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Volatile-rich evolution of molten super-Earth 
L 98-59 d
 

Harrison Nicholls    1,2  , Tim Lichtenberg    3, Richard D. Chatterjee    1,4, 
Claire Marie Guimond    1,5, Emma Postolec    3 & Raymond T. Pierrehumbert1

Small, low-density exoplanets are sculpted by strong stellar irradiation, 
but their primordial compositions and subsequent evolution are still 
unknown. Two often-considered scenarios hold that they formed with rocky 
interiors and H2–He atmospheres (‘gas dwarfs’) or alternatively with bulk 
compositions dominated by H2O phases (‘water worlds’). Here we constrain 
the possible range of evolutionary histories linking the birth conditions of 
low-density super-Earth L 98-59 d to recent observations using a coupled 
atmosphere–interior evolutionary model. We find that the observations 
can be explained by in situ photochemical production of SO2 in an H2 
background, indicative of a chemically reducing mantle and substantial 
(>1.8 mass%) early sulfur and hydrogen content, inconsistent with both 
the gas-dwarf and water-world scenarios. L 98-59 d’s interior comprises a 
permanent magma ocean, allowing long-term retention of volatiles within 
its mantle over billions of years, consistent with California-Kepler Survey 
trends. Our analysis reveals an evolutionary pathway in which planets host 
volatile-rich atmospheres sustained by long-term magma-ocean degassing, 
shaped by secular cooling, atmospheric erosion and photochemistry. 
Internal and environmental processes contribute to the observed diversity 
of super-Earth and sub-Neptune exoplanets.

Exoplanets with radii between ~1.5 R⊕ and ~4.0 R⊕ are abundant and 
amenable to characterization using current instruments, yet they 
have no Solar System analogues1. This small-planet regime includes 
the super-Earth and sub-Neptune populations, between which there 
exists an apparent paucity in the surveyed population known as the 
‘radius valley’, although it remains unclear how these exoplanet popu-
lations originate2,3. Two separate scenarios are often considered to 
explain the properties of these planets4,5: (1) gas dwarfs, where both 
populations jointly form with large H2-dominated envelopes and then 
diverge into two distinct populations due to long-term atmospheric 
escape processes6,7; and (2) water worlds, where super-Earths and 
sub-Neptunes differ in H2O content obtained from formation relative 
to the ice line8–11. Combinations of both scenarios may explain the emer-
gence of sub-Neptunes and super-Earths on a population level, but not 

on an individual-planet basis12,13. An apparent over-abundance of young 
sub-Neptune planets may represent a reservoir of future super-Earths, 
which, if true, intimately links these two proposed populations across 
the radius valley3,14.

L 98-59 hosts three transiting exoplanets15,16. Hubble Space Tele-
scope observations of the innermost sub-Venus planet rule out a 
low-mean-molecular-weight (MMW) primary atmosphere17, but recent 
James Webb Space Telescope ( JWST) transit spectroscopy has indicated 
an SO2-rich atmosphere18, raising the possibility of an S-rich planetary 
system. Hubble Space Telescope observations of the outermost transit-
ing planet (L 98-59 d) have also ruled out a pure H2 atmosphere19. Yet 
L 98-59 d’s exceptionally low bulk density, recently estimated as 
2.2 g cm−3 (with mass 1.64 M⊕ and radius 1.627 R⊕), is inconsistent with 
a pure rock-and-iron composition and is instead consistent with it 
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Models terminate at the planet’s estimated age of (4.94 ± 1.44) Gyr or 
at mantle solidification; we do not model secondary volcanic outgas-
sing from magmatism during solid-state mantle convection. PROTEUS 
simulation end points are compared with observational constraints 
on the planet’s density24 and atmospheric MMW21 to infer L 98-59 d’s 
thermal and compositional history.

A volatile-rich birth
Modelled evolutionary tracks (Fig. 1b) show that the bulk density ρp of 
L 98-59 d has changed substantially over its lifetime. For larger initial 
volatile inventories (blue lines), ρp is typically less than 2 g cm−3 during 
the first several Myr of evolution. The planet’s observable effective 
radius (Rp; Methods) initially exceeds the 1.7 R⊕ value often taken as 
the transition between the super-Earth and sub-Neptune regimes. 
Some models remain deep within the sub-Neptune regime (Rp ≥ 1.7 R⊕) 
for 950 Myr. Radiative energy losses drive initial cooling and atmos-
pheric contraction, causing the planet’s radius to shrink below the 
upper edge of the radius valley (dotted line, Fig. 1b). Irreversible loss 
of CNHOS volatiles through XUV-driven photoevaporation dominates 
the planet’s bulk-density evolution at later times up to the present. 
Scenarios that fall within estimates of the present-day ρp (ref. 24) are 
all initially volatile rich: Hppmw ≳ 13,000 with CHNOS volatiles making 
up ≳1.8% of the planet’s mass.

The mantle solidifies under volatile-poorer formation scenar-
ios (Fig. 1b, maroon lines) from 70 Myr onwards. Surface cooling 
and near-complete escape of degassed volatiles lead to an increase 
in ρp towards that of a rocky composition within 650 Myr. These 
volatile-stripped scenarios are not compatible with the observed ρp 
despite initial H contents likely larger than those of the inner Solar 
System planets35. These cases, applicable to high-density exoplanets 
not modelled here, reflect suggestions that airless exoplanets may be 
the stripped interiors of evolved sub-Neptunes7,36.

Which scenarios are compatible with the observations? Figure 2 
plots modelled ρp at ages corresponding to the present day. Values of 
ρp are projected over the grid axes (Fig. 2a–d) and other variables. All 
cases compatible with the ρp estimated by Rajpaul et al.24 (orange 
points) exhibit MMWs from 7 to 24 g mol−1 (Fig. 2e), a spread wider than 
the ±1σ range of 9.18+2.51−2.41 gmol−1  (purple line) derived with JWST21. 
Simultaneously applying the density and MMW constraints yields the 
smaller set of blue points.

Formation with Hppmw < 10,000 can be readily ruled out on the 
basis of ρp alone (grey points in Fig. 2). Here, we compare our model 
against the maximum estimate of ρp in the literature, so this conclusion 
is insensitive to the quoted uncertainty in ρp. Larger escape efficiencies, 
or lower bulk densities, such as recently estimated by Cadieux et al.20, 
necessitate birth scenarios that are even more volatile-rich to satisfy 
the present-day ρp (Supplementary Fig. 1).

Figure 2b shows that magma-ocean oxygen fugacity fO2 (expressed 
in log-units relative to the iron-wüstite (IW) buffer) must be between 
IW − 4 and IW − 1 to reproduce the estimated ρp and MMW. More oxi-
dizing conditions favour gas speciation towards O-bearing species, 
increasing the atmospheric MMW. A modest MMW (~9 g mol−1) lowers 
the atmosphere’s propensity for escape through a decreased radius. 
Larger MMW atmospheres are either over-dense or inconsistent with 
the JWST transit depths (or both). The full range of initial S/H mass 
ratio modelled is compatible with the observed ρp. Variations in the 
planet’s dry mass itself have only minor impact on the modelled ρp 
compared to the other variables, which drive changes in its radius Rp 
(Supplementary Fig. 2).

All outcomes compatible with the estimated small bulk density 
have a substantial atmosphere that induces a strong greenhouse effect. 
Alongside tidal heating of its interior, these models show that L 98-59 d 
presently retains a permanent magma ocean (melt fraction Φ ≈ 45%; 
Fig. 2f). A solidified mantle is ruled out by ρp without invoking the 
MMW constraint, making this inference insensitive to uncertainties 

hosting substantial atmosphere-forming volatiles15,20. Retrievals on its 
transit spectrum point to an atmosphere of sulfur-bearing volatiles 
(H2S, SO2) within a background of H2. Free-chemistry models fit at 5.6σ 
with a MMW of 9.18+2.51−2.41  g mol−1 and an H2S volume mixing ratio of 
10−0.74+0.14

−0.49 (ref. 21). However, thermochemical equilibrium models fit 
with a MMW of 32.13+1.50−8.31  g mol−1 at a lower significance of only 2.7σ. 
Retrievals also place weak constraints on H2O, CO2 and CH4 (ref. 22). 
Sitting proximate to the radius valley, L 98-59 d stands out among the 
low-mass exoplanets as prime for tracing the physics of rocky planet 
formation and evolution23.

Here, we constrain the plausible set of evolutionary pathways 
for L 98-59 d by numerically linking its birth conditions to recent 
estimates of its bulk density ρp and atmospheric composition. For 
this comparison, we primarily adopt ρp = 3.45 g cm−3 previously esti-
mated by Rajpaul et al.24 and the corresponding upper-atmospheric 
composition constraints from JWST21,22. An alternative recent 
estimate of a smaller ρp = 2.2 g cm−3 is simultaneously explored20 
(Supplementary Table 1). We use the PROTEUS modelling frame-
work to create a large grid of self-consistent coupled atmosphere–
interior evolutionary simulations to compare with observational 
constraints25–28. PROTEUS calculates the evolving thermochemical 
state of the planet’s interior and atmosphere over time. From a molten 
start, we simultaneously model bottom-up mantle crystallization, 
tidal dissipation, outgassing and escape of CHNOS volatiles, atmos-
pheric blanketing and energy transport and stellar evolution. Our 
radiative–convective atmosphere implements a real-gas equation of 
state (EOS) and correlated-k radiative transfer and allows the forma-
tion of deep radiative layers27,29. Stellar X-rays and extreme ultraviolet 
(XUV) fluxes are used to calculate the rate of volatile loss (Meth-
ods) using an energy-limited hydrodynamic escape parametriza-
tion30. Our main grid of 900 models has four axes: initial volatile 
endowment (proxied as hydrogen relative to the total mantle mass, 
1,000 ≤ Hppmw ≤ 16,000), bulk S/H mass ratio, magma-ocean oxygen 
fugacity and total planet mass. The grid domain spans a range of 
post-accretion scenarios as planets are thought to vary substan-
tially in their initial amount of volatiles5,31 in addition to variations 
their mantle redox state1,32, which controls the solubility of volatiles 
in silicate melt and chemical speciation throughout the planet33,34. 
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Fig. 1 | Temporal evolution of L 98-59 d’s bulk density simulated over its 
lifetime. a, Initial hydrogen inventory (mantle ppmw) of each bulk-density 
evolution track is shown by the line colour. Blue/green shaded regions are 
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on the JWST observations and retrievals. The narrow range of mantle 
melt fractions corresponding to the observed ρp is a physical outcome; 
mantle viscosity increases strongly at Φ ≲ 45% (ref. 37), which makes 
energy transport through the planet’s interior inefficient and thereby 
allows atmospheric blanketing and tidal heating to keep a permanent 
magma ocean28. In comparison, modelled thin atmospheres lead to 
mantle solidification (Fig. 2).

Thermal contraction and photoevaporation
Many modelled scenarios initially have large radii on the sub-Neptune 
side of the radius valley (Fig. 1b). To understand how volatile loss and 
thermal contraction drive the marked decrease in Rp over time, passing 
through the radius valley, we study a case compatible with the obser-
vations in detail. The case study in Fig. 3 shows L 98-59 d losing 26% 
of its total volatile inventory while retaining a large surface pressure 
of 30 kbar (pink bars) at the present day. Some volatiles are degassed 
during this time due to partial mantle solidification; the majority of 
the planet’s volatiles remain dissolved in the magma ocean. The atmos-
phere S/H mass ratio increases by a factor of 8.2 because sulfur, which 
is more soluble than H in silicate melts, is degassed as the magma ocean 
crystallizes33,38. Photoevaporation also drives a relative enhancement 
in bulk S content due to the favourable interior partitioning of sulfur.

Thermal contraction explains large initial changes in ρp. The 
surface cools from 3,360 K to 1,830 K over the first 1.4 Gyr, corre-
sponding to the effective radius deflating from >2.2 R⊕ to ~1.74 R⊕ 
during that period, despite volatile degassing simultaneously driv-
ing a net increase to the surface pressure (Supplementary Fig. 3 and 
Supplementary Fig. 4). The evolving atmospheric temperature–height 
profile is visualized in Fig. 3b. Although early atmospheric contraction 
is an established theoretical behaviour of H2-dominated envelopes, 
important in regulating the rate of photoevaporative volatile loss39,40, 
here we show that interior cooling is the primary driver of early radius 
contraction for envelopes for which MMW increases substantially over 
time. The atmosphere has a deep radiative layer, up to ~5,000 km thick, 
above which it undergoes dry convection and is then weakly inverted. 
High temperatures make radiative diffusion efficient at transporting 
energy41. Radiative layers in the deep atmosphere decrease the lapse 
rate compared to an adiabat, acting to inflate the atmospheric radius for 
a given surface temperature during the planet’s evolution. Prior model-
ling largely assumed adiabatic or isothermal atmospheres, neglecting 
this important impact of energy transport on atmospheric structure.

After initial thermal contraction, tidal forces and atmospheric 
blanketing together sustain a deep magma ocean on L 98-59 d (ref. 28), 
whereas escape has reduced its radius to its observed value. Impor-
tantly, the magma ocean buffers the atmosphere through volatile 
dissolution into the melt and equilibrium thermochemistry near the 
surface. It has been previously suggested for H2O42 and N compounds43 
that retention of volatiles in deep magma oceans buffers atmospheric 
escape over deep time, and analogues of Mercurian lavas have estab-
lished that reducing melts may take up large S inventories38. Dissolu-
tion of sulfur (Fig. 3a) enables the planet’s S inventory to be retained 
across gigayear timescales and enhances atmospheric S/H over time, 
as H atoms dominate the escaping outflow. This scenario aligns with 
Venus/Earth/Mars models in which their present atmosphere masses 
were largely supplied by magma-ocean degassing44,45, with later vol-
canic contributions in uncertain amounts; Archean proxies suggest 
that early outgassing established most of Earth’s present atmospheric 
mass46, although its chemistry has changed substantially47.

Photochemical production of SO2
Formation of SO2 from H2S, in the presence of OH radicals from photol-
ysis H2O, can explain the detections of SO2 in L 98-59 d’s atmosphere. 
This mechanism produces SO2 within the hot-Jupiter WASP-39b48,49, 
and SO2—in the presence of percentage levels of H2O—has been 
detected in a Neptune-mass exoplanet50. We infer the formation of 
SO2 by making a comparison between VULCAN photochemical kinet-
ics models and free-chemistry retrievals21. Figure 4 plots atmospheric 
mixing ratios for our case study under three chemical paradigms: 
VULCAN SNCHO photochemical kinetics (solid lines), kinetics without 
photochemistry (dashed lines) and the isochemical volatile outgas-
sing as applied during our evolutionary calculations (triangle mark-
ers). The mixing ratio of SO2 (solid blue line) increases with altitude 
for p < 6 bar, whereas the equivalent case without photochemistry 
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(dashed blue line) quenches at negligible abundance. Photochemi-
cal production of SO2 is necessary to increase its abundance to that 
consistent with the JWST observations (error bars). Lime-coloured 
profiles show that H2S abundance is consistent with the observa-
tional constraints under all three paradigms; H2S is thermochemically 
favoured to carry sulfur in the H2-rich background.

Detections of SO2 cannot be explained by surface outgassing28, 
which would require SO2 to be transported into the observable upper 
atmosphere without being thermochemically reduced. Transport of 
SO2 (64 g mol−1) would have to take place in the absence of deep convec-
tion (Fig. 3b) and therefore only by diffusion through the H2 back-
ground. This physically unlikely scenario instead points to the 
formation of SO2 in situ. Production of SO2 requires the presence of 
H2O to form OH radicals; a strongly water-free composition would be 
physically incompatible with the detection of SO2. Our photochemical 
models predict H2O abundances compatible with the wide observa-
tional posterior log10χH2O = −6.63+4.22−3.51  derived by Banerjee et al.22. 
However, an alternative analysis of the same JWST spectrum21 yields 
an upper limit of log10χH2O < −5. The abundance of H2O is poorly con-
strained by both analyses because H2O absorption overlaps with mul-
tiple features in a common wavelength region. Future observations 
should robustly check for percent-level H2O in the atmosphere of 

L 98-59 d to test for the presence of these photochemical processes. 
Our comparison with JWST data in Fig. 4 shows that photochemistry 
actively shapes the observables of super-Earths, dependent on the 
chemical interactions linking the deep interiors of planets to their 
upper atmospheres.

Conclusions
Our modelled evolution pathways connect the observed bulk density of 
L 98-59 d to a narrow range of conditions at birth. Conditions compat-
ible with observations are those in which the planet initially had ≳100 
times the estimated hydrogen content of the early Earth mantle35,51. The 
majority of L 98-59 d’s H and C are stored in its atmosphere, whereas its S 
remains primarily dissolved within a reducing magma ocean. Hydrogen 
may also incorporate into the planet’s metallic core, allowing additional 
H storage in bulk and lower core densities52. H concentrations up to 
~7,300 ppmw at high pressures may allow the majority of Earth’s H to be 
stored in its core53. So, although we infer a small core for L 98-59 d, our 
estimated inventories represent lower limits on volatiles delivered dur-
ing formation. Fractionation of planetary HCNS inventories between 
interiors and atmospheres presents an opportunity for testing whether 
small, low-density exoplanets have underlying magma oceans through 
measurements of their atmospheric composition42,43,54.
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L 98-59 d’s radius is smaller than that of a prototypical sub- 
Neptune, although had it been observed at earlier age, ≲1.4 Gyr, we 
might have confidently labelled it as one (Fig. 1b). Its transition from 
the sub-Neptune to super-Earth regime occurs only after several Gyr of 
thermo-compositional evolution, suggesting that even sub-Neptunes 
with ages ≳1 Gyr may exist in a transient state towards becoming what 
would later be classified as super-Earths. This Gyr-scale contraction 
has been suggested to explain radius–age trends in the Kepler survey3 
as an alternative to the ‘loss and revival’ mechanism55.

L 98-59 d currently has a radius commensurate with a super-Earth 
planet in the vicinity of the radius valley, but its low bulk density neces-
sitates that it comprises substantial volatiles. A modestly large atmos-
pheric MMW means that it is not an evolved gas dwarf with a primitive 
atmosphere sourced from protoplanetary disk gas; a water-world 
scenario is also not required to explain its current bulk properties. 
Moreover, forming a substantially water-dominated atmosphere would 
require oxidizing conditions incompatible with the MMW inferred from 
JWST transmission spectroscopy, pointing to geochemical conditions 
in the interior of L 98-59 d that are unknown from the Solar System. 
Instead, global-scale disequilibrium evolution driven by thermal con-
traction, magma-ocean degassing, tidal heating, photochemistry 
and photoevaporative mass loss have together continuously shaped 
the radius and atmospheric composition of L 98-59 d over its lifetime.

Methods
Modelling framework
We use PROTEUS to simulate the time evolution of L 98-59 up to the 
present day25,26,28. PROTEUS is a self-consistently coupled modu-
lar simulation framework that links the SPIDER interior evolution 
model56,57 and the AGNI radiative–convective atmosphere model27,58. 
The atmospheric composition is determined by equilibrium thermo-
chemistry and the solubility of volatiles into the magma ocean33,59. 
Volatiles are assumed to partition between the partially molten man-
tle and overlying atmosphere at solubility equilibrium, subject to 
mass conservation and the two-phase dynamics and crystallization 
of the mantle at each point in time. The total planetary inventory of 

CHNS volatiles is initialized via our model parameters; compare to 
Supplementary Fig. 5. We assume that the stellar nebula has already 
dispersed, and no primary-accreted atmosphere remnant is consid-
ered. However, the planet’s volatile inventory continually evolves due 
to removal by hydrodynamic escape and redox reactions of O with Fe 
in the mantle, set by the temperature-dependent IW buffer reaction. 
Partitioning of volatiles into solid phases60–62 and volcanic outgassing63 
are not included in the model, as all cases of interest retain magma 
oceans; volcanic mass fluxes associated with a solidified interior are 
several orders of magnitude below those from efficient magma-ocean 
degassing1,64,65. The mantle material itself is chemically inert.

The pure-MgSiO3 molten mantle is initialized on an adiabat and 
evolved over time by SPIDER according to the energy fluxes at each 
radial level. The initial specific entropy is set to 3,150 J K−1kg−1; the plan-
et’s subsequent evolution is insensitive to this exact value. Mixing-length 
theory convection, solid–liquid phase separation, grain gravitational 
settling, radiogenic heating, core cooling and tidal heating are modelled 
self-consistently. Tidal heating profiles are calculated using LOVEPY66 
under a Maxwell viscoelastic rheology; the depth-dependent density, 
shear modulus, bulk modulus and shear viscosity are calculated from 
the melt fraction profiles solved by SPIDER using empirical scaling 
relations67. Application of more realistic rheological parametrizations 
would yield increased tidal heat fluxes and thus hotter and more molten 
interiors68,69. As in several previous studies (for example, refs. 
25,26,34,57,70,71) we do not spatially resolve energy transport within 
the metallic core and instead fix its bulk density and heat capacity to 
representative Earth-like72 values of 10.738 g cm−3 and 880 J K−1 kg−1 fol-
lowing ref. 56. A pure Fe core of the same relative radius would be denser 
in L 98-59 d compared to Earth, due to compression by mantle overbur-
den pressure, although the compression would be offset by incorpora-
tion of lighter elements (SNCHO, and so on) into the core, decreasing 
its density compared to pure Fe73,74. Sensitivity tests assess the impact 
of this interior structure assumption on our results (Supplemen-
tary Fig. 2). Heat is transported across the core–mantle boundary fol-
lowing ref. 75. SPIDER uses the Wolf and Bower76 EOS for MgSiO3 melt; 
mantle density is independent of dissolved volatile content, which can 
be neglected in the modelled regime42. The core radius is nominally 
fixed at 55% of the interior radius (see the sensitivity test in 
Supplementary Fig. 2g), consistent with the relative size of Earth’s core77, 
although alternative estimates of the planet’s density permit theoreti-
cally constraining the planet’s core size (Supplementary Fig. 1). The 
radius Rint of the planet’s interior (mantle plus core) is calculated using 
SPIDER by solving for its hydrostatic structure for a given interior  
mass Mint = Mp − Matm. For a planet mass Mp = 2.14 M⊕, we obtain 
Mcore = 3.9 × 1024 kg = 0.66M⊕  and Mmant = 8.85 × 1024 kg = 1.48 M⊕. The 
interior radius Rint is held constant throughout each simulation; thermal 
contraction and mantle solidification do not chiefly affect the volume 
of silicate mantles1,78,79.

Energy transport through an optically thick atmosphere regu-
lates the planet’s energy balance. At each time step, our radiative–
convective atmosphere model AGNI calculates the net atmospheric 
energy flux for the outgassed chemical composition, instellation 
flux and top-of-mantle temperature. The radiation fluxes at each 
atmosphere level are calculated using SOCRATES80,81 correlated-k 
two-stream (θzen = 54.74∘) radiative transfer with 48 spectral bands, 
including Rayleigh scattering and non-grey basaltic surface emissivity. 
Schwarzschild-stable mixing-length theory82 is applied to calculate the 
convective energy flux. An energy-conserving atmospheric solution 
is obtained using the Newton–Raphson method with line search. The 
incorporation of a real-gas EOS formulation into AGNI is presented in 
Supplementary Fig. 6.

Evolution of stellar radius, bolometric luminosity and photo-
metric emission is modelled using MORS83. We take L 98-59 to have 
a mass of 0.273 M⊙ and present-day rotation rate of 80.9 days in our 
main grid of models84. MORS uses a two-shell rotational evolution 
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calculation with empirically derived scalings to estimate the bolometric 
and XUV emission from the star over its lifetime. Using this established 
code, the estimated X-ray luminosity at the present day is consistent 
with XMM-Newton observations of L 98-59 (refs. 28,85). We use the 
L 98-59 spectrum from the MUSCLES Extension85. Stellar quantities 
are updated throughout the simulations; changes in stellar flux are 
thus reflected in the atmospheric temperature profile, albedo and 
escape rate.

All simulations are initialized at a planet age of tini = 50 Myr relative 
to the formation of the system under the assumption that boil-off has 
completed86 and further delivery processes are negligible compared 
to the physics and timescales simulated87. Simulations terminate when 
the simulated age reaches the 4.94-Gyr estimated age of L 98-59 (ref. 
84) or when the mantle solidifies (mass melt fraction Φ < 0.5%). Cases 
consistent with the observations are those with a planet bulk density 
ρp comparable (±1σ) to an estimated density of 3.45 g cm−3 in our main 
results24. A recent radial-velocity and transit-timing reanalysis has 
yielded a even lower bulk density of 2.2 g cm−3 (ref. 20); our comparison 
with the previous higher estimate of ρp (Fig. 2) thereby yields conserva-
tively lower estimates for total volatile content. We compare our mod-
els to these new estimates in Supplementary Fig. 1. ρp = 3Mp/4πR3

p  
depends on the total planet mass Mp and the observable radius Rp that 
would effectively be probed by transit measurements. Mp includes the 
mantle, metallic core, dissolved volatiles and atmosphere. The mod-
elled observable radius Rp is determined by the radius corresponding 
to the 20 mbar pressure level30, to which our results are not sensitive.

Energy-limited escape
Atmospheric escape is modelled within the PROTEUS framework using 
the classic energy-limited formulation of photoevaporative mass loss

∘
Mesc(t) =

ηπ[RXUV(t)]
3FXUV(t)

GMp
, (1)

which assumes that stellar XUV flux FXUV absorbed by an optically thick 
disk of radius RXUV lifts mass (kg s−1) at a rate 

∘

Mesc out of the gravitational 
potential well with efficiency η, at each point in time t. The 
time-dependent FXUV(t) is calculated with MORS83. RXUV(t) is determined 
from the atmospheric temperature structures calculated by AGNI 
(Supplementary Information), taking PXUV = 5 Pa (ref. 30).

An atmosphere composed of hydrogen and high-MMW ele-
ments will experience compositional fractionation at varying degrees 
depending on the XUV irradiation, collisional coupling between spe-
cies, and gravity. In the limit of rapid hydrodynamic escape and where 
the high-MMW elements compose a substantial fraction of the atmos-
phere by mass, hydrodynamic simulations from ref. 88 have shown that 
the thermosphere is expected to escape in bulk without fractionating. 
Here, we explore high-MMW atmospheres exposed to XUV fluxes 
greater than 100 times present Earth levels, so we adopt this approxima-
tion of no thermospheric fractionation. Including fractionation in our 
model of escape would not change our major conclusions, as it would 
only enhance the S/H ratio.

We adopt a 10% escape efficiency6,30, which agrees with simula-
tions from ref. 89 that account for molecular line cooling; see also 
the sensitivity tests in Supplementary Figs. 2 and 7. The elemental 
composition of the escaping gas is set equal to that of the outgassed 
atmosphere, which would be photodissociated and partially photoion-
ized on outflow. To calculate the loss rate of each element from the 
planet’s total volatile inventory, we proportion the bulk escape rate 
by the atmospheric mass mixing ratios of each element. So, although 
the escape process itself is treated as non-fractionating, it acts upon 
an atmospheric elemental composition different to the bulk planetary 
composition. Volatile loss thereby fractionates the planet’s elemen-
tal inventories as a result of the interior-atmosphere partitioning of 
HCNS elements.

Data availability
The simulation data and simulation codes underlying this article are 
available via Zenodo at https://doi.org/10.5281/zenodo.17368256 
(ref. 90).

Code availability
In addition to the archive available via Zenodo at https://doi.
org/10.5281/zenodo.17368256 (ref. 90), all computer codes used in 
this work are open source software available via GitHub: PROTEUS, 
https://github.com/FormingWorlds/PROTEUS; AGNI, https://github.
com/nichollsh/AGNI; SPIDER, https://github.com/djbower/spider; 
LOVEPY, https://github.com/nichollsh/lovepy and SOCRATES, https://
github.com/nichollsh/SOCRATES.
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