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Abstract

We investigate how spatial variations in tidal heating affect Io’s isostatic topography at long wavelengths. The difference between
the hydrostatic shape implied by Io’s gravity field and its observed global shape is less than the latter’s 0.3 km uncertainty.
Assuming Airy isostasy, degree-2 topography <300 m amplitude is only possible if surface heat flux varies spatially by <17%
of the mean value. This is consistent with Io’s volcano distribution and is possible if tidal heat is generated within a convecting
layer underneath the lithosphere. However, that layer would require a viscosity <1019 Pa s. A magma ocean would have low
enough viscosity but would not generate enough tidal heat internally. Conversely, assuming Pratt isostasy, we find "150 m
degree-2 topography is easily achievable. If a magma ocean was present, Airy isostasy would dominate; we therefore conclude

that Io is unlikely to possess a magma ocean.
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Key Points:

¢ Maximum variation in topography implies low spatial variation in Io’s tidal heating
when assuming Airy isostasy.

« Tidal heat produced in a convecting aesthenosphere can reduce spatial variation
in tidal heating, but requires prohibitively low viscosity.

« Jo’s topography is consistent with expected tidal heating spatial variations if thermal

expansion drives crustal density variations.
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Abstract

We investigate how spatial variations in tidal heating affect Io’s isostatic topography at
long wavelengths. The difference between the hydrostatic shape implied by Io’s gravity
field and its observed global shape is less than the latter’s 0.3 km uncertainty. Assuming
Airy isostasy, degree-2 topography < 300 m amplitude is only possible if surface heat

flux varies spatially by < 17% of the mean value. This is consistent with Io’s volcano
distribution and is possible if tidal heat is generated within a convecting layer underneath
the lithosphere. However, that layer would require a viscosity < 10'° Pa s. A magma
ocean would have low enough viscosity but would not generate enough tidal heat internally.
Conversely, assuming Pratt isostasy, we find ~150 m degree-2 topography is easily achievable.
If a magma ocean was present, Airy isostasy would dominate; we therefore conclude that

To is unlikely to possess a magma ocean.

Plain Language Summary

As it orbits Jupiter elliptically, the difference in gravitational pull experienced by
the moon Io results in tidal heating due to internal friction. Some evidence suggests this
heat forms a magma ocean beneath Io’s crust. If so, there would be a difference in the
amount of heat generated at Io’s equator versus its poles and would alter the thickness
of To’s crust between the two locales. Assuming the crust has a uniform density, its thickness
would be inversely proportional to the tidal heat beneath the crust, which in turn affects
the difference in Io’s radius at the equator versus at its poles. However, reasonable variation
in tidal heating across Io would result in a greater difference in radius than is observed.
The difference in observed radius is more likely if variation in tidal heat across Io affects
crustal density rather than crustal thickness. Then, it is more likely that Io does not have

a magima ocean.

1 Introduction

It is presently a mystery whether Jupiter’s hyper-volcanic satellite, To, hides a magma
ocean beneath its lithosphere (e.g., de Kleer et al., 2019; Matusyama et al., 2022). Potential
evidence for such a magma ocean includes a magnetic induction signal measured by the
Galileo spacecraft mission; however, such a signal could also be indicative of a magmatic
sponge layer that is a mix of rock and melt (Khurana et al., 2011). Moreover, the distribution

of volcanoes on lo’s surface may be indicative of a concentration of tidal dissipation in
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the shallow mantle (e.g., Tackley et al., 2001; Tyler et al., 2015). Miyazaki and Stevenson
(2022) argue such a distribution could instead be the result of heterogeneities in lithospheric
weakness, as the presence of a magma ocean may redistribute any spatial variations in

tidal heating due to said magma ocean. Further, they argue that a partial-melt layer within
To’s subsurface is inherently unstable and would instead separate into a solid and liquid
phase (Miyazaki & Stevenson, 2022). The presence of a magma ocean within Io’s subsurface
would have implications for the distribution and transport of tidal heating within the

satellite (e.g., Matusyama et al., 2022).

In recent work, Gyalay and Nimmo (2023) demonstrated how to use the observed
long-wavelength topography of Saturn’s icy satellites to infer the tidal heating distribution
beneath their ice shells, which provides an indirect window into their interior structure.

We first investigate if such a methodology may be applied to Io by assuming lo’s degree-2

shape is a combination of its hydrostatic shape (due to Io’s rotational flattening and tidal
buldge) and topographic variations due to the spatial pattern of tidal heating. Upon subtraction
of To’s hydrostatic shape, however, we find the remnant topography is lower than the uncertainty
in To’s global shape (see Section S2 of Supplement 1). While we thus cannot meaningfully

apply the methodology of Gyalay and Nimmo (2023a), the uncertainty nonetheless places

a useful upper bound on the amplitude of topography that spatial variations tidal heating

may produce. We use this constraint to make a prediction on the presence or absence

of a magma ocean that may be confirmed by upcoming Juno flybys (Keane et al., 2022).

In particular, we find that Airy isostasy produces topographic amplitudes that are too

large, while Pratt isostasy does not. Since Airy isostasy is likely to dominate if a magma

ocean is present, we conclude that Io probably lacks a magma ocean.

2 Background

The spatial variation of tidal heating across a satellite depends greatly on the depth
or thickness of the tidal-heat-producing region (e.g., the crust, lithosphere, aesthenosphere,
etc.), whether the tidal-heat-producing region overlies a more rigid (e.g., rocky mantle)
or a more fluid (e.g., magma ocean) layer, and whether the tides are caused by the satellite’s
eccentricity (orbit’s ellipticity) or obliquity (tilt of the satellite’s spin axis relative to the
normal of its orbital plane) (e.g., Segatz et al., 1988; Beuthe, 2013). In recent work, Gyalay
and Nimmo (2023a) demonstrated the use of the observed long-wavelength topography

of Saturn’s icy satellites to infer the tidal heating distribution beneath their ice shells.
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In principle, a similar methodology could be applied to Io’s topography in order to test
whether it was the result of spatial variations in tidal heating consistent with a magma

ocean beneath Io’s lithosphere.

Previous studies have investigated the link between Io’s tidal heating and its lithospheric
thickness (Steinke et al., 2020a; Spencer et al., 2021), where the lithospheric thickness
can be related to topography under the assumption of isostasy (see the next section, Section
3). The average surface heat flow of Io is at least 2 W m~2 (Veeder et al., 1994; Simonelli
et al., 2001; McEwen et al., 2004; Rathbun et al., 2004; de Kleer et al., 2019). This significant
quantity of heat is generated frictionally by tidal stresses as a result of Io’s Laplace resonance
with Europa and Ganymede (predicted by Peale et al., 1979, mere weeks before Voyager
1’s flyby). This tidal heating vastly dominates the surface heat flow, which would be only
0.016 W m~—2 if Io’s entire mass had the radioactive heat production rate of Earth’s mantle
(7.38 pW kg1, e.g., Turcotte & Schubert, 2014). As Io’s core is not radioactive, even

that value is an upper bound.

If tidal heat were simply conducted to the surface, the lithosphere would need to
be less than a few km thick (e.g., O’Reilly & Davies, 1981). However, Io’s surface is dotted
with mountains that can reach heights > 10 km (e.g., Carr et al., 1979, 1998; Schenk
et al., 2001). In Section S1 of Supplement 1, we estimate that this requires a minimum
lithosphere thickness of 23 km (cf. values of 14-50 km in Nash et al., 1986; Keszthelyi
& McEwen, 1997; Carr et al., 1998; Jaeger et al., 2003; McEwen et al., 2004). O’Reilly
and Davies (1981) argued that to satisfy the seemingly-paradoxical, observed constraints
of To’s mountainous terrain and high surface heat flux, o must advect much of its heat
through a thick, cold lithosphere via heat pipes of magma that erupt upon the surface.
Spencer et al. (2021) incorporated this effect into their study by using melt production
from tidal dissipation to heat the lithosphere and predict surface topography. Our approach

differs from theirs in a few key ways, as elaborated upon below.

We make the simplifying assumption that if tidal heating operates at the base of
the lithosphere or deeper, it provides a total surface heat flux F' as described by Equations
1 and 3b of O’Reilly and Davies (1981):

UPC;D (Tm - TS)

F=vp[AHy + Cp (T = To)] + =375, (1)

where v is the resurfacing rate, p is the magma density, AH; is the latent heat of fusion,

C)p is the specific heat, T}, is the melting temperature, T is the surface temperature, x
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Table 1.

Variables and their (Preferred) Values

Variable (Pref.) Value Note
F Surface heat flux Fy>2Wm™2 Observed®
d Lithosphere thickness dy > 23 km Section S1 of Supplement 1
v Volcanic emplacement rate vo > 10.7 mm yr~!  Eq. 1 for d = 23 km,
(vo > 0.34 nm s_l) F=2Wm?
P Magma density 3,000 kg m—3 O’Reilly and Davies (1981)
Ap  Density contrast 300 kg m—3
AH; Latent heat of fusion 450 kJ kg~ ! O’Reilly and Davies (1981)

Cp  Specific heat 1kJkg ! K71 O’Reilly and Davies (1981)
T,  Surface temperature 110 K Rathbun et al. (2014)

T,  Melting temperature Tm —Ts=1,500 K O’'Reilly and Davies (1981)
k Thermal conductivity 3Wm ! K! O’Reilly and Davies (1981)
K Thermal diffusivity 1076 m? s7! O’Reilly and Davies (1981)
o Volumetric thermal expansivity 3 x 107° K—!

Q4  Activation energy 300 kJ mol~*

Rs  Universal gas constant 8.3 J mol~t K~!

Ry To radius 1,800 km Observed
g Surface gravity 1.8 ms2 Observed
C  Moment of Inertia 0.3782 M R? Schubert et al. (2004)

2Veeder et al. (1994); Simonelli et al. (2001); McEwen et al. (2004); Rathbun et al. (2004);

de Kleer et al. (2019)

is the thermal diffusivity, and d the lithospheric thickness. One can also find the thermal

conductivity of the lithosphere k as k = pCpk. Table 1 lists our preferred values for these

variables, which borrow largely from O’Reilly and Davies (1981). The first term on the

right-hand side of Equation 1 provides the portion of heat flux that is advected through

heat pipes to the surface, while the second term provides the portion of heat flux that

is conducted through the lithosphere. In the limit of low volcanic emplacement v, we recover

Fourier’s law of thermal conduction through a slab.

At a given lithospheric thickness, Equation 1 implies a larger volcanic emplacement

rate produces a higher heat flux; while for a given resurfacing/emplacement rate, the lithosphere
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thins when tidal dissipation increases. The latter point can also be seen by inverting Equation

1 to solve for d,

R vpClp (T — Ts)
d_vln(va[AHf+cp(TmTS)] “)' @)

Equation 1 or 2 only satisfies both the minimum average surface heat flux F > 2 W m~2
and our minimum average lithosphere thickness d > 23 km for Io when the conductive
heat flux is a small fraction of the total heat flux, Frong < 3 x 1074F. Alternatively,
one may simply state that the total heat flux is dominated by the advective term, F' ~

F,4». This requires an average volcanic emplacement rate of v = 10.7 mm yr—! (3.4x1071 m s71)

when FF =2 W m~2.

By inferring the spatial distribution of tidal heating from topography, we may make
inferences about the interior structure of Io. But first we must isolate the portion of Io’s
topography that arises from variations in tidal heating. Tidal heating varies spatially in
even-orders of spherical harmonic degrees 2 and 4. We would thus wish to analyze Io’s
topography in those same spherical harmonics (e.g., Gyalay & Nimmo, 2023a). Unfortunately,
we find in Section S2 of Supplement 1 that after accounting for the hydrostatic component
of To’s shape (i.e., that which is due to Io’s tidal bulge and rotational flattening), Io’s
remaining topography in those spherical harmonics is less than the uncertainty in global
shape. Any conclusion on patterns of tidal heating inferred from this topography is then

meaningless.

However, the magnitude of topographic variation may still yield some important
constraints. In our case, the maximum (non-hydrostatic) topographic variation is limited
by the uncertainty in degree-2 shape, which is on the order of 0.3 km (Section S2 of Supplement
1). In, e.g., Beuthe (2013), the heat flux due to tidal heating can vary spatially in magnitude
on the order of its average value. Io would not be as hot as it is without significant tidal
heating (Peale et al., 1979). Then it stands to reason that most (if not all) of Io’s heat
flow is due to tidal heating. Given some variation in tidal heating, we can calculate the
expected variation in Io’s topography and compare it to our bounds on the possible variation

in To’s topography.

3 Predicting Isostatic variation in Io’s topography

We make the assumption that Io’s crust is in isostatic equilibrium at long wavelengths

(low spherical harmonic degree). In any form of isostasy, we expect that either the total
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mass or pressure at some depth to be constant across a planetary body despite variations

in the topography (see, e.g., Hemingway & Masuyama, 2017, for an argument in favor

of equal-pressure isostasy). An alternate treatment of isostasy seeks to minimize the deviatoric
stress within the crust (Beuthe, 2021). Minimum-stress isostasy can be approximated

by equal-weight isostasy, which returns results between those of equal-mass and equal-pressure
isostasy. In Gyalay and Nimmo (2023a), we used both equal-mass and equal-pressure

isostasy as endmember cases in examining the ice shell of Tethys. Ultimately, interpretation
of Tethys’ interior was consistent across both treatments of isostasy. However, as we do

not expect a significantly thick lithosphere on Io relative to its total radius, constant-pressure
isostasy and constant-mass isostasy are nearly identical. Therefore in this paper, we default

to the simpler calculations using equal-mass isostasy.

Beyond the choice of equal-mass, equal-pressure, equal-weight, or minimum-stress
isostasy, there are still two overarching types of isostasy: Airy isostasy wherein topography
is due to crustal thickness variations (more likely in the case of a magma ocean) or Pratt
isostasy where topography is due to crustal density variations. In this manuscript, we
apply these isostatic assumptions to the entire lithosphere (i.e., both the crust and the
uppermost layer of the mantle) rather than just the crust. We assume that the bulk density
of the crust plus uppermost mantle can differ from that of the mantle beneath, because
of petrological differences arising during melt production and transport. The presence
of heat pipes transporting melt from the mantle to the surface further necessitate another
assumption: the dependence of volcanic emplacement rate v upon variations in heat flow
F. We examine two endmember states: either v is a constant value v = vg, or v varies
in direct proportion to the local surface heat flux v = vgF/Fy, where Fj is the average
heat flow. In comparison, Spencer et al. (2021)’s treatment of Pratt isostasy in Io’s lithosphere
makes the distinction between the abundance of heat pipes and the flux of melt through
each heat pipe. They hold either the pipe density uniform (but allow flow to vary in each)
or the flow through any pipe constant (but allow variation in the concentration of heat
pipes). However, this extra flexibility requires the assumption of additional constants

to relate the values to v. We avoid having to make such assumptions with our approach.

In the limit of strong tidal heating, the amplitude of heat flux variations 0 F' in spherical
harmonic degree-2 (where 6 F' = F—F}) approaches the average total heat flux Fy (e.g.
Beuthe, 2013). Then, we may test which of our cases predict isostatic topography as a

function of spatial variations in tidal heating that is consistent with a maximum amplitude
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of ~ 0.3 km. We plot the expected topography as a function of heat flux variation for
each mode of isostasy (Pratt or Airy) and dependence of emplacement rate on local heat

flux (v =wvp or v x F) in Figure 1.

3.1 Airy Isostasy

If there is a sub-surface magma ocean, we would expect Airy isostasy as with the
floating shells of icy satellites. Here, we assume the topography is driven by variations
in lithospheric thickness. To maintain a constant pressure at depth, lithospheric thinning
would result in negative surface topography, and vice versa. We can relate topography
h to a change in lithospheric thickness dd:

h= _ , (3)
(1 + Aip)

where Ap is the density contrast between the lithosphere and the underlying material.
If the magma is sourced from the upper mantle and is denser than the lithosphere, a topographic
high is the result of a thicker lithosphere. If instead the magma is sourced from the base
of the crust and is less dense than the lithosphere (as a whole), then this equation implies
a topographic high is the result of a thinner lithopshere. However, that latter scenario

is inherently unstable and subject to overturn of the lithosphere. We therefore assume

the lithosphere is 300 kg m > less dense than the magma.

3.1.1 Constant v case

If we assume the emplacement rate v is uniform across Io’s surface in the case of
Airy isostasy, we can begin with Equation 2 to calculate the expected topography h for
some given variation in heat flux 6 F' from the mean Fj. After setting v = vy, the difference
in lithospheric thickness dd calculated by subtracting the mean dy from Equation 2 is,

K vopCyp (T — 1) >
od=—1 + 1| —dp. 4
Yo ! (FO +0F —wop [AHf +C (Tm - Ts)] ’ )

Note that vop [AH + C, (T,, — Ts)] is the advective heat flux, Fq,. Then,

vopCy (Ty — T) -
5d:“1n<°p b )F°+1>—do. (5)

Fago
vo 14 9F — Lo

Then because the conductive heat flux Feong = vpCp (Thr, — 1) / (e”d/’“” — 1), we may

further rearrange the equation and substitute dd into Equation 3 to find,

Feona, d F
oL | E (SRR (6)
142 Feondo | §F 01
ap V0 o TR




Variation of Isostatic Topography on lo
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Figure 1. We plot the variation of Io’s isostatic long wavelength topography as a function of
heat flux, as compared to the amplitude of topography |h| < 0.3 km allowed by the uncertainty
in Io’s global shape (gray region). Topography that assumes Airy isostasy and v = wo (dotted
green line) is characterized by Equation 6 for Feonao = 2.95 X 1074F0, which is the maximum
value allowed for the minimum average lithospheric thickness dy = 23 km and minimum average
heat flux Fy = 2 W m~2. Increasing do would further limit Fiong,0 and the maximum variability
of §F. Topography that assumes Airy isostasy and v o F (solid green line) is characterized by
Equation 8 for minimum average lithospheric thickness dy = 23 km. Larger dp would increase
topography as a function of heat flux variation. Topography that assumes Pratt isostasy and

v = vo (dotted purple line) is characterized by Equation 21 for minimum average volvanic
emplacement vo =  10.7 mm yr~!. Topography that assumes Pratt isostasy and v o F is
characterized by Equation 28 for the same assumed vo. Larger vg would reduce variation in h for

both cases of Pratt isostasy. All other parameters use the preferred values in Table 1.
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where Fiona,0 1S Frong at d = do and v = vy. Because Fjq4, remains constant if v =
vo, then [0F| < Feond,0, where Feong,o < 3x10~% for the preferred value of our parameters
in Table 1. Further, in Equation 6 we can easily see that the topography is undefined
if 6F = —Fiona,0- Thus, it is impossible for tidal heat flux variations on the order of
the average heat flux |§F| ~ F to exist for an Io lithosphere under Airy isostasy with
constant emplacement rate vy unless the total heat flux were dominated by the conductive

term.

3.1.2 vx F case

When v is instead proportional to F' in the case of Airy isostasy, we substitute v =

voF'/Fy into Equation 1 and solve for F':

ok vopCp(Tm, — Ts) )
potor 1). 7
d o " (FO T woplAH, + Cy(T —To)] (7)

When compared to Equation 2, we may simplify Equation 7 to Fd = Fydy. Substituting

d = dy 4+ dd and Equation 3 into Equation 7, we rearrange and find

§F
R— fo_ (8)

)0

When |§F| ~ Fy we should expect the amplitude of topography h in degree-2 to reach

about dp/20. If h < 0.3 km, then this is only true when dy < 6 km—which is thinner
than the ~ 23 km minimum average thickness we expect for Io’s lithosphere (Section

S1 of Supplement 1).

3.2 Pratt Isostasy

Under Pratt isostasy, we expect topography to be the result of density variations
in the lithosphere. Traditionally, Pratt isostasy also assumes the base of the lithosphere
is “flat” and there is no basal topography. For Io, this is less certain (cf., Spencer et al.,
2021), but as a combination of Pratt and Airy would be dominated by the effects of Airy

isostasy, we assume this traditionally flat basal topography as an endmember case. To

maintain constant pressure at depth, density variations in the lithosphere dp from a reference

average lithospheric density py are

h
0p = —po—.
P Podo (9)

Assuming density variations are due only to thermal expansion or contraction of

the lithosphere, we relate the change in crustal density to the change in the lithosphere’s

—10-



228 average temperature 0T from some reference temperature Ty for a thermal expansivity

229 (6N
(57p_ od  h

0T = — = =—
apy  ady ady’

(10)

230 where the final equality makes use of the fact that dd = h in Pratt isostasy. It then behooves
231 us to calculate the average temperature of the lithosphere and relate it to the heat flux
232 through the lithosphere. O’Reilly and Davies (1981) provide the temperature profile as

33 a function of depth z (where z = 0 is the surface, and z = d is the base of the lithosphere):

evz/fc -1

T(z) =Ty + (T — Ts) ——.
(2) =T+ e

(11)

on By taking the integral of Equation 11, we can find the average temperature of the lithosphere:

_ 1 4
T= 7/ T(z)dz, (12)
d Jo
235 Finding
T=T,+ (T —T,)(— ! 13
=T+ (Tn — s)(ﬁ_m>v (13)

236 which agrees that for high emplacement rates or thick lithospheres, most heat transport
237 is accomplished by the advection of magma and thus the lithosphere’s average temperature
238 will be closer to the the surface temperature than the melting temperature. If v or d approaches
239 0, we can take the approximation e"%/* 1+”—Ij—|—%(”—:)2 and we find that T approaches

240 (Tn,—Ts)/2, which is what we expect in the case without heat pipes. Spencer et al. (2021)

211 also assume Pratt isostasy in Io’s lithosphere would be dominated by thermal expansion.
212 In our study, we explicitly vary the volcanic emplacement rate v and lithospheric
213 thickness d, but hold the surface temperature T constant. T}, can vary in some unknown
244 manner, so in our formalism for translating the topography dd into heat flux F' via Pratt
25 isostasy, we want to eliminate the dependence of T,, before we continue our derivation.
246 We can rearrange Equation 13 to find
T-T.
Tn—Ts= P 1S (14)
vd ~ evd/r_1
27 Substituting Equation 14 into Equation 1 and rearranging, we find
vd - evd/m
K

248 For our minimum values of v, d, and F' (Table 1), vd/k is at minimum 7.8; implying

219 e’¥/% > 2400. Then, the fraction e®/"/ (ev¥/® — 1 — 24} is only greater than unity by

—11-
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a maximum of 0.4%, meaning we may safely neglect the fraction for our consideration

of Pratt isostasy. Simpler now, we find,

d
F~up |AH; + %cp(T — 1. (16)

3.2.1 Constant v case

If we assume emplacement rate v is uniform across lo’s surface in the case of Pratt
isostasy, we can substitute v = vy into Equation 16. Then, one would expect the difference

in heat flux from average J F' to be

2
5F ~ Y0PC0 140 5T 4 h(Ty = T) + hoT). (17)
K

When we substitute 6T = h/ (ady) (Equation 10) into Equation 17, we find the
variation in heat flux through Io’s lithosphere under Pratt isostasy and constant volcanic
emplacement v = vy as,

vEhpC, [1 h -
Fra 2P 12 (14 = To—T5) | . 1
5 L L( +d0)+(o )} (18)

In the first term within the square brackets, we expect % < 1, meaning we can drop

the second term within those parentheses for this approximation. A reasonable volumetric
thermal expansivity for rock at T is o ~ 3 x 107° K~!, meaning that Ty — Ty < a1,

and we may drop that second term. Thus, our relationship between topography A and

variation in tidal heating 6 F' can be reduced to,

2
v§ pC,
§F ~ Y0Pp (19)
Ko
Keeping in mind that Fy ~ F,q,, we can account for variations in F' as a factor

of itself by dividing both sides of Equation 19 by Fy or F g,

Cc. 1
O0F _pro Lo . (20)
FO K AHf +Cp (Tm —TS)

Solving now for the topography h,

oF k|2l
Fo Vo Cp

h + (T, — Ts) | - (21)

If heat flux varies on the order of itself (|0F| ~ Fp), then we expect the amplitude of
h to reach about h ~ 172 m X%M (where vy = 10.7 mm yr~! is the minimum

Vo

average volcanic emplacement expected for the minimum observed average heat flux of

—12—
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F ~2 W m~2), which would create long-wavelength topography less than the maximum

possible degree-2 topography (as limited by our uncertainty, Section S2 of Supplement

1).

3.2.2 vx F case

When v is instead proportional to F' in the case of Pratt isostasy, we substitute v =
voF'/Fy into Equation 16 and rearrange to find

E - FO - UopAHf
Fy “OdvopC’p (T — Ts) '

K

(22)

In this case, the variation in F is due to variation in the 1/[d(T—T})] term. Neither

d nor T are expected to vary greatly, and thus we make the approximation

1] [ddT 4 h (T T)
)| ST R -TE 2

o d(T —Ty)

Thus,
67F - (FO — ’U()pAHf) [do(sT + od (TO — TS)] (24)
Fo w2k (T — T, '

When we substitute §7 = h/ (ady) (Equation 10) into Equation 24, we find the

variation in heat flux through Io’s lithosphere under Pratt isostasy and volcanic emplacement

rate proportional to heat flux variations v = voF/Fy as,

5£ ~ 7(F0_’U0pAHf) [é—I_(TO_TS)]h (25)
Fo wRd2k (Ty — T,)° '

Then, using Equation 14, the To—7, term within the square brackets can be substituted
with Ty = Ty = (Tmo = To) |25 — sy |- Assuming T, — Ty = 1,500 K, this

term is a mazimum of 193 K (for our minimum vy and d). Meanwhile, ! is always much
greater than (Tp — 7). Thus, our relationship between topography and variation in tidal

heating 0 F' can be reduced to,

OF  Fo—wpAHy -1 h (26)
F 7 wbyg,C, (T~ T.)  a(To— 1) do’

If one substitutes Ty—T, with Equation 10, they will find the denominator of the first
fraction in Equation 26 will very nearly be equivalent to Fy—vopAH; (Equation 1) and

thus reduce the fraction to 1. Then,

oF Vo h
— 2
FO R (Tm70 — Ts) ( 7)
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Finally, rearranging to solve for h,
h~——a(Ty, —Ts). (28)

If heat flux varies on the order of itself (|0F| ~ Fp), then we expect the amplitude of

1

h to reach about h ~ 132 m x%mvi?w.

4 Implications and Discussion

Should To have a magma ocean, we might expect its lithosphere to experience Airy
isostasy rather than Pratt isostasy. However, when assuming Airy isotasy, we find in both
the constant v = vy and proportional v o< F' cases of volcanic emplacement that the
resulting degree-2 topography is far greater than the maximum possible topography as
limited by our uncertainty (Figure 1). Thus, it is impossible for Io lithosphere’s lithosphere
to be in Airy isostasy if the variation in heat flux is as great as one would expect from
tidal heating. Instead, this would imply that the heat flux is a mostly uniform background.
To cannot generate this much heat radioactively, so if Io were in Airy isostasy, some additional
process would need either to erase either Io’s topography in response to strong tidal heat

variations or any spatial variation in the tidal heat that would produce this topography.

However, it is possible for Io to produce its expected long-wavelength topography
while under strong tidal heating variations on the order of its average tidal heat flux—if
ITo’s lithosphere operates under Pratt isostasy. This is true both when volcanic emplacement
rate is uniform across Io’s surface and when variation in volcanic emplacement rate is
proportional to variations in tidal heating (Figure 1). In both cases, we expect the amplitude
of degree-2 topography to reach about ~ 150 m when average volcanic emplacement rate

v is that which is expected for the observed minimum average heat flow (Table 1).

Before eliminating the possibility of Airy isostasy, we explore the reasons why there

may not be significant topography in response to expected variations of tidal heating.

4.1 Topographic relaxation

One reason why To might not have significant topography if it were in Airy isostasy
could be lower crustal (here, lithospheric) flow. The warmest portion of the lithosphere
will tend to have the lowest viscosity and will flow laterally in response to horizontal pressure

gradients (e.g., McKenzie et al., 2000; Nimmo & Stevenson, 2001; Nimmo, 2004). That
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is, the deepest roots of the lithosphere will naturally want to smooth out and reduce its
basal topography. Typically, this timescale is much longer than that for attaining isostatic
topography in the first place (e.g., Nimmo & Stevenson, 2001). We examine here if this

holds true for Io as well.

As for the crusts of many planetary bodies, the dynamic viscosity n of Io’s lithosphere

is expected to vary exponentially with its temperature, n x exp[Qa/ (RgT)], where

Q@ 4 is the activation energy of the rock that makes up the lithosphere and R is the universal

gas constant. Because the viscosity depends exponentially upon the temperature within
the lithosphere, we expect only the base of Io’s lithosphere to have a viscosity low enough
to flow laterally. The thickness of this flowing region is a few times some characteristic
lengthscale df0,. Then, the timescale 7,¢; to relax (reduce) the amplitude of sinusoidal

variations in topography in spherical harmonic degree [ by a factor of e is provided by

2
To Ro) 1
T = —-—— ) 29
el Apg < ! 6;[010 ( )

Nimmo (2004) as

where 79 is the reference viscosity at the base of the lithosphere (where T' = T,,), and
Ry is To’s average radius (listed in Table 1). We focus on spherical harmonic degree [ =
2, where the greatest variation in tidal heating is expected. At [ = 2, the wavelength

of topographic variation is half of Io’s circumference.

As one might expect from a lengthscale that characterizes the thickness of the flowing
region of a lithosphere when its viscosity depends exponentially on temperature, 6 ¢;ou
depends on the vertical temperature gradient ?TZ at the base of the lithosphere, where
z is depth measured from Io’s surface. Following Nimmo and Stevenson (2001), if viscosity
depends on temperature as 1 ~ €24/ (EcT) and the temperature gradient at some distance

Az = d—z above the base of the lithosphere (thickness d) is approximately linear, then

exp Qa ~ exp @a exp Az . (30)
RGT RGTm 5flow
Thus,
Rg T?
 flow ~ —— 71— (31)
Q 837:5 z=d

(cf., Nimmo & Stevenson, 2001; Nimmo, 2004).

Were Io’s lithosphere to be in a purely conductive regime (very thin crust), we would
find 6100 = RGkT? ) (QaFeond). However, because we expect Io to have a lithospheric

thickness d > 23 km (Section S1 of Supplement 1), we must instead take the derivative
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of Equation 11 to find
bor T,
QA v (Tm - Ts) '

This is substantially smaller than what one expects in a purely conductive regime, by

Oflow = (32)

a factor of about 3F, 4,/ (4Fcond). This is because the temperature profile we expect in
TIo’s lithosphere (Equation 11) is relatively close to the surface temperature T until z —
d and the temperature exponentially climbs to T,,. Assuming Io’s lithosphere has an activation

energy of ~ 300 kJ mol~*, d 10w is only about 100 m.

Such a low 0710, vastly increases the amount of time it would take to relax lo’s isostatic
topography. Meanwhile, the timescale to attain topography in isostatic equilibrium 7,
i8 Tiso ~ Mal/ (2mpprgRo) (Nimmo & Stevenson, 2001), where 7,/ is mantle viscosity
and pjs is mantle density. Then, a comparison of the two timescales yields

Trel _ o 1M0 PM( Ry )3
oo PM

Tiso N nm Ap 6flowl

(33)

where with our preferred values (Table 1) is about 10 7 /nys. This means that for lower
crustal flow to reasonably erase any long-wavelength topography due to variations in tidal
heating, Io’s mantle would need to be 10! times more viscous than the base of its lithosphere.
While the viscosity profile of Io is poorly constrained (cf., Lainey et al., 2009; Bierson

& Nimmo, 2016; Steinke et al., 2020a, 2020b; Spencer et al., 2021), such a contrast sparks
incredulity. Thus, it is unlikely that in the event of Airy isostasy, topography would be

subdued by lower lithospheric flow.

4.2 Tidal heat redistribution

Another possibility to investigate is the redistribution of tidal heat flux into a more
uniform heating pattern. Assuming the case where volcanic emplacement rate v o< F,
we may rearrange Equation 8 to find

6F| 1

d
Iy 1+ 7}1(14&%)

(34)

For maximum degree-2 topography of A ~ 0.3 km (Section S2 of Supplement 1)
and minimum lithosphere thickness of dy ~ 23 km (Section S1 of Supplement 1), we
find that variations in heat flux must have a maximum |‘§,—‘§| < 0.17 to not violate the
observed topography (see also Figure 1). By examining the volcano distribution, Steinke

et al. (2020b) find that the magnitude of degree-2 coefficients of volcano density vary from
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0.02 to 0.146x the average volcano density, which is consistent with our finding that degree-2
variations in heat flux are below 0.17 of the average. Hamilton et al. (2013) likewise argue
that if Io’s volcano distribution is related to a tidal heat distribution, then that heating
pattern is approximately 20% tidal heating in Io’s aesthenosphere with the rest either

a uniform heat distribution or deep mantle heating. As less than 1% of Io’s total heat
production is radiogenic, then a uniform heat distribution would need to have been a tidal

heating pattern that was blurred into appearing uniform.

The observed variation in surface heat flux § Fp may be related to the originally
produced heat flux 6 Fp by some blurring function B(l) that depends on the spherical
harmonic degree [ (e.g., Steinke et al., 2020a, 2020b). This assumes that there exists a
convective layer beneath the lithosphere (typically the asesthenosphere) that produces
its own heat tidally. Following Tackley (2001); Steinke et al. (2020a, 2020b), we find this
blurring function to be

Rom

B(l)= 1 CpRay”, (35)

where d;op, is the thickness of the convecting layer, Cp and (3 are constants related to

the blurring of the heat flux variations, and Ray is the Rayleigh-Roberts number (sometimes
referred to as the internal-heating Rayleigh number), which characterizes the convective
transport of heat-producing material as compared to the diffusion of its heat and is defined
as

pgaldsyn, (36)

RaH =

knconuvk

where H is the thermal productivity in the mantle in units of power per mass and 7cony
is the dynamic viscosity of the convecting layer. Following Steinke et al. (2020a, 2020b),

we approximate H = fe.Fp/deony, where fe. is the fraction of tidal heating produced

in the convective layer Fp that is transported through the mantle by conduction and convection

(as opposed to bouyant magmatism through the mantle).

In order for the spatial distribution of volcano density to resemble a tidal heating
pattern whose heat flux varies approximately < 17% of the average heat flow, then B(2) <

0.17. That is,

o 7 Cp >1/5 (37)

> -5
Ray = <dcom 20.17

When heating is uniform within the convective layer, Cz = 4.413 and 8 = 0.2448, while
when the heating is focused at the boundary of the layer, Cp = 2.869 and § = 0.2105

(Tackley, 2001). Depending on the regime then, this would mean Ragy has to be greater
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than about 103 to 1014 (assuming a convective layer thickness of 50 km) to reduce degree-2

tidal heating variations to 17%.

For constants in Table 1, we find this implies for such blurring to occur,

4+
Tlconv 10 FP dconv B
< 1 P .
fee s T7x10 as(2 W m2> (50 km> (38)

Steinke et al. (2020b) find that f.. is likely < 0.2. This then requires that if there were

a circulating layer, its viscosity would be < 10'° Pa s, which is lower than most estimates

of asthenospheric viscosity (cf., Tackley, 2001; Steinke et al., 2020b). To achieve such a

low viscosity might require the convecting layer to be a magma ocean—but then the amount
of tidal heating produced within the convecting layer Fp would be greatly diminished.
Furthermore, any heat produced by a magma ocean tides (e.g. Tyler et al., 2015) would

be mainly due to the friction of the magma ocean dragging against the overlying lithosphere

(cf. for ocean tides within icy satellites, Chen et al., 2014; Hay & Matsuyama, 2019).

The extent to which a magma ocean may instead redistribute a tidal heating pattern
generated from beneath it rather than within it is presently unclear. However, we may
draw an analogy with Europa, where it has been found that when ocean circulation has
a weak dependence on rotation, such circulation has minimal effect upon the dispersion
of tidal heating distributions from beneath (Soderlund et al., 2023). Thermal circulation
in a potential magma ocean within Io would have an even weaker dependence on rotation,
owing to the much higher viscosity of magma compared to water (a deeper discussion
on how to characterize heat transfer in the circulating oceans of icy satellites may be found
in Soderlund, 2019). Thus, we find it unlikely that a tidal heating pattern is redistributed
by a convecting layer—whether the tidal heat is produced within a convecting aesthenosphere

or produced beneath a convecting magma ocean.

5 Conclusions

Ultimately, we find that the maximum amplitude of isostatic topography that results
from spatial variations in tidal heating across Io is irreconcilable with the expected spatial
variation in tidal heating if we assume that Io’s lithosphere operates under Airy isostasy.
The amplitude of tidal heating variation in spherical harmonic degree 2 is expected to
be on the order of average tidal heating. Instead, the assumption of Airy isostasy requires
an amplitude of tidal heating variation < 17% of the average heat flow. A convective

layer can produce and redistribute tidal heating into a relatively uniform heating pattern,
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but requires that this convective layer both produces most of Io’s tidal heat and that
this layer have an extremely low viscosity < 10'° Pa s. An aesthenosphere could produce
adequate internal tidal heating (i.e., not from drag at the base of the lithosphere) while

a magma ocean may have a low enough viscosity, but neither possibility fulfills both conditions.

If we instead assume that Io’s lithosphere operates under Pratt isostasy, then the
predicted isostatic topography is consistent with the maximum allowed by the observations.
Because we rule out Airy isostasy in favor of Pratt isostasy, this implies that a magma
ocean is unlikely. This can soon be tested, as Juno’s upcoming orbits of Jupiter will bring
it close to Io. Already, recent infrared imagery has been used to analyze the distribution
of To’s volcanic heat flow. Pettine et al. (2023) find that the tidal heating pattern implied
by Io’s volcano distribution is anti-correlated with a global magma ocean and instead
suggests tidal heating in the aesthenosphere (cf., Davies et al., 2023), demonstrating a
similar conclusion to our own using an entirely different dataset and method. Upcoming
Juno flybys also allow the measurement of new gravitational data (Keane et al., 2022)
that supplements measurements from older spacecraft. Such gravity observations could
unveil To’s Love number k3, which characterizes Io’s tidal response. A high value of ky ~
0.5 is expected if Io has a magma ocean, while a lower value k3 ~ 0.1 is expected without
a magma ocean (Bierson & Nimmo, 2016; de Kleer et al., 2019). Thus, we predict that

if ko is measured for Io with Juno data, it will be low.

Open Research Section

This paper is purely theoretical, only deriving equations to apply to previously observed
physical parameters. As such, no datasets were analyzed or produced for this paper. The
python code used to create Figure 1 has been uploaded to the Dryad Repository and is

listed in our References as Gyalay and Nimmo (2023b).
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Io’s Long-Wavelength Topography as a Probe for a
Subsurface Magma Ocean

S. Gyalay'and F. Nimmo'

IUniversity of California, Santa Cruz

Key Points:

¢ Maximum variation in topography implies low spatial variation in Io’s tidal heating
when assuming Airy isostasy.

« Tidal heat produced in a convecting aesthenosphere can reduce spatial variation
in tidal heating, but requires prohibitively low viscosity.

« Jo’s topography is consistent with expected tidal heating spatial variations if thermal

expansion drives crustal density variations.

Corresponding author: Szildrd Gyalay, sgyalay@seti.org



12

13

14

15

16

17

18

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

Abstract

We investigate how spatial variations in tidal heating affect Io’s isostatic topography at
long wavelengths. The difference between the hydrostatic shape implied by Io’s gravity
field and its observed global shape is less than the latter’s 0.3 km uncertainty. Assuming
Airy isostasy, degree-2 topography < 300 m amplitude is only possible if surface heat

flux varies spatially by < 17% of the mean value. This is consistent with Io’s volcano
distribution and is possible if tidal heat is generated within a convecting layer underneath
the lithosphere. However, that layer would require a viscosity < 10'° Pa s. A magma
ocean would have low enough viscosity but would not generate enough tidal heat internally.
Conversely, assuming Pratt isostasy, we find ~150 m degree-2 topography is easily achievable.
If a magma ocean was present, Airy isostasy would dominate; we therefore conclude that

To is unlikely to possess a magma ocean.

Plain Language Summary

As it orbits Jupiter elliptically, the difference in gravitational pull experienced by
the moon Io results in tidal heating due to internal friction. Some evidence suggests this
heat forms a magma ocean beneath Io’s crust. If so, there would be a difference in the
amount of heat generated at Io’s equator versus its poles and would alter the thickness
of To’s crust between the two locales. Assuming the crust has a uniform density, its thickness
would be inversely proportional to the tidal heat beneath the crust, which in turn affects
the difference in Io’s radius at the equator versus at its poles. However, reasonable variation
in tidal heating across Io would result in a greater difference in radius than is observed.
The difference in observed radius is more likely if variation in tidal heat across Io affects
crustal density rather than crustal thickness. Then, it is more likely that Io does not have

a magima ocean.

1 Introduction

It is presently a mystery whether Jupiter’s hyper-volcanic satellite, To, hides a magma
ocean beneath its lithosphere (e.g., de Kleer et al., 2019; Matusyama et al., 2022). Potential
evidence for such a magma ocean includes a magnetic induction signal measured by the
Galileo spacecraft mission; however, such a signal could also be indicative of a magmatic
sponge layer that is a mix of rock and melt (Khurana et al., 2011). Moreover, the distribution

of volcanoes on lo’s surface may be indicative of a concentration of tidal dissipation in
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the shallow mantle (e.g., Tackley et al., 2001; Tyler et al., 2015). Miyazaki and Stevenson
(2022) argue such a distribution could instead be the result of heterogeneities in lithospheric
weakness, as the presence of a magma ocean may redistribute any spatial variations in

tidal heating due to said magma ocean. Further, they argue that a partial-melt layer within
To’s subsurface is inherently unstable and would instead separate into a solid and liquid
phase (Miyazaki & Stevenson, 2022). The presence of a magma ocean within Io’s subsurface
would have implications for the distribution and transport of tidal heating within the

satellite (e.g., Matusyama et al., 2022).

In recent work, Gyalay and Nimmo (2023) demonstrated how to use the observed
long-wavelength topography of Saturn’s icy satellites to infer the tidal heating distribution
beneath their ice shells, which provides an indirect window into their interior structure.

We first investigate if such a methodology may be applied to Io by assuming lo’s degree-2

shape is a combination of its hydrostatic shape (due to Io’s rotational flattening and tidal
buldge) and topographic variations due to the spatial pattern of tidal heating. Upon subtraction
of To’s hydrostatic shape, however, we find the remnant topography is lower than the uncertainty
in To’s global shape (see Section S2 of Supplement 1). While we thus cannot meaningfully

apply the methodology of Gyalay and Nimmo (2023a), the uncertainty nonetheless places

a useful upper bound on the amplitude of topography that spatial variations tidal heating

may produce. We use this constraint to make a prediction on the presence or absence

of a magma ocean that may be confirmed by upcoming Juno flybys (Keane et al., 2022).

In particular, we find that Airy isostasy produces topographic amplitudes that are too

large, while Pratt isostasy does not. Since Airy isostasy is likely to dominate if a magma

ocean is present, we conclude that Io probably lacks a magma ocean.

2 Background

The spatial variation of tidal heating across a satellite depends greatly on the depth
or thickness of the tidal-heat-producing region (e.g., the crust, lithosphere, aesthenosphere,
etc.), whether the tidal-heat-producing region overlies a more rigid (e.g., rocky mantle)
or a more fluid (e.g., magma ocean) layer, and whether the tides are caused by the satellite’s
eccentricity (orbit’s ellipticity) or obliquity (tilt of the satellite’s spin axis relative to the
normal of its orbital plane) (e.g., Segatz et al., 1988; Beuthe, 2013). In recent work, Gyalay
and Nimmo (2023a) demonstrated the use of the observed long-wavelength topography

of Saturn’s icy satellites to infer the tidal heating distribution beneath their ice shells.
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In principle, a similar methodology could be applied to Io’s topography in order to test
whether it was the result of spatial variations in tidal heating consistent with a magma

ocean beneath Io’s lithosphere.

Previous studies have investigated the link between Io’s tidal heating and its lithospheric
thickness (Steinke et al., 2020a; Spencer et al., 2021), where the lithospheric thickness
can be related to topography under the assumption of isostasy (see the next section, Section
3). The average surface heat flow of Io is at least 2 W m~2 (Veeder et al., 1994; Simonelli
et al., 2001; McEwen et al., 2004; Rathbun et al., 2004; de Kleer et al., 2019). This significant
quantity of heat is generated frictionally by tidal stresses as a result of Io’s Laplace resonance
with Europa and Ganymede (predicted by Peale et al., 1979, mere weeks before Voyager
1’s flyby). This tidal heating vastly dominates the surface heat flow, which would be only
0.016 W m~—2 if Io’s entire mass had the radioactive heat production rate of Earth’s mantle
(7.38 pW kg1, e.g., Turcotte & Schubert, 2014). As Io’s core is not radioactive, even

that value is an upper bound.

If tidal heat were simply conducted to the surface, the lithosphere would need to
be less than a few km thick (e.g., O’Reilly & Davies, 1981). However, Io’s surface is dotted
with mountains that can reach heights > 10 km (e.g., Carr et al., 1979, 1998; Schenk
et al., 2001). In Section S1 of Supplement 1, we estimate that this requires a minimum
lithosphere thickness of 23 km (cf. values of 14-50 km in Nash et al., 1986; Keszthelyi
& McEwen, 1997; Carr et al., 1998; Jaeger et al., 2003; McEwen et al., 2004). O’Reilly
and Davies (1981) argued that to satisfy the seemingly-paradoxical, observed constraints
of To’s mountainous terrain and high surface heat flux, o must advect much of its heat
through a thick, cold lithosphere via heat pipes of magma that erupt upon the surface.
Spencer et al. (2021) incorporated this effect into their study by using melt production
from tidal dissipation to heat the lithosphere and predict surface topography. Our approach

differs from theirs in a few key ways, as elaborated upon below.

We make the simplifying assumption that if tidal heating operates at the base of
the lithosphere or deeper, it provides a total surface heat flux F' as described by Equations
1 and 3b of O’Reilly and Davies (1981):

UPC;D (Tm - TS)

F=vp[AHy + Cp (T = To)] + =375, (1)

where v is the resurfacing rate, p is the magma density, AH; is the latent heat of fusion,

C)p is the specific heat, T}, is the melting temperature, T is the surface temperature, x
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Table 1.

Variables and their (Preferred) Values

Variable (Pref.) Value Note
F Surface heat flux Fy>2Wm™2 Observed®
d Lithosphere thickness dy > 23 km Section S1 of Supplement 1
v Volcanic emplacement rate vo > 10.7 mm yr~!  Eq. 1 for d = 23 km,
(vo > 0.34 nm s_l) F=2Wm?
P Magma density 3,000 kg m—3 O’Reilly and Davies (1981)
Ap  Density contrast 300 kg m—3
AH; Latent heat of fusion 450 kJ kg~ ! O’Reilly and Davies (1981)

Cp  Specific heat 1kJkg ! K71 O’Reilly and Davies (1981)
T,  Surface temperature 110 K Rathbun et al. (2014)

T,  Melting temperature Tm —Ts=1,500 K O’'Reilly and Davies (1981)
k Thermal conductivity 3Wm ! K! O’Reilly and Davies (1981)
K Thermal diffusivity 1076 m? s7! O’Reilly and Davies (1981)
o Volumetric thermal expansivity 3 x 107° K—!

Q4  Activation energy 300 kJ mol~*

Rs  Universal gas constant 8.3 J mol~t K~!

Ry To radius 1,800 km Observed
g Surface gravity 1.8 ms2 Observed
C  Moment of Inertia 0.3782 M R? Schubert et al. (2004)

2Veeder et al. (1994); Simonelli et al. (2001); McEwen et al. (2004); Rathbun et al. (2004);

de Kleer et al. (2019)

is the thermal diffusivity, and d the lithospheric thickness. One can also find the thermal

conductivity of the lithosphere k as k = pCpk. Table 1 lists our preferred values for these

variables, which borrow largely from O’Reilly and Davies (1981). The first term on the

right-hand side of Equation 1 provides the portion of heat flux that is advected through

heat pipes to the surface, while the second term provides the portion of heat flux that

is conducted through the lithosphere. In the limit of low volcanic emplacement v, we recover

Fourier’s law of thermal conduction through a slab.

At a given lithospheric thickness, Equation 1 implies a larger volcanic emplacement

rate produces a higher heat flux; while for a given resurfacing/emplacement rate, the lithosphere
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thins when tidal dissipation increases. The latter point can also be seen by inverting Equation

1 to solve for d,

R vpClp (T — Ts)
d_vln(va[AHf+cp(TmTS)] “)' @)

Equation 1 or 2 only satisfies both the minimum average surface heat flux F > 2 W m~2
and our minimum average lithosphere thickness d > 23 km for Io when the conductive
heat flux is a small fraction of the total heat flux, Frong < 3 x 1074F. Alternatively,
one may simply state that the total heat flux is dominated by the advective term, F' ~

F,4». This requires an average volcanic emplacement rate of v = 10.7 mm yr—! (3.4x1071 m s71)

when FF =2 W m~2.

By inferring the spatial distribution of tidal heating from topography, we may make
inferences about the interior structure of Io. But first we must isolate the portion of Io’s
topography that arises from variations in tidal heating. Tidal heating varies spatially in
even-orders of spherical harmonic degrees 2 and 4. We would thus wish to analyze Io’s
topography in those same spherical harmonics (e.g., Gyalay & Nimmo, 2023a). Unfortunately,
we find in Section S2 of Supplement 1 that after accounting for the hydrostatic component
of To’s shape (i.e., that which is due to Io’s tidal bulge and rotational flattening), Io’s
remaining topography in those spherical harmonics is less than the uncertainty in global
shape. Any conclusion on patterns of tidal heating inferred from this topography is then

meaningless.

However, the magnitude of topographic variation may still yield some important
constraints. In our case, the maximum (non-hydrostatic) topographic variation is limited
by the uncertainty in degree-2 shape, which is on the order of 0.3 km (Section S2 of Supplement
1). In, e.g., Beuthe (2013), the heat flux due to tidal heating can vary spatially in magnitude
on the order of its average value. Io would not be as hot as it is without significant tidal
heating (Peale et al., 1979). Then it stands to reason that most (if not all) of Io’s heat
flow is due to tidal heating. Given some variation in tidal heating, we can calculate the
expected variation in Io’s topography and compare it to our bounds on the possible variation

in To’s topography.

3 Predicting Isostatic variation in Io’s topography

We make the assumption that Io’s crust is in isostatic equilibrium at long wavelengths

(low spherical harmonic degree). In any form of isostasy, we expect that either the total
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mass or pressure at some depth to be constant across a planetary body despite variations

in the topography (see, e.g., Hemingway & Masuyama, 2017, for an argument in favor

of equal-pressure isostasy). An alternate treatment of isostasy seeks to minimize the deviatoric
stress within the crust (Beuthe, 2021). Minimum-stress isostasy can be approximated

by equal-weight isostasy, which returns results between those of equal-mass and equal-pressure
isostasy. In Gyalay and Nimmo (2023a), we used both equal-mass and equal-pressure

isostasy as endmember cases in examining the ice shell of Tethys. Ultimately, interpretation
of Tethys’ interior was consistent across both treatments of isostasy. However, as we do

not expect a significantly thick lithosphere on Io relative to its total radius, constant-pressure
isostasy and constant-mass isostasy are nearly identical. Therefore in this paper, we default

to the simpler calculations using equal-mass isostasy.

Beyond the choice of equal-mass, equal-pressure, equal-weight, or minimum-stress
isostasy, there are still two overarching types of isostasy: Airy isostasy wherein topography
is due to crustal thickness variations (more likely in the case of a magma ocean) or Pratt
isostasy where topography is due to crustal density variations. In this manuscript, we
apply these isostatic assumptions to the entire lithosphere (i.e., both the crust and the
uppermost layer of the mantle) rather than just the crust. We assume that the bulk density
of the crust plus uppermost mantle can differ from that of the mantle beneath, because
of petrological differences arising during melt production and transport. The presence
of heat pipes transporting melt from the mantle to the surface further necessitate another
assumption: the dependence of volcanic emplacement rate v upon variations in heat flow
F. We examine two endmember states: either v is a constant value v = vg, or v varies
in direct proportion to the local surface heat flux v = vgF/Fy, where Fj is the average
heat flow. In comparison, Spencer et al. (2021)’s treatment of Pratt isostasy in Io’s lithosphere
makes the distinction between the abundance of heat pipes and the flux of melt through
each heat pipe. They hold either the pipe density uniform (but allow flow to vary in each)
or the flow through any pipe constant (but allow variation in the concentration of heat
pipes). However, this extra flexibility requires the assumption of additional constants

to relate the values to v. We avoid having to make such assumptions with our approach.

In the limit of strong tidal heating, the amplitude of heat flux variations 0 F' in spherical
harmonic degree-2 (where 6 F' = F—F}) approaches the average total heat flux Fy (e.g.
Beuthe, 2013). Then, we may test which of our cases predict isostatic topography as a

function of spatial variations in tidal heating that is consistent with a maximum amplitude
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of ~ 0.3 km. We plot the expected topography as a function of heat flux variation for
each mode of isostasy (Pratt or Airy) and dependence of emplacement rate on local heat

flux (v =wvp or v x F) in Figure 1.

3.1 Airy Isostasy

If there is a sub-surface magma ocean, we would expect Airy isostasy as with the
floating shells of icy satellites. Here, we assume the topography is driven by variations
in lithospheric thickness. To maintain a constant pressure at depth, lithospheric thinning
would result in negative surface topography, and vice versa. We can relate topography
h to a change in lithospheric thickness dd:

h= _ , (3)
(1 + Aip)

where Ap is the density contrast between the lithosphere and the underlying material.
If the magma is sourced from the upper mantle and is denser than the lithosphere, a topographic
high is the result of a thicker lithosphere. If instead the magma is sourced from the base
of the crust and is less dense than the lithosphere (as a whole), then this equation implies
a topographic high is the result of a thinner lithopshere. However, that latter scenario

is inherently unstable and subject to overturn of the lithosphere. We therefore assume

the lithosphere is 300 kg m > less dense than the magma.

3.1.1 Constant v case

If we assume the emplacement rate v is uniform across Io’s surface in the case of
Airy isostasy, we can begin with Equation 2 to calculate the expected topography h for
some given variation in heat flux 6 F' from the mean Fj. After setting v = vy, the difference
in lithospheric thickness dd calculated by subtracting the mean dy from Equation 2 is,

K vopCyp (T — 1) >
od=—1 + 1| —dp. 4
Yo ! (FO +0F —wop [AHf +C (Tm - Ts)] ’ )

Note that vop [AH + C, (T,, — Ts)] is the advective heat flux, Fq,. Then,

vopCy (Ty — T) -
5d:“1n<°p b )F°+1>—do. (5)

Fago
vo 14 9F — Lo

Then because the conductive heat flux Feong = vpCp (Thr, — 1) / (e”d/’“” — 1), we may

further rearrange the equation and substitute dd into Equation 3 to find,

Feona, d F
oL | E (SRR (6)
142 Feondo | §F 01
ap V0 o TR
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Figure 1. We plot the variation of Io’s isostatic long wavelength topography as a function of
heat flux, as compared to the amplitude of topography |h| < 0.3 km allowed by the uncertainty
in Io’s global shape (gray region). Topography that assumes Airy isostasy and v = wo (dotted
green line) is characterized by Equation 6 for Feonao = 2.95 X 1074F0, which is the maximum
value allowed for the minimum average lithospheric thickness dy = 23 km and minimum average
heat flux Fy = 2 W m~2. Increasing do would further limit Fiong,0 and the maximum variability
of §F. Topography that assumes Airy isostasy and v o F (solid green line) is characterized by
Equation 8 for minimum average lithospheric thickness dy = 23 km. Larger dp would increase
topography as a function of heat flux variation. Topography that assumes Pratt isostasy and

v = vo (dotted purple line) is characterized by Equation 21 for minimum average volvanic
emplacement vo =  10.7 mm yr~!. Topography that assumes Pratt isostasy and v o F is
characterized by Equation 28 for the same assumed vo. Larger vg would reduce variation in h for

both cases of Pratt isostasy. All other parameters use the preferred values in Table 1.
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where Fiona,0 1S Frong at d = do and v = vy. Because Fjq4, remains constant if v =
vo, then [0F| < Feond,0, where Feong,o < 3x10~% for the preferred value of our parameters
in Table 1. Further, in Equation 6 we can easily see that the topography is undefined
if 6F = —Fiona,0- Thus, it is impossible for tidal heat flux variations on the order of
the average heat flux |§F| ~ F to exist for an Io lithosphere under Airy isostasy with
constant emplacement rate vy unless the total heat flux were dominated by the conductive

term.

3.1.2 vx F case

When v is instead proportional to F' in the case of Airy isostasy, we substitute v =

voF'/Fy into Equation 1 and solve for F':

ok vopCp(Tm, — Ts) )
potor 1). 7
d o " (FO T woplAH, + Cy(T —To)] (7)

When compared to Equation 2, we may simplify Equation 7 to Fd = Fydy. Substituting

d = dy 4+ dd and Equation 3 into Equation 7, we rearrange and find

§F
R— fo_ (8)

)0

When |§F| ~ Fy we should expect the amplitude of topography h in degree-2 to reach

about dp/20. If h < 0.3 km, then this is only true when dy < 6 km—which is thinner
than the ~ 23 km minimum average thickness we expect for Io’s lithosphere (Section

S1 of Supplement 1).

3.2 Pratt Isostasy

Under Pratt isostasy, we expect topography to be the result of density variations
in the lithosphere. Traditionally, Pratt isostasy also assumes the base of the lithosphere
is “flat” and there is no basal topography. For Io, this is less certain (cf., Spencer et al.,
2021), but as a combination of Pratt and Airy would be dominated by the effects of Airy

isostasy, we assume this traditionally flat basal topography as an endmember case. To

maintain constant pressure at depth, density variations in the lithosphere dp from a reference

average lithospheric density py are

h
0p = —po—.
P Podo (9)

Assuming density variations are due only to thermal expansion or contraction of

the lithosphere, we relate the change in crustal density to the change in the lithosphere’s

—10-



228 average temperature 0T from some reference temperature Ty for a thermal expansivity

229 (6N
(57p_ od  h

0T = — = =—
apy  ady ady’

(10)

230 where the final equality makes use of the fact that dd = h in Pratt isostasy. It then behooves
231 us to calculate the average temperature of the lithosphere and relate it to the heat flux
232 through the lithosphere. O’Reilly and Davies (1981) provide the temperature profile as

33 a function of depth z (where z = 0 is the surface, and z = d is the base of the lithosphere):

evz/fc -1

T(z) =Ty + (T — Ts) ——.
(2) =T+ e

(11)

on By taking the integral of Equation 11, we can find the average temperature of the lithosphere:

_ 1 4
T= 7/ T(z)dz, (12)
d Jo
235 Finding
T=T,+ (T —T,)(— ! 13
=T+ (Tn — s)(ﬁ_m>v (13)

236 which agrees that for high emplacement rates or thick lithospheres, most heat transport
237 is accomplished by the advection of magma and thus the lithosphere’s average temperature
238 will be closer to the the surface temperature than the melting temperature. If v or d approaches
239 0, we can take the approximation e"%/* 1+”—Ij—|—%(”—:)2 and we find that T approaches

240 (Tn,—Ts)/2, which is what we expect in the case without heat pipes. Spencer et al. (2021)

211 also assume Pratt isostasy in Io’s lithosphere would be dominated by thermal expansion.
212 In our study, we explicitly vary the volcanic emplacement rate v and lithospheric
213 thickness d, but hold the surface temperature T constant. T}, can vary in some unknown
244 manner, so in our formalism for translating the topography dd into heat flux F' via Pratt
25 isostasy, we want to eliminate the dependence of T,, before we continue our derivation.
246 We can rearrange Equation 13 to find
T-T.
Tn—Ts= P 1S (14)
vd ~ evd/r_1
27 Substituting Equation 14 into Equation 1 and rearranging, we find
vd - evd/m
K

248 For our minimum values of v, d, and F' (Table 1), vd/k is at minimum 7.8; implying

219 e’¥/% > 2400. Then, the fraction e®/"/ (ev¥/® — 1 — 24} is only greater than unity by

—11-
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a maximum of 0.4%, meaning we may safely neglect the fraction for our consideration

of Pratt isostasy. Simpler now, we find,

d
F~up |AH; + %cp(T — 1. (16)

3.2.1 Constant v case

If we assume emplacement rate v is uniform across lo’s surface in the case of Pratt
isostasy, we can substitute v = vy into Equation 16. Then, one would expect the difference

in heat flux from average J F' to be

2
5F ~ Y0PC0 140 5T 4 h(Ty = T) + hoT). (17)
K

When we substitute 6T = h/ (ady) (Equation 10) into Equation 17, we find the
variation in heat flux through Io’s lithosphere under Pratt isostasy and constant volcanic
emplacement v = vy as,

vEhpC, [1 h -
Fra 2P 12 (14 = To—T5) | . 1
5 L L( +d0)+(o )} (18)

In the first term within the square brackets, we expect % < 1, meaning we can drop

the second term within those parentheses for this approximation. A reasonable volumetric
thermal expansivity for rock at T is o ~ 3 x 107° K~!, meaning that Ty — Ty < a1,

and we may drop that second term. Thus, our relationship between topography A and

variation in tidal heating 6 F' can be reduced to,

2
v§ pC,
§F ~ Y0Pp (19)
Ko
Keeping in mind that Fy ~ F,q,, we can account for variations in F' as a factor

of itself by dividing both sides of Equation 19 by Fy or F g,

Cc. 1
O0F _pro Lo . (20)
FO K AHf +Cp (Tm —TS)

Solving now for the topography h,

oF k|2l
Fo Vo Cp

h + (T, — Ts) | - (21)

If heat flux varies on the order of itself (|0F| ~ Fp), then we expect the amplitude of
h to reach about h ~ 172 m X%M (where vy = 10.7 mm yr~! is the minimum

Vo

average volcanic emplacement expected for the minimum observed average heat flux of

—12—
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F ~2 W m~2), which would create long-wavelength topography less than the maximum

possible degree-2 topography (as limited by our uncertainty, Section S2 of Supplement

1).

3.2.2 vx F case

When v is instead proportional to F' in the case of Pratt isostasy, we substitute v =
voF'/Fy into Equation 16 and rearrange to find

E - FO - UopAHf
Fy “OdvopC’p (T — Ts) '

K

(22)

In this case, the variation in F is due to variation in the 1/[d(T—T})] term. Neither

d nor T are expected to vary greatly, and thus we make the approximation

1] [ddT 4 h (T T)
)| ST R -TE 2

o d(T —Ty)

Thus,
67F - (FO — ’U()pAHf) [do(sT + od (TO — TS)] (24)
Fo w2k (T — T, '

When we substitute §7 = h/ (ady) (Equation 10) into Equation 24, we find the

variation in heat flux through Io’s lithosphere under Pratt isostasy and volcanic emplacement

rate proportional to heat flux variations v = voF/Fy as,

5£ ~ 7(F0_’U0pAHf) [é—I_(TO_TS)]h (25)
Fo wRd2k (Ty — T,)° '

Then, using Equation 14, the To—7, term within the square brackets can be substituted
with Ty = Ty = (Tmo = To) |25 — sy |- Assuming T, — Ty = 1,500 K, this

term is a mazimum of 193 K (for our minimum vy and d). Meanwhile, ! is always much
greater than (Tp — 7). Thus, our relationship between topography and variation in tidal

heating 0 F' can be reduced to,

OF  Fo—wpAHy -1 h (26)
F 7 wbyg,C, (T~ T.)  a(To— 1) do’

If one substitutes Ty—T, with Equation 10, they will find the denominator of the first
fraction in Equation 26 will very nearly be equivalent to Fy—vopAH; (Equation 1) and

thus reduce the fraction to 1. Then,

oF Vo h
— 2
FO R (Tm70 — Ts) ( 7)
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Finally, rearranging to solve for h,
h~——a(Ty, —Ts). (28)

If heat flux varies on the order of itself (|0F| ~ Fp), then we expect the amplitude of

1

h to reach about h ~ 132 m x%mvi?w.

4 Implications and Discussion

Should To have a magma ocean, we might expect its lithosphere to experience Airy
isostasy rather than Pratt isostasy. However, when assuming Airy isotasy, we find in both
the constant v = vy and proportional v o< F' cases of volcanic emplacement that the
resulting degree-2 topography is far greater than the maximum possible topography as
limited by our uncertainty (Figure 1). Thus, it is impossible for Io lithosphere’s lithosphere
to be in Airy isostasy if the variation in heat flux is as great as one would expect from
tidal heating. Instead, this would imply that the heat flux is a mostly uniform background.
To cannot generate this much heat radioactively, so if Io were in Airy isostasy, some additional
process would need either to erase either Io’s topography in response to strong tidal heat

variations or any spatial variation in the tidal heat that would produce this topography.

However, it is possible for Io to produce its expected long-wavelength topography
while under strong tidal heating variations on the order of its average tidal heat flux—if
ITo’s lithosphere operates under Pratt isostasy. This is true both when volcanic emplacement
rate is uniform across Io’s surface and when variation in volcanic emplacement rate is
proportional to variations in tidal heating (Figure 1). In both cases, we expect the amplitude
of degree-2 topography to reach about ~ 150 m when average volcanic emplacement rate

v is that which is expected for the observed minimum average heat flow (Table 1).

Before eliminating the possibility of Airy isostasy, we explore the reasons why there

may not be significant topography in response to expected variations of tidal heating.

4.1 Topographic relaxation

One reason why To might not have significant topography if it were in Airy isostasy
could be lower crustal (here, lithospheric) flow. The warmest portion of the lithosphere
will tend to have the lowest viscosity and will flow laterally in response to horizontal pressure

gradients (e.g., McKenzie et al., 2000; Nimmo & Stevenson, 2001; Nimmo, 2004). That
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is, the deepest roots of the lithosphere will naturally want to smooth out and reduce its
basal topography. Typically, this timescale is much longer than that for attaining isostatic
topography in the first place (e.g., Nimmo & Stevenson, 2001). We examine here if this

holds true for Io as well.

As for the crusts of many planetary bodies, the dynamic viscosity n of Io’s lithosphere

is expected to vary exponentially with its temperature, n x exp[Qa/ (RgT)], where

Q@ 4 is the activation energy of the rock that makes up the lithosphere and R is the universal

gas constant. Because the viscosity depends exponentially upon the temperature within
the lithosphere, we expect only the base of Io’s lithosphere to have a viscosity low enough
to flow laterally. The thickness of this flowing region is a few times some characteristic
lengthscale df0,. Then, the timescale 7,¢; to relax (reduce) the amplitude of sinusoidal

variations in topography in spherical harmonic degree [ by a factor of e is provided by

2
To Ro) 1
T = —-—— ) 29
el Apg < ! 6;[010 ( )

Nimmo (2004) as

where 79 is the reference viscosity at the base of the lithosphere (where T' = T,,), and
Ry is To’s average radius (listed in Table 1). We focus on spherical harmonic degree [ =
2, where the greatest variation in tidal heating is expected. At [ = 2, the wavelength

of topographic variation is half of Io’s circumference.

As one might expect from a lengthscale that characterizes the thickness of the flowing
region of a lithosphere when its viscosity depends exponentially on temperature, 6 ¢;ou
depends on the vertical temperature gradient ?TZ at the base of the lithosphere, where
z is depth measured from Io’s surface. Following Nimmo and Stevenson (2001), if viscosity
depends on temperature as 1 ~ €24/ (EcT) and the temperature gradient at some distance

Az = d—z above the base of the lithosphere (thickness d) is approximately linear, then

exp Qa ~ exp @a exp Az . (30)
RGT RGTm 5flow
Thus,
Rg T?
 flow ~ —— 71— (31)
Q 837:5 z=d

(cf., Nimmo & Stevenson, 2001; Nimmo, 2004).

Were Io’s lithosphere to be in a purely conductive regime (very thin crust), we would
find 6100 = RGkT? ) (QaFeond). However, because we expect Io to have a lithospheric

thickness d > 23 km (Section S1 of Supplement 1), we must instead take the derivative
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of Equation 11 to find
bor T,
QA v (Tm - Ts) '

This is substantially smaller than what one expects in a purely conductive regime, by

Oflow = (32)

a factor of about 3F, 4,/ (4Fcond). This is because the temperature profile we expect in
TIo’s lithosphere (Equation 11) is relatively close to the surface temperature T until z —
d and the temperature exponentially climbs to T,,. Assuming Io’s lithosphere has an activation

energy of ~ 300 kJ mol~*, d 10w is only about 100 m.

Such a low 0710, vastly increases the amount of time it would take to relax lo’s isostatic
topography. Meanwhile, the timescale to attain topography in isostatic equilibrium 7,
i8 Tiso ~ Mal/ (2mpprgRo) (Nimmo & Stevenson, 2001), where 7,/ is mantle viscosity
and pjs is mantle density. Then, a comparison of the two timescales yields

Trel _ o 1M0 PM( Ry )3
oo PM

Tiso N nm Ap 6flowl

(33)

where with our preferred values (Table 1) is about 10 7 /nys. This means that for lower
crustal flow to reasonably erase any long-wavelength topography due to variations in tidal
heating, Io’s mantle would need to be 10! times more viscous than the base of its lithosphere.
While the viscosity profile of Io is poorly constrained (cf., Lainey et al., 2009; Bierson

& Nimmo, 2016; Steinke et al., 2020a, 2020b; Spencer et al., 2021), such a contrast sparks
incredulity. Thus, it is unlikely that in the event of Airy isostasy, topography would be

subdued by lower lithospheric flow.

4.2 Tidal heat redistribution

Another possibility to investigate is the redistribution of tidal heat flux into a more
uniform heating pattern. Assuming the case where volcanic emplacement rate v o< F,
we may rearrange Equation 8 to find

6F| 1

d
Iy 1+ 7}1(14&%)

(34)

For maximum degree-2 topography of A ~ 0.3 km (Section S2 of Supplement 1)
and minimum lithosphere thickness of dy ~ 23 km (Section S1 of Supplement 1), we
find that variations in heat flux must have a maximum |‘§,—‘§| < 0.17 to not violate the
observed topography (see also Figure 1). By examining the volcano distribution, Steinke

et al. (2020b) find that the magnitude of degree-2 coefficients of volcano density vary from
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0.02 to 0.146x the average volcano density, which is consistent with our finding that degree-2
variations in heat flux are below 0.17 of the average. Hamilton et al. (2013) likewise argue
that if Io’s volcano distribution is related to a tidal heat distribution, then that heating
pattern is approximately 20% tidal heating in Io’s aesthenosphere with the rest either

a uniform heat distribution or deep mantle heating. As less than 1% of Io’s total heat
production is radiogenic, then a uniform heat distribution would need to have been a tidal

heating pattern that was blurred into appearing uniform.

The observed variation in surface heat flux § Fp may be related to the originally
produced heat flux 6 Fp by some blurring function B(l) that depends on the spherical
harmonic degree [ (e.g., Steinke et al., 2020a, 2020b). This assumes that there exists a
convective layer beneath the lithosphere (typically the asesthenosphere) that produces
its own heat tidally. Following Tackley (2001); Steinke et al. (2020a, 2020b), we find this
blurring function to be

Rom

B(l)= 1 CpRay”, (35)

where d;op, is the thickness of the convecting layer, Cp and (3 are constants related to

the blurring of the heat flux variations, and Ray is the Rayleigh-Roberts number (sometimes
referred to as the internal-heating Rayleigh number), which characterizes the convective
transport of heat-producing material as compared to the diffusion of its heat and is defined
as

pgaldsyn, (36)

RaH =

knconuvk

where H is the thermal productivity in the mantle in units of power per mass and 7cony
is the dynamic viscosity of the convecting layer. Following Steinke et al. (2020a, 2020b),

we approximate H = fe.Fp/deony, where fe. is the fraction of tidal heating produced

in the convective layer Fp that is transported through the mantle by conduction and convection

(as opposed to bouyant magmatism through the mantle).

In order for the spatial distribution of volcano density to resemble a tidal heating
pattern whose heat flux varies approximately < 17% of the average heat flow, then B(2) <

0.17. That is,

o 7 Cp >1/5 (37)

> -5
Ray = <dcom 20.17

When heating is uniform within the convective layer, Cz = 4.413 and 8 = 0.2448, while
when the heating is focused at the boundary of the layer, Cp = 2.869 and § = 0.2105

(Tackley, 2001). Depending on the regime then, this would mean Ragy has to be greater
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than about 103 to 1014 (assuming a convective layer thickness of 50 km) to reduce degree-2

tidal heating variations to 17%.

For constants in Table 1, we find this implies for such blurring to occur,

4+
Tlconv 10 FP dconv B
< 1 P .
fee s T7x10 as(2 W m2> (50 km> (38)

Steinke et al. (2020b) find that f.. is likely < 0.2. This then requires that if there were

a circulating layer, its viscosity would be < 10'° Pa s, which is lower than most estimates

of asthenospheric viscosity (cf., Tackley, 2001; Steinke et al., 2020b). To achieve such a

low viscosity might require the convecting layer to be a magma ocean—but then the amount
of tidal heating produced within the convecting layer Fp would be greatly diminished.
Furthermore, any heat produced by a magma ocean tides (e.g. Tyler et al., 2015) would

be mainly due to the friction of the magma ocean dragging against the overlying lithosphere

(cf. for ocean tides within icy satellites, Chen et al., 2014; Hay & Matsuyama, 2019).

The extent to which a magma ocean may instead redistribute a tidal heating pattern
generated from beneath it rather than within it is presently unclear. However, we may
draw an analogy with Europa, where it has been found that when ocean circulation has
a weak dependence on rotation, such circulation has minimal effect upon the dispersion
of tidal heating distributions from beneath (Soderlund et al., 2023). Thermal circulation
in a potential magma ocean within Io would have an even weaker dependence on rotation,
owing to the much higher viscosity of magma compared to water (a deeper discussion
on how to characterize heat transfer in the circulating oceans of icy satellites may be found
in Soderlund, 2019). Thus, we find it unlikely that a tidal heating pattern is redistributed
by a convecting layer—whether the tidal heat is produced within a convecting aesthenosphere

or produced beneath a convecting magma ocean.

5 Conclusions

Ultimately, we find that the maximum amplitude of isostatic topography that results
from spatial variations in tidal heating across Io is irreconcilable with the expected spatial
variation in tidal heating if we assume that Io’s lithosphere operates under Airy isostasy.
The amplitude of tidal heating variation in spherical harmonic degree 2 is expected to
be on the order of average tidal heating. Instead, the assumption of Airy isostasy requires
an amplitude of tidal heating variation < 17% of the average heat flow. A convective

layer can produce and redistribute tidal heating into a relatively uniform heating pattern,
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but requires that this convective layer both produces most of Io’s tidal heat and that
this layer have an extremely low viscosity < 10'° Pa s. An aesthenosphere could produce
adequate internal tidal heating (i.e., not from drag at the base of the lithosphere) while

a magma ocean may have a low enough viscosity, but neither possibility fulfills both conditions.

If we instead assume that Io’s lithosphere operates under Pratt isostasy, then the
predicted isostatic topography is consistent with the maximum allowed by the observations.
Because we rule out Airy isostasy in favor of Pratt isostasy, this implies that a magma
ocean is unlikely. This can soon be tested, as Juno’s upcoming orbits of Jupiter will bring
it close to Io. Already, recent infrared imagery has been used to analyze the distribution
of To’s volcanic heat flow. Pettine et al. (2023) find that the tidal heating pattern implied
by Io’s volcano distribution is anti-correlated with a global magma ocean and instead
suggests tidal heating in the aesthenosphere (cf., Davies et al., 2023), demonstrating a
similar conclusion to our own using an entirely different dataset and method. Upcoming
Juno flybys also allow the measurement of new gravitational data (Keane et al., 2022)
that supplements measurements from older spacecraft. Such gravity observations could
unveil To’s Love number k3, which characterizes Io’s tidal response. A high value of ky ~
0.5 is expected if Io has a magma ocean, while a lower value k3 ~ 0.1 is expected without
a magma ocean (Bierson & Nimmo, 2016; de Kleer et al., 2019). Thus, we predict that

if ko is measured for Io with Juno data, it will be low.

Open Research Section

This paper is purely theoretical, only deriving equations to apply to previously observed
physical parameters. As such, no datasets were analyzed or produced for this paper. The
python code used to create Figure 1 has been uploaded to the Dryad Repository and is

listed in our References as Gyalay and Nimmo (2023b).
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Contents of this file
1. Text S1 to S2

2. Table S1
Introduction This supplement expands on points raised in the main paper, but that
were not necessarily the focus of that paper. Section S1 details a calculation of the
minimum thickness of Io’s lithosphere needed to support its mountains. Section S2 shows
the mismatch in Io’s observed global shape, and that which one expects from a satellite
in hydrostatic equilibrium. Table S1 accompanies Section S2.
Text S1. Minimum Thickness of Io’s Lithosphere

Assuming Io’s heat flow was dominated entirely by thermal conduction, a minimum heat
flow of F =2 W m~2 (Veeder et al., 1994; Simonelli et al., 2001; McEwen et al., 2004;

Rathbun et al., 2004; de Kleer et al., 2019) would imply a lithosphere only 2.25 km thick
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(assuming constants in Table 1 of the main text). Yet lo’s landscape includes mountains
~ 10 km high (Carr et al., 1979, 1998; Schenk et al., 2001). Assuming a floating elastic
lithopshere 5 km thick, O’Reilly and Davies (1981) calculated a mountain 10 km high
and 10 km wide would generate a maximum bending stress of 6 kbar (60 MPa), while
the strength of Earth’s lithosphere at low pressure was estimated to have a maximum of
1-2 kbar (10-20 MPa). This led to the conclusion that most of Io’s heat was advected
to to the surface via heat-pipe volcanism (O’Reilly & Davies, 1981). Repeating from the
main text, O’Reilly and Davies (1981) describe the combined conductive and advective

heat]l flux through Io’s lithosphere as,

vpCy (T, — Ts)
evd/k _ 1 ! (1)

F=wvp[AH; + C, (T, — Ts)] +

where v is the resurfacing rate, p is the magma density, AH is the latent heat of fusion, C,
is the specific heat, T, is the melting temperature, T} is the surface temperature, x is the
thermal diffusivity, and d the lithospheric thickness. Under Equation 1, the lithosphere
could have an arbitrarily high thickness when the volcanic emplacement rate is high.

In order to qualify our predictions for long-wavelength topography as a result of tidal
heat flux variations (Section 3 of the main text), it would help to have a minimum litho-
sphere thickness as a point of comparison. Carr et al. (1998) find the lower limit of 30 km
set forth by Nash, Yoder, Carr, Gradie, and Hunten (1986) to be reasonable, even if “the
origin of this 30-km number was obscure.” By modeling the magmatic differentiation of
lo, Keszthelyi and McEwen (1997) estimate a lithosphere thickness of 50 km. Then Jaeger
et al. (2003) estimate that the minimum lithosphere thickness to support the volume of

every mountain on Io is 12 km.
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We revisit the method used by O’Reilly and Davies (1981) to formulate our own estimate
of minimum lithosphere thickness. O’Reilly and Davies (1981) cite McNutt (1980), but
the same approach is covered in Walcott (1976); Banks, Parker, and Huestis (1977);
Turcotte and Schubert (2014). Imagine an elastic lithosphere of thickness d. In response
to some line-load P at x = 0 (where x is a horizontal coordinate along the surface of the
lithosphere), there will be a deflection w(z) (where w is positive downward, beneath the

undeflected surface) such that

d*w

Dw + Apgw = 0, (2)

where Ap is the density contrast between the crustal (lithospheric, in our approximation)
density p. and mantle density p,,, ¢ is gravitational acceleration, and D is the flexural
rigidity of the lithosphere, defined

Ed3

for the Young’s Modulus E and Poisson’s Ratio v of the lithosphere (e.g., Walcott, 1976;
Banks et al., 1977; Turcotte & Schubert, 2014). The maximum bending stress experienced
by the lithosphere is

d*x
Omaxr — _Ezd_xQ’ (4)

where z is depth below the midway point of the lithosphere (i.e., 0,4, at the base of the
lithosphere is at z = d/2; Walcott, 1976). In response to a line load P, one can find the

maximum curvature of the lithosphere

d*w 2wy

--= )

dz? | _, a?’
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where wq is w at x = 0 and the flexural parameter « is defined

, 4D

—— 6
Apg (6)

(Walcott, 1976). The maximum deflection wy in response to a line-load P is

Pa3

wy = ——

0 ]D 9
following Turcotte and Schubert (2014).

Combining the preceding equations, we find the maximum bending stress experienced

at the base of a floating, elastic lithosphere under a line-load P = p.gh\ (where h is the

height and A is the half-width of the infinitely long line-load) is

- lpcm {4E [12g (1 — 2)]° }1/47 N

8 Apd®
where one can see that the larger the lithosphere thickness d is, the lower the maximum
bending stress at the base of the lithosphere is.

As O’Reilly and Davies (1981) did not provide the exact equations they used in their
estimation, we double check our formulae against their result (0,4, = 6 kbar) to be sure
that we are solving for the right value. Following O’Reilly and Davies (1981), for a 10 km
high mountain that is 10 km wide (A = 5 km) under Io gravity ¢ = 1.8 m s72 on a floating,
elastic lithosphere with thickness d = 5 km, Young’s Modulus £ = 80 GPa, Poisson’s ratio
v = 0.25, p. = 3000 kg m~3, and density contrast with the mantle Ap = 500 kg m—3; we
find a maximum bending stress of 6.75 kbar. This is marginally larger than O’Reilly and
Davies (1981)’s estimate, but that may have resulted from a difference in the assumed

Young’s Modulus or the assumed geometry of the surface load.
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Satisfied that we are on the same track as O’Reilly and Davies (1981), we can now solve
for the minimum lithosphere thickness that can support the observed topography on Io,
where 0,,,, < 2 kbar. All else held constant for the assumed physical parameters of Io’s

lithosphere, Equation 8 reduces to
Slem ' /4
Omaz = 6.75kbar x (Tm) ) 9)

We then invert the equation to solve for d given o,,,, < 2 kbar, and find a minimum
lithosphere thickness d > 23 km.
Text S2. The Global Shape of Io

The shape H (0, \) of nearly-spherical bodies such as satellites can be described as
function of the distance between the satellite’s surface from its center of mass as a function
of colatitude 6 (7 subtracted by the latitude, where Northern latitudes are positive) and
longitude A (where East is positive). As a surface defined in spherical coordinates, one
may then describe the shape using spherical harmonics. Here, some function f (6,)\) is
the sum of spherical harmonics with coefficients Cj ,,, and S;,, for each degree [ and order
m,

oo 1
f(O0,\) = Z Z (Clm cosmA + Sppmsinm) P, (cos0) , (10)

=0 m=0

where P, (cos ) is an associated Legendre function (e.g. Blakely, 1995). The spherical
harmonic degree [ indicates the length-scale (or wavelength) over which some value os-
cillates across a sphere. This wavelength is (approximately) the sphere’s circumference
divided by the degree I.

As tidal heating varies spatially in even orders of spherical harmonic degrees 2 and 4

(e.g. Beuthe, 2013), we use only those spherical harmonic coefficients of shape to isolate
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for the topography that could have arisen from variations in tidal heating. In this paper,
we will refer to the spherical harmonic coefficients of shape as H;,,. Spherical harmonic

coefficients Hy o and Hjy o may be calculated from the total triaxial shape of Io, which is
, 1
H" (0,)\) = 5t (3cos® @ — 1) + 3H, 5 cos 2A sin® 6. (11)

For a massive enough satellite, its self-gravity should ensure that the satellite adopts a
practically spherical shape in hydrostatic equilibrium. Spinning bodies will become oblate
due to rotational flattening. Further, because a satellite orbits a planet, the planet will
raise a tidal bulge upon the satellite. When a satellite is in a synchronous orbit, there is
an average, ‘permanent,” bulge along the axis that points from the satellite to its host
planet. Approximated as a triaxial ellipsoid, the length of each of a satellite’s orthogonal
axes can be denoted a, b, and ¢, where a > b > ¢ and a is the ellipsoid’s largest possible
axis. With the axes defined as such, a must then point from the satellite towards the
planet (f = 7/2, A = 0), while ¢ is the satellite’s spin pole (# = 0), leaving b to point
along the path of the satellite’s orbit (0 = 7/2, A\ = 7/2). Thus, using these axes with
Equation 11, one can calculate these spherical harmonic coefficients as Hoy = ¢ — Ry
and Hso = (a —b) /6. For Io, these axes a, b, and ¢ are 1829.7, 1819.2, and 1815.8 km,
respectively; with an error of 0.3 km (Thomas et al., 1998). With this measurement, we
may then calculate the degree | = 2 terms of even order for lo’s shape (Table S1).

Then, we calculate spherical harmonic coefficients of shape H;,, for degrees | > 3 and
orders m for lo from limb profiles (Thomas et al., 1998; Nimmo & Thomas, 2013; White et
al., 2014) (Table S1). We list only the terms for even orders of spherical harmonic degrees

2 and 4, as only those matter for inferring the tidal heating pattern. These spherical
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harmonic coefficients have not been normalized in any fashion (cf., Nimmo et al., 2011).
The errors in degree [ = 2 and H, o topography are about an order of magnitude less than
the coefficient, while errors in Hyo and Hy 4 are the same order as the coefficient.

To analyze any relationship between lo’s topography and its spatial variations in tidal
heating, we must first remove the contribution to its topography of this rotational flat-
tening and tidal bulge. Due to the axial symmetry of both rotational flattening and the
tidal bulge, we need only the cosine terms of Equation 10 in even orders of degree-2. The
second-order approximation of a satellite’s hydrostatic shape from the theory of figures
that accounts for rapid rotation (i.e., a spin period of less than a few days, as derived
by Beuthe et al., 2016) are defined as a function of the fluid Love number hi (of order

unity), such that

5 76
HYY = ——hiRoq 1+ ——hiq), (12)
6 10
1 44
H%d — Z-lthoq <1 + ﬁh;““q) , (13)

where ¢ is the ratio of rotational and gravitational forces, ¢ = “gﬁg (cf., Zharkov & Gud-
kova, 2010; Tricarico, 2014). By dropping the higher order term within the parentheses,
the ratio —H; vd s H%d can readily be calculated as its first order approximation, 10/3.
Because the term H2h gd has a greater second-order increase compared respectively to the
second-order increase of Hg v? the actual ratio —H; ud / H; u? will shrink from 10/3. We
include the higher order terms for completeness but find they are insignificant for Io, as
q =0.0017.

For a hydrostatic body, the fluid Love number Al is related to the body’s mean moment

of inertia C' (a measure of mass distribution) by the Darwin-Radau relation (e.g. Munk
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& MacDonald, 1960),

5
hy = 7 (14)
1+ 3 (1- 35|
0

where the moment of inertia has been normalized by the satellite’s mass M and mean

radius Ry squared. The normalized moment of inertia for a sphere of uniform density is
0.4 MR2, and lower if more mass is concentrated in the core. For To, we know its mo-
ment of inertia to be 0.3782M R?2 from gravity measurements assuming it is in hydrostatic
equilibrium (Schubert et al., 2004), thus finding hl" = 2.3 using Equation 14. This allows
us to calculate Io’s hydrostatic shape as Hy%' = —5.95 km and H,%" = 1.80 km. Unfor-
tunately, this means that when we eliminate the hydrostatic contribution to Io’s shape,
the remaining topography relative to the hydrostatic shape (and thus the topography we
would assume is due to isostatic variations) is only H3G" = 0.15 km and H35" = 0.05 km,
which is less than the error in degree-2 topography (Table S1). Thus, it is unlikely we

could make any conclusion on Io’s tidal heating pattern from its global shape.
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Table S1. Spherical harmonic coefficients of Io’s shape®

I m H OHim
(km) (k)

2 0 -5.8 + 04

2 2 1.7 £ 0.1

4 0 -0.06 £ 0.02
4 2 -0.0016 £ 0.0016

4 4 -0.00016 £ 0.00016

& [ = 2 terms were calculated with Equation 11, while [ = 4 terms were calculated with

the method of White et al. (2014) using smoothing parameter r = 3 x 107. These terms

are not normalized.
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