DRAFT VERSION SEPTEMBER 30, 2025
Typeset using I4TEX twocolumn style in AASTeX7

Induction Heating in Super-Earths: A Thermochemical Perspective

Yihang Peng (9,! Kristina Kislyakova 2,2 Donghao Zheng {2,! Zhongtian Zhang (2,!-3 and Jie Deng

1 1

I Department of Geosciences, Princeton University, Princeton, NJ, USA

2Department of Astrophysics, University of Vienna, Vienna, Austria

3Earth and Planets Laboratory, Carnegie Institution for Science, Washington, DC, USA

ABSTRACT

Electromagnetic induction heating has recently been proposed as an important internal heat source in the man-
tles of rocky exoplanets. However, its dependence on planetary interior properties remains poorly constrained.
Here we construct electrical conductivity profiles for super-Earth mantles considering different temperatures and
compositions, and evaluate induction heating in super-Earth mantles in both solid and partially molten states.
We find that high mantle temperature, iron content, and melt fraction all suppress the overall induction heating
efficiency due to increased mantle conductivity and magnetic shielding. In GJ 486b, induction heating likely
exceeds both radiogenic heating and tidal heating, driving persistent surface volcanism and early volatile deple-
tion, whereas HD 3167b and GJ 357b experience insignificant induction heating due to weak stellar magnetic
fields. Our findings highlight induction heating as a critical factor in the thermal and atmospheric evolution of

close-in super-Earths around magnetically active stars.
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1. INTRODUCTION

Among the over 5,800 confirmed exoplanets, 1-10 Mg
rocky planets (super-Earths) are common, potentially habit-
able, and often Earth-like in structure (Valencia et al. 2007a,b;
Bloh et al. 2007; Seager 2013). Heat production within super-
Earth mantles directly governs mantle degassing through vol-
canism, which facilitates atmosphere formation and volatile
cycling essential for habitability (Godolt et al. 2019; Un-
terborn et al. 2022; Luo et al. 2024). In addition to ra-
diogenic and tidal heating, induction heating occurs when
a planet interacts with a time-varying stellar magnetic field,
inducing eddy currents and electromagnetic heat production
in its mantle (Kislyakova et al. 2017) or atmosphere (Stru-
garek et al. 2025). Under some conditions, planets can ex-
perience substantial induction heating comparable to radio-
genic heating and tidal friction (Kislyakova et al. 2017, 2018;
Noack et al. 2021), potentially driving mantle melting and
enhanced volcanic outgassing in both super-Earths (Guenther
& Kislyakova 2020; Kislyakova & Noack 2020) and smaller
rocky planets (Kislyakova et al. 2017, 2018, 2023).

While astronomical parameters controlling induction heat-
ing have been well studied (e.g., stellar magnetic field, plan-
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etary orbital period, and orbital inclination, Kislyakova et al.
2018; Kislyakova & Noack 2020; Kislyakova et al. 2023),
the role of planetary interior properties remains largely un-
explored. The thermochemical properties of the mantle ma-
terials may influence induction heating by varying the elec-
trical conductivity. The conductivity controls the skin depth

0 = o (where o is conductivity, u is the magnetic

permeability, and w is the frequency of the magnetic field),
which determines the penetration depth of the external mag-
netic field and the spatial distribution of induction heating
(Davies 1990; Kislyakova et al. 2017). Most previous studies
have adopted Earth-like conductivity models for induction
heating simulations (e.g., Kislyakova et al. 2017; Kislyakova
& Noack 2020). Noack et al. (2021) considered variations in
planetary mass and bulk iron fraction, as well as the resulting
variations in mantle temperature and conductivity with man-
tle iron content assumed to be Earth-like. On the one hand,
exoplanetary mantles may exhibit a wide range of chemical
compositions, including iron contents from approximately 0
to 25 wt% (Hatalova et al. 2025), which are expected to in-
fluence mantle conductivity (Yoshino 2010; Yoshino et al.
2012). A comparable diversity is observed among terrestrial
planets in the Solar System (see Fig. 1 in Righter & O’Brien
2011). On the other hand, while a surface temperature equal
to the equilibrium temperature is usually assumed in planetary
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interior models (e.g., Kislyakova & Noack 2020), planetary
evolution is likely to involve cooling from an initially molten
state caused by accretionary heating, and mantle potential
temperature can vary significantly even if the surface temper-
ature is fixed at that given by the radiative equilibrium (e.g.,
Stixrude 2014; Vazan et al. 2018; Sahu et al. 2025). Here,
potential temperature refers to the temperature that a mantle
parcel would have if adiabatically brought to surface, and it
serves as a convenient anchor point for specifying physical
thermal states of planetary mantles. The effect of mantle iron
content and potential temperature on induction heating has
not been systematically investigated in previous studies.

Furthermore, sufficiently strong induction heating may lead
to partial melting in planetary mantles and even the forma-
tion of magma oceans (MOs) (Kislyakova et al. 2017, 2018).
Due to the significant contrast in electrical conductivity be-
tween rocks and silicate melts (Zhang et al. 2021a; Yoshino
2010), the presence of partial melt and melt fraction may
substantially influence induction heating patterns. Although
previous studies have calculated the induction heating effi-
ciency within fully molten mantles with rough conductivity
profiles (Kislyakova et al. 2017, 2018), a more realistic model
is required to evaluate the response of induction heating to
the onset of partial melting and the presence of MOs.

In this study, we developed new electrical conductivity pro-
files for super-Earth mantles across mantle potential temper-
ature, iron content, and melt fraction, based on extensive
experimental data and a recently updated model of plane-
tary interior structures (Zheng et al. 2025). We present a
comprehensive examination of the effect of above thermo-
chemical properties on the efficiency of induction heating in
super-Earths.

2. METHODS SUMMARY

We investigate induction heating in super-Earths by com-
bining planetary interior modeling (Zheng et al. 2025),
laboratory-based electrical conductivity models, and a refined
electromagnetic induction framework. Electrical conductivi-
ties are calculated for the major mantle minerals (olivine, wad-
sleyite, ringwoodite, bridgmanite, and post-perovskite), in-
corporating both ionic and small-polaron conduction mecha-
nisms with explicit dependence on pressure, temperature, and
iron content (Yoshino et al. 2012; Yoshino & Katsura 2013).
The effect of partial melting on conductivity is included us-
ing experimental constraints on basaltic melts (Tyburczy &
Waff 1983) and simple mixing relations (Waff 1974). In-
duction heating is then evaluated by solving the electromag-
netic response of a spherically symmetric planet to a time-
varying stellar magnetic field (Parkinson 1983; Kislyakova
et al. 2017). Further methodological details are provided in
Appendix A.

3. RESULTS AND DISCUSSION
3.1. Conductivity profiles of super-Earth mantles

‘We modeled mantle conductivity profiles for a 4 Mg super-
Earth with an Earth-like core mass fraction (0.32) at varying
potential temperature (T},) (Figure 1a) and iron content (Xre)
(Figure 1b). Conductivity generally increases with depth,
with jumps at phase transition boundaries of silicate min-
erals. Different mineral phases show significantly different
temperature dependencies of conductivity (Figure 1a), which
is quantified by activation energy and related to the conduction
mechanisms. In a dry and iron-bearing mantle, wadsleyite,
ringwoodite, and bridgmanite are primarily governed by small
polaron conduction, involving thermally activated hopping of
charged polarons between Fe* and Fe* sites (Yoshino & Kat-
sura 2013; Yoshino et al. 2016). The activation energy of this
mechanism is sensitive to ferric iron content. In bridgmanite,
which preferentially incorporates Fe** (Dorfman et al. 2020),
small polaron conduction has a low activation energy of ~0.5
eV (Xu et al. 1998, 2000; Yoshino et al. 2016). In contrast,
olivine typically hosts much less Fe** (Canil & O’Neill 1996)
and exhibits a higher energy barrier for small polaron con-
duction (1-2 eV) (Yoshino et al. 2012). Additionally, ionic
conduction with a very high activation enthalpy (2.31 eV) be-
comes the dominated conduction mechanism in olivine under
high temperatures (Yoshino et al. 2009). Therefore, the con-
ductivity in the upper mantle increases by nearly three orders
of magnitude as T, increases from 1200 K to 2200 K, whereas
the lower-mantle conductivity varies by less than one order of
magnitude over the same T}, range. X has a strong positive
effect on conductivity, which is broadly consistent across dif-
ferent mineral phases (Figure 1b). This can be attributed to
the reduced average Fe3*-FeZ* distance, which lowers the en-
ergy barrier for small polaron hopping (Yoshino et al. 2012;
Ohta et al. 2008). The conductivity of post-perovskite has
negligible impact on the induction heating due to the small
skin depth of external magnetic fields (Appendix B).

3.2. Induction heating in super-Earth mantles

We systematically examine the effect of T}, X, and partial
melting on the induction heating in three representative super-
Earths: GJ 486b, HD 3167b, and GJ 357b (Table 1).

3.2.1. GJ486b

With a mass of ~2.8 Mg, GJ 486D is a recently discovered
super-Earth orbiting an M3.5 dwarf star (Trifonov et al. 2021),
which has received significant attention regarding its atmo-
spheric composition, interior structure, and thermal evolution
(Weiner Mansfield et al. 2024; Sahu et al. 2025). The host
star, GJ 486, is a fully convective star with a mass less than
0.35 Mg and possesses a strong magnetic field of 1.6+0.3 kG
(Moutou et al. 2017). The induction heating can be highly
efficient around such strongly magnetized stars, potentially
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Figure 1. Mantle conductivity profiles for a 4 Mg super-Earth with an Earth-like core mass fraction (0.32). (a) Conductivity profiles with
various potential temperatures. (b) Conductivity profiles with various Fe fractions (Xp.) in mantle silicates.

Table 1. Physical parameters of exoplanets GJ 486b, HD 3167b, GJ 357b and their host stars adopted from Trifonov et al. (2021), Gandolfi

et al. (2017), Kislyakova & Noack (2020), and Luque et al. (2019).

Parameter

GJ 486b

HD 3167b GJ 357b Unit

Stellar mass

0.323 £0.015 0.877+0.024 0.342+0.011 M,

Stellar radius 0.328 £0.011 0.835+0.026 0.337 £0.015 Ro
Stellar equilibrium temperature 3340 + 54 5286 + 40 3505 + 51 K
Stellar rotation period 130.1+1.4 23.52 +£2.87 78 +2 days
Planetary mass 2.82+£0.11 5.69 £ 0.44 1.84 £ 0.31 Mg
Planetary radius 1.305 +£0.065 1.574 £0.054 1.217 £0.084 Rg
Planetary equilibrium temperature 701 +£13 1759 + 20 525+ 10 K
Semi-major axis 3.727 £0.056 3.766 +0.135  7.52+0.43 Ro
Orbital inclination 88.4 85 88.496 degree

driving extreme surface volcanism and the formation of MOs
(Kislyakova et al. 2018). Moreover, recent radio observations
of GJ 486 show very low magnetic obliquity and stellar in-
clination (Pena-Moiiino et al. 2025), suggesting that the orbit
of GJ 486b is significantly inclined with respect to both the
stellar rotation axis and the magnetic dipole axis, a configu-
ration that can maximize the efficiency of induction heating
(Kislyakova et al. 2018). Given its potentially strong induc-
tion heating and the well-constrained astronomical param-
eters, GJ 486b represents an ideal target for exploring the
interior effects on induction heating efficiency.

Figure 2 presents the calculated induction heating power per
unit mass as a function of the depth inside GJ 486b under vary-
ing T), and Xpe. Induction heating exhibits a surface-confined
peak whose magnitude remains nearly constant across a wide
range of parameter variations, whereas the heating rate gener-

ally decreases with increasing depth. As T}, and XF. decrease,
the overall efficiency of induction heating increases system-
atically. These features are primarily governed by the interior
profiles of electrical conductivity, magnetic field strength, and
current density obtained from our model, which are discussed
in detail in Appendix C.

This combined effect of 7}, and X, on total induction heat-
ing power in GJ 486b is shown in Figure 3a, where values
increase from 4.0 x 10'> W atlow 7}, and X to 8.5x 10!7 W
at high T}, and Xg.. For comparison, the present-day radio-
genic heat production in the Earth’s mantle is ~ 2.1 x 1013 W,
24 orders of magnitude lower than the induction heating in
GJ 486b. The surface heat flux generated by induction heat-
ing (5-980 W m~?2) also significantly exceeds that of Jupiter’s
satellite To (2.24 W m~2), where tidal dissipation drives the
most intense volcanic activity in the Solar System (Lainey
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Figure 2. Energy release per unit mass due to induction heating as a function of depth inside GJ 486b considering different potential temperatures
(a) and Fe fraction (Xg) in mantle silicates (b). The critical value of energy release that can keep the mantle rock molten ( 10-1w kgfl) and
its plausible range (Kislyakova et al. 2018; Guenther & Kislyakova 2020) are shown as dashed lines and shaded regions, respectively.

et al. 2009). Therefore, induction heating may strongly dom-
inate the internal heat budget of GJ 486b, far surpassing all
other potential heat sources.

We consider a critical threshold of 107! W kg~!, estimated
as the heating rate required for mantle material to accumulate
enough energy over geological timescales to reach the local
solidus, to assess the possibility of mantle partial melting
due to induction heating. This value depends on multiple
variables and should be regarded only as an rough estimate,
thus we consider a plausible range of 10712-10710 W kg~!
(Figure 2) following previous studies (Kislyakova et al. 2017;
Kislyakova & Noack 2020; Noack et al. 2021). As shown
in both Figure 2 and Figure 3b, the maximum energy re-
lease by induction heating near planetary surface exceeds this
threshold by at least three orders of magnitude over the en-
tire parameter space. The depth over which this threshold is
surpassed, i.e., the depth of possibly partially molten mantle,
can even exceed 1500 km under cool and iron-poor conditions
(Figure 3c). It is very likely that induction heating has gen-
erated and sustained partial melting in the mantle of GJ 486b
and even large-scale MOs, which will be further examined in
Section 3.3.

3.2.2. HD 3167b

HD 3167b is a 5 Mg super-Earth orbiting a KO-type star.
The stellar magnetic dipole strength has been estimated to be
about 10 G or less (Kislyakova & Noack 2020). In a previous
study, the induction heating in HD 3167b has already been
calculated (Kislyakova & Noack 2020); however, we recently
noticed that previous models have some numerical issues and

the actual converged heating power is around one order of
magnitude lower than previously reported (Figure A6).

We therefore re-evaluated the induction heating efficiency
in HD 3167b using a revised numerical scheme and updated
conductivity profiles that account for a broad range of mantle
Xre and T),. Due to the extremely high equilibrium tempera-
ture of 1759 K (Gandolfi et al. 2017), we adjusted the range
of T, accordingly during the calculations. The resulting to-
tal induction heating power and the maximum energy release
per unit mass are shown in Figure 3d,e,f. Consistent with the
case of GJ 486b, increasing the mantle temperature and iron
content both reduce the efficiency of induction heating by
enhancing conductivity. Across the entire parameter space
explored, the total induction heating power in HD 3167b
ranges from 6.3 X 10'> W to 5.0 x 10'3 W (Figure 3d), which
is significantly lower than the previously reported value of
1.8 x 10'* W (Kislyakova & Noack 2020). Although a 10 G
stellar magnetic field can still drive partial melting within a
shallow layer (30-400 km) beneath the surface (Figure 3f),
reducing the magnetic field to a moderate value of 5 G elimi-
nates any layers where the energy release surpasses the critical
threshold (Figure A7). Therefore, the role of induction heat-
ing in promoting partial melting and mantle outgassing of
HD 3167b is much weaker than previously estimated. Fur-
thermore, given the high surface temperature, the temperature
of the upper mantle may already approach or exceed the man-
tle solidus (Figure A8), making it particularly important to
assess the additional impact of partial melting on induction
heating (Section 3.3).
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Figure 3. Color maps and contour plots of three metrics of induction heating efficiency as a function of potential temperature and mantle Fe
contents (Xg.) in GJ 486b (a—c), HD 3167b (d—f), and GJ 357b (g-i). (a, d, g) Total induction heating power inside the planet; (b, e, h) Maximum
depth-dependent energy release per unit mass; (c, f, i) Depth of the partially molten mantle layer that has an energy release exceeding the critical
value of 107" W kg~!. The white dashed lines mark the equilibrium temperature of HD 3167b (1759K, Kislyakova & Noack 2020).

3.2.3. GJ 357b extremely low levels of X-ray activity (Modirrousta-Galian

et al. 2020; Luque et al. 2019), GJ 357 may have a weak

GJ 357b is an Earth-size planet with a radius of ~1.2 Rg magnetic dipole field of less than 100 G. In addition, due to
and a mass of ~1.8 Mg, orbiting a nearby M2.5 dwarf (Luque the larger orbital semi-major axis and the more rapid spatial

et al. 2019). Due to its long rotation period (78 + 2 days) and decay of the stellar magnetic field (attributable to the smaller
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size of its host star), the field strength at GJ 357b’s orbit is
only 0.26 G (for a stellar dipole of 100 G)—about half that at
HD 3167b’s orbit (0.52 G for a 10 G dipole) and merely 2%
of that at GJ 486b’s orbit (14.4 G for a 1600 G dipole).

Therefore, our calculations indicate that the induction heat-
ing power inside GJ 357b is generally lower than that of
HD 3167b, remaining below 10'> W except in scenarios
where the mantle is both extremely cool and iron-poor (Fig-
ure 3g). Furthermore, the actual stellar magnetic field is likely
to be weaker than the assumed upper bound 100 G, and the or-
bital inclination with respect to the stellar dipole axis remains
unknown. In the calculations, we adopt similar inclination
values as for GJ 486b and HD 3167b (Table 1) to estimate
an upper limit of induction heating efficiency. Taking these
factors into account, we conclude that induction heating is
unlikely to significantly contribute to the internal heat budget
or trigger volcanic activity on GJ 357b or similar exoplanets.
This outcome highlights a compensating effect: while smaller
and cooler late-type M dwarfs may possess stronger magnetic
fields, their magnetic fields also decay more rapidly with dis-
tance compared to those of Sun-like stars (e.g., HD 3167). As
aresult, efficient induction heating within the planets orbiting
around M dwarfs often requires very close-in orbits—as seen
in the case of GJ 486b, which has a semi-major axis of only
0.017 AU.

3.3. Response of induction heating to mantle partial melting

The strong induction heating in GJ 486b as well as the high
equilibrium temperature of HD 3167b suggests that extensive
partial melts may occur in the upper mantles of both planets.
Due to the sharp melt-rock conductivity contrast, it is essential
to investigate how induction heating responds to the presence
of partial melting and MOs.

We computed the induction heating of GJ 486b and
HD 3167b using different melt fractions (¢ = 0, 0.1, and
1) and an Earth-like mantle iron content of 11 mol%. We
iteratively adjusted the melt layer depth based on the heating
profile until convergence (Appendix A.4). Due to the sig-
nificantly higher conductivity of melt compared to minerals,
partially molten layers exhibit a much stronger shielding effect
against high-frequency external magnetic fields (Figure 4a,b).
This leads to a reduced skin depth and a much faster decay of
the magnetic field within the molten region, as compared to
the solid mantle. As a result, the energy released by induction
heating decreases sharply with depth in the presence of melt,
ultimately reducing both the total induction heating power
and the thickness of the affected region (Figure 4).

3.3.1. HD 3167b

In the case of HD 3167b, even a melt fraction of only 0.1 is
sufficient to confine the partially molten mantle to a shallow
crust zone only a few tens of kilometers thick (Figure 4c).
In addition, the surface temperature of HD 3167b (~1759

K) may be high enough to support a surface MO itself (Fig-
ure A8), which would cause strong shielding effect on its
induction heating. Such limited heating is unlikely to have a
significant effect on mantle degassing processes. This result
is consistent with current observational data, which do not
support ongoing volcanic activity on HD 3167b (Guenther &
Kislyakova 2020). Instead, the presence of a mineral atmo-
sphere is possible due to surface rock melting caused by the
stellar radiation (Guenther & Kislyakova 2020; Miguel et al.
2011) as well as the surface induction heating. Our findings
suggest that for Sun-like stars with magnetic field strengths on
the range of 1-10 G, induction heating is unlikely to signif-
icantly influence the planetary heat budget or drive volcanic
activity on rocky planets.

3.3.2. GJ 486D

For GJ 486b, owing to the stronger external magnetic field,
apartially molten layer is not sufficient to effectively shield the
field, especially at lower T, where the conductivity of the melt
is reduced. Even in the case of a fully molten MO, induction
heating can sustain melting to depths of up to 300 km when
T, is Earth-like at 1600 K—which is also the present-day
potential temperature predicted by previous thermal evolution
models for GJ 486b (Sahu et al. 2025). Under this condition,
induction heating can produce an additional surface heat flux
of at least 3 W m~2 (depending on the exact melt fraction,
Figure 4f). This value surpasses the surface heat flux of Io,
which indicates intense volcanic activity and early mantle
degassing in GJ 486b.

We now assess whether induction heating can lead to the
formation of a global MO in the upper mantle of GJ 486b.
The degree of melting depends on the balance between in-
ternal heat generation and surface heat loss. Once partial
melting occurs, the buoyant melt (Ohtani et al. 1995) can
percolate upward and efficiently transport heat to the sur-
face where it crystallizes and releases latent heat. Previous
studies have shown that, in a Mars-sized planetary embryo,
percolation-induced heat flux at a melt fraction of 0.3 can be
over 500 W m~2 (Zhang et al. 2021b); and even with heat gen-
eration of ~300 W m~2, the body may remain largely solid
(i.e., with melt fractions below 0.2) (Zhang et al. 2021b).
Moreover, recent observations suggest that even under strong
tidal heating exceeding 2 W m~2 (Lainey et al. 2009), To does
not host a shallow global MO and retains a mostly solid man-
tle (Park et al. 2024). Considering the comparable magnitude
of its surface heat flux to Io and the stronger surface gravity
of a super-Earth that facilitates melt migration, we infer that
GJ 486b is also unlikely to host a global shallow MO.

However, we cannot completely rule out the existence of a
subsurface MO in GJ 486b, for the following reasons: 1) The
efficiency of melt-induced heat transport depends on several
uncertain parameters, including melt viscosity and solid grain
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Figure 4. (a,b) Energy release due to induction heating as a function of depth in HD 3167b (a) and GJ 486b (b) with the presence of mantle
partial melting with different potential temperatures. (c, d) The depth of the partial melt that can be sustained by induction heating in HD 3167b
(c) and GJ 486D (d). (e, f) the surface heat flux produced by induction heating as a function of potential temperature in HD 3167b (e) and
GJ 486b (f). The energy release due to tidal heating in Io (Lainey et al. 2009) is shown for comparison in (f). The gray curves labeled 1E-10
adopt a high critical threshold of 107! W kg~! for mantle partial melting. All other calculations use a threshold value of 10~'! W kg~!. The
pink and gray curves in panel f almost overlap. The mantle iron content is set to be an Earth-like value of 11 mol%.

size (Zhang et al. 2021b); 2) Even in the presence of Rayleigh-
Taylor instabilities, a dense crust overlying a molten man-
tle layer may persist over gigayear timescales (Miyazaki &
Stevenson 2024), in which case heat is primarily released via
volcanic eruptions (heat pipes) rather than percolation, lead-
ing to much lower heat loss efficiency (Miyazaki & Stevenson
2022, 2024); 3) Due to the limitations in melt conductivity

models, our calculations in this section assumed an Earth-like
mantle iron content. If GJ 486b has an iron-depleted mantle,
the resulting decreased conductivity may enhance induction
heating and help sustain the MO (Figure 3a). It is worth not-
ing that the potential MO may exhibit a non-adiabatic, locally
inverted temperature profile: hot, buoyant layers may reside
above cooler, denser ones due to the steep decay of induc-
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tion heating with depth, representing a gravitationally stable
stratification and suggesting that convection within the MO
is likely to be limited. This unique structure may to some
extent hinder the exchange of material and energy between
the planetary interior and surface, potentially impacting the
elemental cycling, mantle dynamics, and thermal evolution
of GJ 486b. Such non-adiabatic temperature profiles are also
predicted in our simple self-consistent calculations (Appendix
D), which also demonstrate that even when the deviation from
an adiabatic temperature profile caused by induction heating
is included, the heating results remain close to the original
values, and therefore the conclusions of this study remain
solid.

3.4. Implications for the atmosphere of GJ 486b

Intense induction heating would trigger strong volcanic ac-
tivity on GJ 486b and cause substantial volatile release from
the hundreds-of-kilometers-deep mantle region affected by
the heating, which may lead to an earlier formation of a thick
atmosphere (Kislyakova et al. 2017, 2018; Noack et al. 2021).
However, additional electromagnetic interaction between a
close-in planet and its host star may occur once the atmo-
sphere formed. The strong X-ray and ultraviolet (XUV) ra-
diation can generate a conductive planetary ionosphere with
high Pedersen conductivity (Strugarek et al. 2025). As a re-
sult, the upper atmosphere exposed to a time-varying stellar
magnetic field may undergo substantial Ohmic heating, even
exceeding the heat production by stellar XUV (Strugarek et al.
2025).

The intrinsic magnetic field of the planet strongly influ-
ences the Pedersen conductivity and thus the induction heat-
ing in the upper atmosphere (Strugarek et al. 2025). Luo et al.
(2024) suggest that in super-Earths with high core-mantle dif-
ferentiation pressures, traditionally lithophile heat-producing
elements may become siderophile and preferentially partition
into the core. This process may significantly enhance the heat
flux across the core-mantle boundary and sustain strong mag-
netic dynamos. For a GJ 486b-sized super-Earth, the model-
ing results suggest a planetary magnetic field with a strength
of 0.2-1.0 G to persist for over 10 Gyr (Luo et al. 2024). A
magnetic field in this range can allow stellar magnetic fields to
penetrate below the atmospheric sonic point and cause intense
atmospheric Ohmic heating (Strugarek et al. 2025), accelerat-
ing the thermal escape of the atmosphere. As the atmosphere
becoming thinner, stronger stellar magnetic fields may again
penetrate into the planetary interior, triggering the outgassing
of remaining mantle volatiles. The replenishment of the atmo-
sphere can further amplify both atmospheric Ohmic heating
and thus the efficiency of atmospheric depletion.

Given the 6.6 Gyr history of the GJ 486 system (Diamond-
Lowe et al. 2024) and the long-term atmospheric escape
processes, it is highly probable that GJ 486b has lost its

atmosphere and become an airless planet. This interpreta-
tion is remarkably consistent with the latest observations by
Weiner Mansfield et al. (2024). JWST eclipse observations
(5—-12 um) of GJ 486b report a dayside temperature of 865+ 14
K, nearly the bare-rock maximum (0.97 + 0.01). The spec-
trum matches either an airless basaltic/metal-rich surface or a
tenuous atmosphere (<1% H,0O, <1 ppm CO,) (Weiner Mans-
field et al. 2024), and the near-maximum temperature points
to a hot subsurface or even a global shallow MO. We pro-
pose that rapid atmosphere formation and escape driven by
the interplay of the mantle and atmospheric induction heating
is likely a widespread process among close-in super-Earths
orbiting strongly magnetized stars.

4. CONCLUSIONS

In this study, we systematically explored how variations
in mantle temperature, iron content, and partial melting af-
fect induction heating in super-Earth planets. Our results
reveal that the efficiency and spatial distribution of induction
heating are highly sensitive to the planetary thermochemical
structure. Heating consistently peaks at the planetary surface
and can be well explained by the interior profiles of electrical
conductivity, magnetic field, and current density. In GJ 486b
with the assumption of a fully solid mantle, induction heat-
ing power ranges from 4.0 x 10> W to 8.5 x 10'7 W under
plausible interior conditions. Induction heating in GJ 486b
gradually weakens with increasing partial melt fraction in the
mantle, but the resulting heat flux consistently exceeds the
tidal dissipation on Io. On the contrary, the induction heat-
ing remains weak across the parameter space in HD 3167b
and GJ 357b and probably other similar exoplanets under the
influence of Sun-like stellar magnetic fields.

We find that strong volcanic activity and possibly a shallow
MO can be sustained by induction heating alone for close-
in super-Earths orbiting around strongly magnetized stars.
We show that the combination of interior and atmospheric
induction heating may promote early depletion of both in-
terior volatiles and planetary atmosphere during long-term
evolution, which align with recent observations and support
the interpretation of GJ 486b as an airless planet. Overall,
our study demonstrates that induction heating is an impor-
tant heat source on rocky exoplanets orbiting magnetically
active stars, strongly affecting their interior dynamics and at-
mospheric evolution. These findings highlight the need for
future multi-disciplinary studies to fully understand the evo-
lutionary consequences of induction heating.
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APPENDIX

A. METHODS
A.1. Planetary interior model

Three specific super-Earths (GJ 486b, HD 3167b, and GJ 357b) are selected for modeling in this study. The astrophysical
parameters of these planets and their host stars are summarized in Table 1. The temperature, pressure, and density profiles of
planetary mantles required for conductivity and induction heating calculations are obtained from our recently developed planetary
interior model (Zheng et al. 2025), using the planetary mass (Table 1), radius (Table 1), potential temperature, and core-mass
fraction as input parameters. The core-mass fractions of GJ 486b, HD 3167b, and GJ 357b are assumed to be 0.448, 0.406, and
0.609 based on a previously reported mass-radius relation (Boujibar et al. 2020).

A.2. Electrical conductivity model

Electrical conductivity of dry silicates in planetary mantles is contributed by two conduction mechanisms: ionic conduction
(07) and small polaron conduction (0p,). The electrical conductivity as a function of pressure, temperature, and iron content can
be calculated using the following Arrhenius model (Yoshino et al. 2012; Yoshino & Katsura 2013):

AEpo —aX,! 3) + P (AVio — BXre)
ksT

AH;
0 =0+ 0p = 07,0€Xp _k_T + 0p,0XFe €Xp |~
B

where kp is the Boltzmann constant; P is pressure; T is temperature in K; Xg. is the mole fraction of Fe in silicates defined as
Fe/(Fe+Mg); o0 and oo are the pre-exponential factors; AH; is the activation energy of ionic conduction; AEj o and AV}, o
are the activation energy and activation volume of small polaron conduction observed at very low Fe concentrations; « and 8
are constants (Yoshino et al. 2012). Five major mineral phases are considered when calculating the conductivity profiles in a
solid mantle: olivine, wadsleyite, ringwoodite, bridgmanite, and post-perovskite. The parameters for small polaron conduction
in olivine, wadsleyite, and ringwoodite are reported by Yoshino et al. (2012). The parameters for ionic conduction in olivine
are reported by Yoshino et al. (2009). For high pressure phases beyond olivine, the parameters for ionic conduction are largely
undetermined (Yoshino & Katsura 2013), and the ionic conduction in the deep mantle is negligibly small (Yoshino et al. 2016).
Therefore, the ionic conduction is only considered in the olivine phase in our model. The conductivity model for bridgmanite
is adopted from the experimental model (Xu et al. 1998) by adding the effect of Fe on the small polaron conduction (Yoshino
et al. 2012). The conductivity of post-perovskite is estimated upon the only available experimental results under ~130 GPa
(Ohta et al. 2008) (Section 3.1). The conductivity of silicate melts is approximated using the experimental Arrhenius model for
basaltic melts (Tyburczy & Waff 1983). At low melt fractions (less than 15%), the conductivity of a partially molten mantle
with continuous grain boundary wetting can be estimated using the relation o = %d)crm (Waff 1974), where ¢ is the melt fraction
and o, is the conductivity of the melt. This simple theoretical model agrees very well with the experimental results of the
conductivity of melt-bearing peridotites (Yoshino et al. 2010). Compared to previous studies (e.g., Kislyakova & Noack 2020),
we employed an updated conductivity model that includes more variable parameters such as pressure and iron content. However,
when all parameters are held the same, the induction heating results are consistent with those from previous conductivity models
(Figure A6). For Fe-bearing silicates under the temperature condition of planetary interiors, magnetic ordering is absent and the
materials are effectively paramagnetic (Aronson et al. 2007). We therefore set the vacuum value of the magnetic permeability for
all calculations.
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A.3. Induction heating model

We calculated the energy production of induction heating based on a numerical framework previously used by Kislyakova et al.
(2017, 2018) and Kislyakova & Noack (2020). In this model, the planet is treated as a spherically symmetric body composed
of concentric layers, each characterized by a uniform electrical conductivity. The electromagnetic response of the planet to a
time-varying external magnetic field is computed by solving the induction equation in each layer, following the formalism of
Parkinson (1983). This approach allows us to determine the magnetic field and the induced current within each layer. The
volumetric rate of energy dissipation due to induction heating is then obtained from the local conductivity and current density. A
detailed description of the mathematical formulation is provided in Parkinson (1983), with its application to exoplanets outlined
in Kislyakova et al. (2017).

In this study, we improved the numerical accuracy and robustness of the model by: 1) significantly increasing the resolution of
the conductivity profiles and refining the layer discretization; 2) stabilizing the boundary condition of the reflection coefficient at
the core-mantle boundary; 3) calculating the current density directly from a finite-difference curl of the magnetic field instead of
the magnetic vector potential. We found that the previously reported results may contain numerical inaccuracies in both the total
power of induction heating and its spatial distribution along the planetary radius (see Section 3.2.2 and Figure A6). Our updated

approach ensures full numerical convergence and enables accurate quantification of induction heating across a broad range of
planetary interior profiles.

A4, Self-consistent calculation of the partial melting depth

We utilized an iterative calculation scheme to determine the final depth of the partially molten layer self-consistently. The initial
depth of partial melting was set to 10 km. The corresponding conductivity profile was used to compute the induction heating
profile, which was then compared to the critical threshold of 10~!! W kg~! to determine the updated depth of the molten layer.
A more strict threshold of 10719 W kg~! is also tested and does not affect our conclusions (Figure 4d,f). This procedure was
repeated: after each round of heating calculation, the melting depth was re-evaluated based on the threshold, and the conductivity

profile was modified accordingly for the next iteration. All calculations ultimately converge to a stable melting structure and the
heating profiles are shown in Figure 4a,b.

B. EFFECT OF THE POST-PEROVSKITE PHASE ON INDUCTION HEATING
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Figure Al. The electrical conductivity (a), the modulus of the time-varying magnetic field (b), and the energy release per unit mass due to
induction heating (c) as a function of depth inside GJ 486b with or without post-perovskite (pPv) phase in the conductivity profile.

Bridgmanite undergoes a further phase transition to post-perovskite at ~130 GPa (Murakami et al. 2004), which is believed to be
one of the dominant mineral phases in super-Earth mantles (e.g., Wagner et al. 2012). To date, the only available experimental study
indicates that the electrical conductivity of (Mgg.goFeq.11)SiO3 post-perovskite is significantly higher than that of bridgmanite
and shows negligible temperature dependence (~140 S m~! at 143 GPa) (Ohta et al. 2008). Although the data are insufficient
to construct a robust conductivity model as a function of temperature, pressure, and composition, we adopt it as an anchor
for a simplified estimate of mantle conductivity at pressures above 130 GPa. Specifically, we assume that the conductivity of
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post-perovskite is independent of temperature, increases linearly with pressure at a rate of 1 S m~! per GPa, and scales linearly
with Fe content due to small polaron conduction being the dominant conduction mechanism (Ohta et al. 2008). Our calculation
results suggest that the presence or absence of post-perovskite, as well as the specific choice of its conductivity, has almost no
effect on the magnetic field strength and induction heating efficiency in the mantle regions below the phase transition pressure
(Figure A1). Due to the fact that super-Earths experiencing significant induction heating are close-in exoplanets that are subject
to high-frequency external magnetic fields, the skin depth of magnetic fields is usually small, and induction heating becomes
negligible at the depths where post-perovskite is stable (Figure Al). Therefore, the potential increase in conductivity associated
with the high-pressure phases in the deep mantles of super-Earths is unlikely to significantly impact their internal heat budget or
thermal evolution via induction heating.

C. PHYSICAL EXPLANATION OF THE INDUCTION HEATING PROFILE
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Figure A2. The modulus of the time-varying magnetic field as a function of depth inside GJ 486b considering different potential temperatures
(a, ¢) and Fe fractions in mantle silicates (b, d) in both log scale (a, b) and linear scale (c, d).

Both temperature and pressure increase with depth within the planet, generally leading to a significant increase in electrical
conductivity (o), with abrupt transitions occurring at silicate phase boundaries. With a fixed magnetic field frequency, the skin
depth () is determined solely by the conductivity of the medium, which in turn controls the efficiency of magnetic shielding—i.e.,
the exponential decay constant governing the attenuation of the magnetic field (B) into the planet. As shown in Figure A2a,b, the
slope of log(|B|) vs. depth curve is determined by the conductivity of the stable mineral phase at the corresponding depth (see
Figure 1).

Since the induced current density () is proportional to the curl of the magnetic field (uoj = V X B), the spatial variation of
the magnetic field dictates the distribution of current density. Given the dipolar nature of the magnetic field considered in this
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Figure A3. The modulus of the 6 and ¢ components of the time-varying magnetic field as a function of depth inside GJ 486b with a potential
temperature of 1600 K and a mantle iron content of 11 mol%.

study, field lines bend primarily in the azimuthal direction as they enter the axisymmetric planet, and thus the internal magnetic
field is overwhelmingly dominated by the angular component By in spherical coordinates, with By being approximately three
orders of magnitude greater than B, (Figure A3). Thus, the only nonzero component of the magnetic field curl, (V x B) 4, can be
approximated by:

or 06 or " r €D
In the near-surface region within the uppermost ~1000 km, where induction heating is significant, r is a large value close to
the planetary radius (~8300 km), and the length scale of magnetic field variation is much smaller than the planetary radius.
Therefore, the radial derivative term d|B|/0r typically dominates Equation (C1). As a result, the profile of induced current
density (Figure A4a,b) is largely controlled by the slope of the |B| vs. depth profile shown in Figure A2c,d.

The strong temperature dependence of upper mantle conductivity (Section 3.1) leads to a dramatic increase in the magnetic
attenuation as 7}, increases (Figure A2c). At low T, olivine has low conductivity and thus provides weak magnetic shielding,
leading to small values of both d|B|/dr and | j| in the upper mantle. When bridgmanite appears, the abrupt increase in o causes
a sharp rise in d|B|/dr and a corresponding peak in | j|. At greater depths, the decreasing magnitude of the magnetic field causes
both §|B|/dr and |j]| to decline continuously. In contrast, at high T},, olivine becomes significantly more conductive, causing
|B| to decay rapidly with a large radial gradient within the uppermost 500 km (Figure A2c), resulting in a high |j|. Moreover,
stronger magnetic shielding in the upper mantle at high 7}, reduces |j| in the deep mantle compared to low-T}, conditions. As a
result, the | j|-depth curves for different 7, values exhibit a clear crossover (Figure A4c).

Furthermore, the energy release due to Ohmic heating is given by

1[d(rBg) 0B,] d|B| |B
(VxB)¢=;[( o) _ ]z IB] , 18I

0« |jl*/o (C2)

Therefore, the conductivity profile not only influences induction heating through its effect on current density but also directly
modifies the energy release. For olivine in the upper mantle, the conductivity at 7, = 2400 K is three orders of magnitude
higher than at 7, = 1200 K. This completely offsets the increase in | j | under high-T),, high-o conditions, ultimately leading to
a general decrease in induction heating with increasing 7, in the upper mantle. As a result, the crossover in the |j| profiles does
not persist in the energy release profiles (Figure A4a,c), and the general decrease in heat production with depth is also governed
by the progressively increasing conductivity.

Similar effects of Xg. on o~ and thus the profiles of |B|, | j|, and energy release can be observed in Figure A2b,d and Figure A4b,
mirroring those of 7),. Because we considered only small polaron conduction for wadsleyite and ringwoodite, their conductivities
are significantly lower than those of olivine (with ionic conductivity) and bridgmanite (with much higher small polaron conductivity
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Figure A4. The modulus of the induced current density (a, b) and energy release per unit mass due to induction heating (c,d) as a function of
depth inside GJ 486b considering different potential temperatures (a, ¢) and Fe fractions in mantle silicates (b, d).

than these phases) at low Xp (Figure 1b). On the one hand, the abrupt decrease in conductivity causes fluctuations in the | B| vs.
depth curve with Xg. = 1 mol% at around 400 km depth (Figure A2d). Thus, two points where the derivative is zero occur in that
region and cause two obvious minima in the corresponding curve in Figure A4b due to the d|B|/dr dependence of the current
density (Equation (C1)). On the other hand, the extremely low conductivity of the two phases directly enhances the Ohmic heating
(Equation (C2)). Therefore, we find pronounced spikes in the current density and energy release curves for the Xg. = 1 mol%
within the depth ranges where wadsleyite and ringwoodite are stable (Figure A4b,d and Figure 2b). Likewise, olivine exhibits
extremely low conductivity at low temperatures due to its high activation energy, which leads to the strong fluctuations in the
upper-mantle induction heating profiles with the lowest temperatures (Figure 2a). At the planetary surface, |B| can be treated as
constant and thus the exponential decay of |B| gives d|B|/dr o 1/ o +/o. From Equation (C1), the current density scales as
|l o< (VX B)y ~ d|B|/dr « +fo, as long as the first term in Equation (C1) is dominant (i.e., large enough near-surface slope
in Figure A2cd). Substituting this relation into Equation (C2) yields Q o |j|?/o o« o /o, indicating that, the energy release is
usually almost independent of o~ at the planetary surface, which is clearly observed in Figure 2 and likely to hold for any planet.

Different from this study, previous models on induction heating in exoplanets have reported that the peak of the energy release
occurs in the upper mantle, rather than exactly at the surface (Figure A6) (e.g., Kislyakova et al. 2017, 2018; Kislyakova &
Noack 2020). This discrepancy arises from improvements in our induction heating model. Earlier calculations of Ohmic heating
employed the relation V x B = V2A to derive the current density from the magnetic vector potential A (Kislyakova et al. 2017).
However, we found that this approach introduces large cancellation errors inherent in the analytical form of A, leading to inaccurate
estimates of current density and energy release near the surface. By adopting an updated model, we overcame these numerical
inaccuracies and obtained more reliable results.
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D. SELF-CONSISTENT TEMPERATURE PROFILES

Due to the low thermal diffusivity of mantle rocks (x ~ 10% m? s~1), thermal conduction is inefficient at removing heat over
lithospheric-to-mantle scales. For example, thermal homogenization at a length scale of 200 km would require more than 1.2
Gyr (I = Vkt). Therefore, sufficiently strong induction heating will lead to heat accumulation in the mantle, causing temperature
increases and potentially partial melting.

In Section 3.3 we have already explored, in a self-consistent manner, the thickness of partially molten layers and the corresponding
induction heating efficiency. However, the modification of the mantle temperature profile itself by induction heating has not yet
been explicitly calculated. In order to investigate the feedback of induction heating on the mantle temperature, even though
conductive heat flow can be neglected, an additional outflow term must be taken into account: in a vigorously convecting mantle,
heat generated by induction heating is carried away by moving material. The heat accumulation time Af in a convecting parcel of
characteristic size Ar is controlled by the convection turnover timescale, which allows us to estimate the net temperature increase
of the parcel from the balance of heating and heat capacity:

AT = 2B _ 28T (D3)

where E is the depth-dependent induction heating energy release per unit mass (in W kg=!), C » is the specific heat capacity of
mantle rocks (~ 1000 J kg~! K~1), and v is the convection velocity. For a rough estimate, we adopt the terrestrial mantle velocity
of v ~ 5 cm yr~! (Holzapfel et al. 2005).
In constructing planetary interior profiles (Boujibar et al. 2020; Zheng et al. 2025), the adiabatic temperature gradient is
expressed as
dar _ pgyT
dr K,
where p is density, g is gravity acceleration, vy is the Griineisen parameter, and K is the adiabatic bulk modulus. When accounting
for additional heating by induction estimated in Equation (D3), the temperature gradient is modified to

, (D4)

dr T E
ar _ _peyT |

- D5
dr K Cpv (D3)

Thus, after computing an induction heating from an initial adiabatic temperature profile, we can reconstruct the temperature
profile with the above expression and iterate until convergence is achieved. To avoid oscillatory behavior between higher and
lower temperatures and accelerate convergence, the input profile at each iteration is taken as the average of the two previous
iterations (a damping approach).

We applied this self-consistent scheme to the only planet in this study with significant induction heating, GJ 486b, adopting
an Earth-like potential temperature of 1600 K and a mantle iron content of Xg. = 0.11 (11 mol%). Tests were performed for
melt fractions of 0 and 0.1. In both cases, convergence was reached within four iterations. Figure A5 shows the evolution of the
temperature and induction heating profiles with iteration. The results suggest that the self-consistent induction heating profiles
differ little from the one-shot calculations using an adiabatic profile: because of the higher near-surface temperatures, the total
heating power is reduced by about one-third, but the overall heating characteristics remain unchanged. Therefore, incorporating
a self-consistent temperature profile does not alter our conclusions.

It is important to note that once partial melting occurs near the surface, additional heat transport mechanisms become active,
including melt percolation, volcanic heat loss, and thermal radiation. The percolation-induced heat flux can be over 500 W m~2 at
a melt fraction of 0.3 (in a Mars-sized body, which has a much smaller gravitational acceleration than super-Earths) (Zhang et al.
2021b) and completely consume the energy released by subsequent induction heating, limiting the further temperature increase
of the upper mantle after reaching the solidus temperature. For simplicity, we truncate the calculated temperature at the mantle
solidus (Hirschmann 2000; Hirschmann et al. 2009; Sahu et al. 2025) in the near-surface partially molten region. The actual
thermal structure in this region will be regulated by the interplay and feedback of multiple processes, and represents an important
direction for future exploration.
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Figure AS. The temperature profile (a,c) and energy release per unit mass due to induction heating (b,d) in GJ 486b obtained from different
iterations of self-consistent calculation. The potential temperature and mantle iron content are 1600 K and 11 mol%, respectively. (a,b) Fully
solid mantle with melt fraction (¢ = 0). The total energy releases of the first and last iteration are 18.5 W m~2 and 12.6 W m~2, respectively.
(c,d) partially molten mantle with melt fraction (¢ = 0.1). The total energy releases of the first and last iteration are 9.5 W m~2 and 6.8 W m~2,
respectively. All temperatures are truncated at the mantle solidus (Hirschmann 2000; Hirschmann et al. 2009; Sahu et al. 2025).
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