide comparable fits to observations.

Importantly, we also note that the estimated heat flux is largely affected by unknown parameters
controlling the ice shell rheology, such as grain size or strain rate (see also Nimmo et al., 2002; Peterson
et al,, 2015). These parameters are uncertain by orders of magnitude and can lead to variations in heat
flux by a factor of 3 or more (see also Nimmo et al., 2002; Peterson et al., 2015). A full parameter search is
beyond the scope of this study, which focuses on comparing elastic-plastic and elastic flexure models.
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Figure 6 | Rift flank and heat flux at Ganymede. Rms misfit contour of heat flux and central deflection w, when using
our elastic-plastic model to fit the observed flanks at Ganymede (a, b). Rms misfit contour using the elastic model
and Deborah number approach to estimate the heat flux (c,d). Best-fit flexural profile (red), best-fit profiles that
fit observations within their allowed uncertainties (black), and rift flank observations with associated uncertainties
(blue) digitized from Nimmo et al. (2002) for Harpagia Sulcus (e) and Arbela Sulcus (f). The black lineina, b, ¢, d
delimit models that fit observations within their 1-sigma bounds with the red cross showing the associated best-fit.
The black dot shows the best-fit for any model. Best-fit parameters are provided in the legend.

4.2.2 The case of Ganymede

Following a similar approach, we next investigate Ganymede and specifically focus on the rift flanks
studied in Nimmo et al. (2002). Before we proceed, we note that the aforementioned study considered
two additional geometric parameters to Equation (2), in order to find the best-fit elastic thickness (see
also Barnett et al., 2002). However, when only a few observation points are fit and when the observed
flexural profile does not extend far enough from the central deflection axis, this updated elastic model
formulation leads to the existence of important tradeoffs between the elastic thickness and the geomet-
ric parameters. As shown in Figure S2, elastic thicknesses of 0.5 to 1.5 km provide a nearly identical fit to
rift flanks at Harpagia Sulcus when using the geometric parameters. Considering a Deborah number of
0.01, grain-boundary sliding, a thermal conductivity of T / 567 and a strain rate of 10-'* s™', these would
imply nearly identical ice shell responses for heat fluxes of 58 to 174 mW m~2. When using Equation (2)
and considering the standard deviation to the mean profile estimated in Nimmo et al. (2002), we obtain a
best-fit elastic thickness of 0.40 km, with an associated heat flux of 267 mW m~2 (Figure 6a). For compar-
ison purposes and consistency, we consider this latter heat flux to be representative of the deformation
at Harpagia Sulcus. Using a similar approach, the heat flux at Arbela Sulcus is found to be 178 mW m™
(Figures S2 and 6b), which we also retain for comparison to our elastic-plastic model.

Using the same rheological parameters together with our elastic-plastic model, we find that in or-
der to best match the observed rift flank profiles, the best-fit heat flux should be about 163 mW m™ at
Harpagia Sulcus and 117-121 mW m~2 at Arbela Sulcus (Figure 6¢,d). Using the first approach to esti-
mate allowable parameters, the heat flux is constrained to be 140 to 205 mW m~2 at Harpagia Sulcus and
<123 mW m~2 at Arbela Sulcus. Using the second and less restrictive approach, models with heat flux up
to 300 MW m~2 would be allowed, which results from the large uncertainties in observed topography.
Asin Nimmo et al. (2002), increasing the strain rate or assuming a weaker rheology would lead to lower
required heat flux. As for the case of Ariel, heat fluxes derived using elastic-plastic models are systemati-
cally lower than estimated using the elastic model and Deborah number approach, though we note that
solutions overlap substantially given the large uncertainties in the observed profiles.
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4.3 On the static assumption

Our ice-shell flexure models make the important assumption that the observed deformation is static
and/or at steady state, which is only valid if the time elapsed since the deformation started is greater
than the time required for viscous adjustments (e.g., Peltier, 1974). Icy moons are dynamic worlds (e.g.,
Dombard & McKinnon, 2006; McKinnon, 1998; Van Hoolst et al., 2024) and it is likely that some of the ob-
served surface deformations are still ongoing. However, considering the ice-shell transient viscoelastic
response would require knowledge on the age of the observed deformation features, which is currently
poorly constrained (e.g., Cadek et al., 2017). Nevertheless, it is important to note that modeling the ice-
shell transient response with a static model in which deformations are instantaneous would generally
lead to an overestimation of the ice-shell yield strength (and underestimation of the heat flux). Indeed,
if the deformation is still ongoing, only a fraction of the final deformation would be observed and this
would make a static model misinterpret the shell as being stronger and colder than itis. Any subsequent
viscoelastic relaxation processes unrelated to the loading event would also tend to alter and reduce the
observed deformation wavelengths and lead to an overestimation of the ice-shell yield strength. We note
that such problems related to estimates of paleo elastic flexure and heat flux are common in geophysical
modeling of the terrestrial planets (e.g., Broquet & Wieczorek, 2019; Smrekar et al., 2022).

Importantly, as the predicted heat fluxes for Ganymede are far above the estimated radiogenic heat
fluxes of 40 mW m™2 (e.g., Bland et al., 2009), it is likely that the observed deformations have been
recorded during a time discrete major tidal heating event. Such deformations are thus likely to have
been frozen in the ice shell and be preserved to present-day.

5 Conclusion

Investigations of surface flexure provide critical insights to the interior structure and thermal state
of planetary bodies. In most previous works looking into icy worlds, observed flexural signatures at rift
zones or furrows were fitted using an analytical broken elastic plate model in order to estimate the elas-
tic thickness of the lithosphere and associated heat flux (e.g., Nimmo et al., 2002; Peterson et al., 2015).
In this work, we discuss a more adequate estimation of flexure that considers ice shell plasticity. Rather
than estimating the elastic thickness of the lithosphere and associated heat flux, the presented elastic-
plastic model allows to directly consider the effect of ice-rheology and heat flux on the flexural response
of the ice shell. Such model is not computationally expensive to run, does not rely on the elastic thick-
ness mathematical construct, and should thus be preferred over the classical broken elastic plate model.
Nevertheless, we find that elastic and elastic-plastic solutions can agree well in low plate curvature ge-
ologic settings, such that elastic models remain adequate below a specific plate rheology dependent
bending-moment saturation threshold. We also note that the model does not account for the possibility
that observed deformations are undergoing viscoelastic relaxation, which would affect the inferred heat
flux.

Comparing elastic-plastic to broken elastic plate models, we show that the maximum curvature of
the synthetic model should be used when relating an elastic thickness estimate to a yield strength en-
velope through the equating bending moment approach. We further identify that in regions where the
plate curvature exceeds a critical threshold, the plate yields making its flexural response strongly de-
part from analytical broken elastic plate model predictions. This effect is prominently expressed before
the first zero-crossing point and in the flexural bulge region, where the elastic model predicts unrealis-
tic surface oscillations. Our analysis implies that elastic models are adequately suited to estimate the
elastic thickness of the lithosphere and associated heat flux, as long as the observed deformed surface
displays curvatures that are below a saturation point. At such saturation level, any increase in plate cur-
vature should not be associated with an increase in bending moment, a behavior that is not considered
by elastic flexure theory. The saturation point of the ice shell is a function of its yield strength envelope
and can be determined numerically. However, as the ice shell curvature in elastic models depend on
both the elastic thickness and central deflection value, it is not possible to provide an elastic thickness
threshold below which purely elastic models become unreliable.

Local strengthening on the ice shell due, for example, to a reduction of the fraction of impurities was
found to have little effect on the predicted plate flexure. On the other hand, the presence of a near-zero
yield strength zone in the ice shell can decouple its mechanical response to loading, reduce its effec-
tive elastic thickness and affect its flexural response. Thus the presence of local weak zones, such as
liquid water pockets, can potentially be detected in elevation data assuming the elastic thickness orice
yield strength is adequately known, as has been done on Earth (Siegert, 2000; Wilson et al., 2025). Com-
parisons of flexural profiles in various locations and where ice rheology should remain constant could
help detecting such ice shell layering and could be used in conjunction with ice penetrating radars (e.g.,
Blankenship et al., 2024; Bruzzone et al., 2013).
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We have applied our elastic-plastic flexure model to rift flanks at Ganymede and Ariel, focusing specif-
ically on regions investigated in the works of Nimmo et al. (2002) and Peterson et al. (2015). We find the
heat flux, in these high curvature geologic settings >10°® m™, to have been overestimated. The overes-
timation results from both the assumption of pure elasticity and the inadequate estimation of the heat
flux using a Deborah number approach in high plate curvature settings. Our results are generally valid
for any analysis of flexural profiles, and have implications for our understanding of the geologic history
of icy moons.
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Supplementary material

From: A. Broquet (2026). Elastic-plastic flexure and heat fluxonicy moons. Planetary Research, 1(1), 238. https://doi.org/10.53480/d2r6-
gh41

Effect of additional geometric parameters on elastic flexure

Following the nomenclature established in the main text, the equation with the additional geometric parameters 8, and 3,
used in Nimmo et al. (2002) can be written as

w(x) = woe™*/%cos(x/a) + Bre*/%sin(x/a) + B, X (S1)
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Figure S1 | Optimal curvature used to best match the elastic-plastic and elastic models versus maximum curvature
of the synthetic elastic profile. Darker colors indicate a better fit and the red cross provides the best-fit. A 1:1 line
is added for visual comparisons. Left panel is for positive curvatures and the right is for negative curvatures. Anno-
tations have been added to show some parameters used to generate the plots, with F representing the heat flux in
mW m~2 and w, the central flexure in m.

Table S1 | Main parameters used for comparisons with heat fluxes estimated at Ariel (Peterson et al., 2015) and
Ganymede (Nimmo et al., 2002). (*) For Europa, we use the yield strength envelope of Dombard and McKinnon
(2006). Grain boundary sliding parameters are estimated from Goldsby and Kohlstedt (2001).

Europa Ariel Ganymede
Grain size (mm) 1 100 1
Strain rate (s") 10°1° 1071° 107"
Plastic flow * Grain boundary sliding  Grain boundary sliding
Brittle deformation * Schulson & Fortt (2012)  Schulson & Fortt (2012)
Young’s modulus (GPa) 1 1 1
Poisson’s ratio 0.33 0.33 0.33
Gravitational attraction (m s72) 1.314 0.27 1.43
Thermal conductivity Wm™K™") 567/T 5 567/ T
Surface temperature (K) 80 75 120
Radius (km) 1561 580 2631
Mean density (kg m3) 3013 1660 1940

Density contrast (kg m=3) 1000 1000 1000
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Figure S2 | Elastic thickness and heat flux tradeoffs when considering equation 2 in the main text and equation S1.
Relative elevation data (black) and elastic model fit (colored) for Harpagia Sulcus (top) Arbela Sulcus (bottom).
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Figure S3 | Heat flux comparisons at Ariel considering rift flanks investigated in Figure 5. The color provides the
heat flux estimated using a maximum curvature criterion for the first (a) and second investigated rift flank (b), which
should be compared to the heat flux estimated using a Deborah number in the x-axis. Same plot, but showing the
maximum curvature in color (c, d). This figure shows that as curvature increases (b, d), the heat flux estimated using
the Deborah number and maximum curvature approach start to depart strongly. The heat flux determined from te

log10(Max K, m~1)

maximum curvature is much closer to the elastic-plastic solution shown in Figure 5.
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