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Abstract The thickness of the brittle lithosphere—the outer portion of a planetary body that fails via
fracturing—plays a key role in the geological processes of that body. The properties of both a planet and
its host star can influence that thickness, and the potential range of those properties exceeds what we see
in the Solar System. To understand how planetary and stellar parameters influence brittle lithospheric
thickness generally, we modeled a comprehensive suite of combinations of planetary mass, surface and
mantle temperature, heat flux, and strain rate. Surface temperature is the dominant factor governing the
thickness of the brittle layer: smaller and older planets generally have thick brittle lithospheres, akin to
those of Mercury and Mars, whereas larger, younger planets have thinner brittle lithospheres that may
be comparable to the Venus lowlands. But certain combinations of these parameters yield worlds with
exceedingly thin brittle layers. We predict that such bodies have little elevated topography and limited
volatile cycling and weathering, which can be tested by future telescopic observations of known extrasolar
planets.

Plain Language Summary The outer layer of a rocky planetary body is generally rigid and
behaves in a brittle manner. The thickness of this layer is important in governing numerous aspects of
that body's geological character, including whether it can support plate tectonics and even retain habitable
conditions at the surface. Factors inherent to the planet, such as size, interior temperature, composition,
and even climate affect the thickness of this outer layer, but so too do factors specific to the host star,
including how luminous and far away it is. We ran a large set of computer models to see how various
combinations of planetary and stellar properties influence the thickness of a planetary body's outer layer.
Our models predict that worlds that are small, old, or far from their star likely have thick, rigid layers
but, in some circumstances, planets might have an outer brittle layer only a few kilometers thick. These
worlds, which we call “eggshell planets,” might resemble the lowlands on Venus, and we suggest that at
least three such extrasolar planets are already known. We propose that these planets be examined with
planned and future space telescopes to test if our models are correct.

1. Introduction

The outermost portion of a solid planetary body is termed the lithosphere (e.g., Phillips et al., 1997). The
lithosphere usually comprises a relatively cold, upper portion where brittle deformation dominates, and a
relatively warm, lower region that responds to stress in a ductile manner (e.g., Kohlstedt & Mackwell, 2010).
In the brittle lithosphere, tectonic deformation is accomplished by localized fracturing processes, common-
ly forming shear fractures (i.e., faults), before giving way to semi-brittle deformation (i.e., both localized
frictional sliding and bulk deformation) with increasing depth. At yet greater temperatures and pressures,
deformation is primarily accommodated by distributed plastic flow mechanisms such as dislocation glide or
diffusion creep (e.g., Kohlstedt et al., 1995). The zone in the lithosphere where the dominantly brittle behav-
ior changes to dominantly ductile deformation is termed the brittle-ductile transition (BDT, also referred to
as the brittle-plastic transition), and is dependent on a variety of factors including temperature, pressure,
strain rate, composition, grain size, and the presence of fluid (Kohlstedt et al., 1995; Violay et al., 2012). On
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Earth, the brittle lithosphere typically encompasses the crust and the uppermost lithospheric mantle, with
the mantle below that portion constituting the main component of the ductile lithosphere.

The strength of the brittle lithosphere, which can be taken as a function of its thickness (Comer et al., 1985),
is a key component of a planetary body's geological character and evolution and influences how, for exam-
ple, surface loads are accommodated (Solomon & Head, 1980), surface tectonism is manifest (Beuthe, 2010;
Byrne et al., 2014), interior heat is lost to space (e.g., Stern et al., 2018), and even how any atmosphere
present is degassed and sustained (Mikhail & Heap, 2017). However, in the absence of in situ investigation,
the depth of the transition from brittle to ductile deformation within a planetary body can be estimated
by forward modeling of the penetration depths of tectonic structures (Egea-Gonzalez et al., 2012; Peter-
son et al., 2020), matching models of flexural induced strains to geological observations (e.g., Solomon &
Head, 1980), studies of topography—gravity admittance and correlation spectra (McGovern et al., 2002, 2004;
Turcotte et al., 1981), and computed lithospheric strength profiles (Katayama, 2021; Klimczak et al., 2019;
Suppe & Connors, 1992).

Placing estimates on BDT depth for planetary bodies beyond Earth thus ideally requires remotely sensed
image, topographic, geophysical, and compositional data. Yet making such estimates for rocky planets in
orbit about other stars is even more challenging, given that very little geological information is available for
these worlds. Even so, it is important to understand the mechanical characteristics of planetary lithospheres
when predicting the coupled geological and environmental conditions of extrasolar planets. For example,
the degree to which plate tectonics can operate on super-Earths remains unclear (Korenaga, 2010, 2017,
O’Neill & Lenardic, 2007; Stein et al., 2011; Valencia et al., 2007; van Heck & Tackley, 2011), especially con-
sidering that brittle layer thickness is a key parameter for establishing lithospheric strength in plate tecton-
ics models (O’Neill et al., 2007; Stern et al., 2018; Valencia et al., 2007). Placing bounds on brittle lithosphere
thickness also helps establish strain portioning between frictional sliding on faults and bulk deformation
via plastic processes in controlling lithospheric strength and the formation of plate boundaries (e.g., Foley
et al., 2012; Korenaga, 2020; Montési, 2013; Mulyukova & Bercovici, 2017).

Importantly, the possible value ranges of the parameters that control BDT depth extend beyond those we
see in the Solar System. Surface gravitational acceleration, with consequent implications for where pressure
becomes sufficiently high to facilitate ductile deformation, is greater on super-Earths than on any rocky
body in the Solar System. Similarly, interior heat flux as a function of planetary age, radiogenic element
abundance, or both, vary for planetary systems that are older than our own (e.g., Kepler-444: Campante
et al., [2015]) or that have different starting compositions (e.g., where Si/Al, Fe/Mg, or K/U ratios deviate
from chondritic values). And planetary surface temperatures can plausibly exceed those of Mercury or Ve-
nus without approaching rock liquidi (cf. 55 Cancri e: Demory et al., 2011), whether because of proximity
to host star (and thus incident stellar radiation), greenhouse conditions as a function of volatile element
enrichment (such as C/0, S/O, etc.), or both.

In this study, we aim to better understand how the confluence of several major planetary properties—mass,
surface temperature, mantle interior temperature, and heat flux—together influences the thickness of brit-
tle lithospheres generally, for a range of input values greater than but encompassing those of the terrestrial
planets in the Solar System. We describe an analytical approach to calculate brittle lithospheric thickness
for combinations of these values and assess what factor(s) plays a leading role in determining this thickness.
We then discuss our results in the context of several known super-Earth exoplanets.

2. Methods

To calculate the depth of the brittle-ductile transition as a function of planetary mass, surface temperature,
and heat flux (which we take as “plate age”), we considered a planet with a basaltic crust and peridotit-
ic mantle, assuming that brittle lithospheric strength is given by the minimum differential stress needed
for frictional sliding along fractures (Byerlee, 1978), and that stress needed for driving viscous flow at a
specified strain rate (e.g., Kohlstedt et al., 1995). Here, plate age refers to an effective cooling age of the
lithosphere, with the lithospheric temperature profile governed by an error function; this effective cooling
age then sets the ultimate thickness of the whole (brittle-plus-ductile) lithosphere for a planet with plate
tectonics. We followed the formulation of Kohlstedt et al. (1995) in calculating brittle strength. Specifically,
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Amonton's Law gives the shear stress required for frictional sliding, 7, as a function of the effective normal
stress on the fault, g, — aP,,

T=C;+u, (o, —aPy) @)

where C, is frictional cohesive strength My is the static coefficient of friction, o, is the normal stress, « is a
constant (of order unity, and taken here as 1), and Pfis pore fluid pressure. For o, < 200 MPa, M~ 0.85 and
C;= 0, whereas for g, > 200 MPa, y1,~ 0.6, and C;~ 60 MPa (Byerlee, 1978). For a thrust fault with a dip angle
of 60°, where the maximum principal compressive stress, o, is in the horizontal plane and the minimum
principal compressive stress, o, is vertical, Equation 1 becomes

o~ P; =49 (03 - Pf) )
foro, - Pf < 100 MPa. For o, - Pf > 100 MPa, we use the relation
0y~ Py =3.1(0; - P ) +210 3)

The vertical stress is given by o, = pgz, where p is bulk rock density, g is surface gravitational acceleration,
and z is depth; here, P =pgz, where p fis the fluid density. Strength is then defined as the differential stress,
o, along the fault—that is, 0,-0,. When plotting strength profiles for Earth, we assumed hydrostatic fluid
pressure; we also ran some sets of models for exoplanets incorporating hydrostatic pore pressure, to test the
influence of Pj. In most cases, however, we assumed that Pf = 0 because we consider exoplanets of a variety
of sizes and with a broad range of surface temperatures, such that the presence of a pressurized fluid phase
(of whatever chemistry and provenance) cannot be assured.

To calculate the stress needed to induce viscous flow, we employed a composite rheological behavior con-
sisting of dislocation creep and low-temperature plasticity. We found that the contribution to mid- or low-
er-lithospheric flow from diffusion creep is negligible at the stresses seen in our calculations, using flow-law
formulations and parameters from Hirth and Kohlstedt (2003). Diffusion creep (or grain boundary sliding)
could be an important creep mechanism at plate boundaries, should grain-size reduction be substantial
there (e.g., Warren & Hirth, 2006). However, our calculations are aimed at capturing the strength and struc-
ture of the typical lithosphere, away from plate boundaries.

Frictional strength is dependent on fault orientation and stress state, but largely insensitive to lithology
(Byerlee, 1978), so Equation 1 holds regardless of whether we consider crustal or mantle material that
fails in a brittle manner. Lithology substantially influences the flow laws for solid-state creep, however. As
stated above, we assumed that peridotite (olivine-orthopyroxene-clinopyroxene) is the dominant lithology,
as is the case for oceanic lithosphere on Earth, and hence used peridotite flow laws in our calculations.
This choice is justified by the observation of widespread basaltic volcanism on inner Solar System bodies
(Byrne, 2019; Head & Wilson, 1992; Strom et al., 1975; Surkov et al., 1983; Tanaka et al., 2014) and perhaps
even on exoplanets (e.g., Kreidberg et al., 2019), which is consistent with being sourced from a peridotitic
mantle source (Yoder & Tilley, 1962).

However, for very shallow BDT zones, where this transition would reside in the crust, BDT depth is likely
overestimated in our models. For a peridotitic mantle and basaltic crust as assumed here, crustal material
will be weaker than the mantle in terms of viscous flow. As a result, utilizing a flow law for basalt would
result in even shallower BDT depths than our calculations show (Violay et al., 2012). In addition, for crusts
that are very thick (e.g., tens of km), it is possible for there to be two BDT zones present—one in the crust,
and a second in the mantle. Such a mechanical arrangement results in a weak, viscous lower crust sitting
atop a strong, brittle “lithospheric” mantle, a crustal strength profile that has been argued for continental
settings on Earth (e.g., Kohlstedt & Mackwell, 2010). Our decision to not use a flow law for crustal material,
considering instead only mantle rheology for ductile deformation, means that our calculated BDT depth
values are maxima.
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Flow laws describing ductile rock behavior are derived from experimental studies of the brittle and ductile
domains, which yield simple constitutive equations meant to describe deformation by a single mechanism
(Kohlstedt et al., 1995). The flow law for dislocation creep (e.g., Hirth & Kohlstedt, 2003) is given by:

5 Et{is +P Vdix
s = A OXP| ~———— |0 @

where £ s is strain rate due to dislocation creep, A dis is a constant, E dis is the activation energy for disloca-
tion creep, Vi is the activation volume for dislocation creep, R is the universal gas constant, T is temper-
ature, and n is the stress exponent, which is a constant. We used values from Hirth and Kohlstedt (2003)
of Ay =11x10°s ' MPa™ E, = 520 kI mol™, V., = 10~® m* mol™}, R = 8.314 I mol~* K™}, and n = 3.5,
although there is still considerable uncertainty in the olivine flow law and its parameters (Jain et al., 2019;
Jain & Korenaga, 2020).

The flow law for low-temperature plasticity is not well established (e.g., Demouchy et al., 2013; Kumamoto
et al., 2017). Even so, Jain et al. (2017) were able to invert for flow law parameters by fitting to a large suite
of rock mechanics experimental data a generic, low-temperature plasticity flow law of the form:

q

P
. E, + PV, o
€y =A110'2€xp T l—{—} (5)

RT o,

where &, is strain rate due to low-temperature plasticity, E; and V, are the activation energy and volume,
respectively, for low-temperature plasticity, A,, p, and q are constants, and g, is the Peierls stress. Peierls
stress, in turn (Jain et al., 2017), is a function of pressure such that

G'P
Op=0po [1 + G—J (6)
0

where o is the Peierls stress at zero pressure, G’ is the pressure derivative of the shear modulus, and G,
is the shear modulus at zero pressure. The constants p and g depend on the shape of the Peierls function
(Jain et al., 2017). We ran sets of models both with p = 1, ¢ = 2, and with p = 0.5, ¢ = 2. As we show
in Section 3, the BDT is deeper when p = 0.5 and g = 2; we consider this case to be our baseline mod-
el, as it is more conservative for our investigation of planets with very thin brittle lithospheres. We used
the median values from Jain et al. (2017) for our flow-law parameters. For p = 0.5 and q = 2, we used
A, =17x10"%s7! Pa~? E, = 452 kI mol™, V| = 8 cm’ mol~!, and O = 7.32 GPa; for p =1and q = 2, we
took A, = 2.04 X 1078 s7* Pa~2, E;, = 225 kJ mol™!, V| = 3 cm® mol™', and Oy = 6.2 GPa. For all models,
G’ =1.61 and G, =774 X 10° Pa.

To determine the geotherm through the lithosphere, we employed a classic half-space model of hot mantle
cooling from above because of an imposed cooler surface temperature. The effective age of the lithosphere,
t—that is, how long it has been cooling from above—along with the surface and mantle temperatures (T,
and T, respectively) then set the ultimate thickness of the lithosphere, and thus the surface heat flux. Fol-
lowing Turcotte and Schubert (2002), the geotherm is given by the relation

T(z):TS+(Tm—TS)erf( : } @)

2kt

where « is the thermal diffusivity (x = 10~® m? s7!). The total strain rate, &, is £ 4 T &, Fixing the strain rate,
differential stress can then be solved as a function of depth, z, for viscous deformation. This stress increases
sharply as z goes to zero because lower temperatures make rocks exponentially stiffer. The intersection of
the stress needed for frictional sliding and that needed for viscous deformation then gives the point where
it becomes easier to deform the bulk rock via plasticity rather than to slide on fault planes, that is, the base
of the BDT zone and thus the greatest thickness of the brittle lithosphere.
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Table 1
The Parameters and Assumed Values Used in Our Brittle-Ductile Transition Depth Calculations
Parameter Symbol Value Equation Reference
Surface gravity g 5-40 m s—2 ?3)
Surface temperature T, 200-1000 K (7)
Mantle interior temperature T, 1500-2000 K 7)
Lithospheric cooling age T 5-300 Myr 7)
Strain rate 2 10~13-10"10 g1 @), (5) Kohlstedt et al. (1995)
Lithosphere density P 3500 kg m~3 3) Kohlstedt et al. (1995)
Geometric constant A 1 (1) Kohlstedt et al. (1995)
Fluid density (assumed hydrostatic) [oN 1000 kg m—3 3) Kohlstedt et al. (1995)
Pre-exponential constant for dislocation creep Ay 1.1 X 10° s~ MPa™ 4) Hirth and Kohlstedt (2003)
Activation energy for dislocation creep Eg 520 kJ mol! 4) Hirth and Kohlstedt (2003)
Activation volume for dislocation creep Viis 10~° m3 mol~! 4) Hirth and Kohlstedt (2003)
Universal gas constant R 8.314 I mol~! K! (4) Hirth and Kohlstedt (2003)
Stress exponent N 3.5 4) Hirth and Kohlstedt (2003)
Pre-exponential constant for low-temperature plasticity & 1.7 x 1078 s7* Pa—2 for p = 0.5 5) Jain et al. (2017)
2.04x108s ' Pa2forp=1
Activation energy for low-temperature plasticity E, 452 kJ mol~! for p = 0.5 5) Jain et al. (2017)
225kImol-'forp=1
Activation volume for dislocation creep Vi 8 cm? mol~! for p = 0.5 ) Jain et al. (2017)
3cm*mol-tforp=1
Stress exponent P 0.50r1 5) Jain et al. (2017)
Stress exponent Q 2 5) Jain et al. (2017)
Peierls stress at zero pressure Ty 7.32 GPafor p = 0.5 ) Jain et al. (2017)
6.2 GPaforp=1
Shear modulus at zero pressure G, 77.4 GPa (6) Jain et al. (2017)
Pressure derivative of the shear modulus G’ 1.61 (6) Jain et al. (2017)
Thermal diffusivity x 10°m?s7! ) Jain et al. (2017)
We ran a large suite of models (~10*) where planetary gravity (as a proxy for planetary mass), surface tem-
perature (for instellation and/or surface climate conditions), mantle interior temperature, and lithospheric
age (which, along with mantle and surface temperature, dictates heat flow) were randomly drawn from
uniform distributions. Our values for surface gravitational acceleration, g, spanned 5-40 m s™2, correspond-
ing to a rocky world of about half the mass of Earth (assuming a comparable density) to a super-Earth of
substantially greater density than our own planet, for example, Kepler-406 c (Marcy et al., 2014). To encom-
pass a broad range of star-planet distances, stellar types, and planetary climatic conditions, we considered
surface temperatures, T,, of 200-1,000 K. We also took lithosphere ages, ¢, of 5-300 Myr, encompassing the
mean age of oceanic crust on Earth of about 64 Myr (Seton et al., 2020), as well as all but the very oldest
ocean floor (Granot, 2016); mantle interior temperatures, T, , of 1,500-2,000 K; strain rates of 1073, 104,
10715, and 10~ s7!; and considered cases where p = 0.5, ¢ = 2 and where p = 1, ¢ = 2, as well as cases where
pore pressure is hydrostatic and where P; = 0. We summarize the parameters used in our models in Table 1.
3. Results
We find that planetary mass, surface temperature, and lithospheric age all impact the maximum depth of
the BDT, whereas the influence of mantle interior temperature is negligible (Figure 1 and Figures S1-S3 in
Supporting Information S1). With increasing gravity because of greater planetary mass, the stress required
BYRNE ET AL. 50f 12
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Figure 1. Modeled brittle-ductile transition (BDT) depths. Each symbol represents one model calculation for a strain
rate of 107 s™!, with p = 0.5 and ¢ = 2, and no pore pressure on faults (i.e., for a hot and dry planetary surface). (a)
BDT depth as a function of surface gravitational acceleration, g, and colored by surface temperature, T,. (b) BDT depth
as a function of lithosphere (and thus planetary) age, ¢, again colored by T.. (c) BDT depth as a function of T, with
model symbols colored by (g). (d) BDT depth as a function of mantle temperature, T, , with symbols colored by T..

for frictional sliding (i.e., brittle failure) increases more sharply with depth than for lower gravity values.
The stress needed to drive viscous flow is not so strongly affected, as this value depends much more on
temperature than on pressure. As a result, the intersection of these two stress curves shifts to shallower
depths as g increases (Figure 1a). For a representative strain rate of 10714 s71, BDT depth ranges from <1 km
to ~30 km when g = 5 m s this spread is controlled by the other factors we varied (primarily T, and ). At
the other end of our range of gravity values, with g = 40 m s~2, the BDT depth varies from <1 km to ~10 km.
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Varying lithospheric age, ¢, returns a similar trend. Lithospheric age roughly scales with planet age. A
younger planetary body will, generally speaking, have higher interior temperatures because of heat pro-
duced by long- (i.e., K-U-Th) and short- (i.e., 2Al) lived radionuclides, more residual kinetic energy ac-
quired during accretion, more vigorous mantle convection, and hence a thinner lithosphere with a lower
effective cooling age. With secular cooling, lithospheric thickness and hence the effective cooling age of the
lithosphere generally increases. The younger the lithosphere, the steeper the geotherm; this configuration
sees the stress needed for viscous flow decrease more sharply with depth, because of warmer temperatures,
than is the case for older, colder lithosphere. The stress required for frictional sliding, however, is unaffect-
ed. Accordingly, the younger (or thinner) the lithosphere, the shallower the BDT depth (Figure 1b). With an
age of t = 5 Myr and a strain rate again of 1071* s~, we calculated a range of BDT maxima from <1 km to
~15 km; with an age of t = 300 Myr, this depth extent increases to as much as =40 km.

Yet it is surface temperature that exerts the strongest control on BDT depth (Figure 1c). Higher model sur-
face temperatures are reflected in hotter lithospheres generally, for all plate ages or planetary masses, and
thus lower viscous stresses at all depths. Again, as the stress required for frictional sliding is not sensitive to
temperature, the lower viscous stress means that the BDT becomes shallower for higher values of T,. With a
representative strain rate once more of 1071*s~1, the BDT extends from ~5 to 40 km at a surface temperature
of 200 K (Figure 1c). When T, is 1,000 K, however, all of our models show BDT depths <5 km—even for
low surface gravity values (Figure 1a) and/or old, cold, thick lithospheres (Figure 1b). Finally, our models
indicate that mantle interior temperature does not play a large role in controlling the depth of the BDT
(Figure 1d).

The trends described above also apply for models where p = 1 instead of p = 0.5, when fault fluid pressure
was assumed to be hydrostatic, and for models featuring different strain rates (Figures S1-S3 in Support-
ing Information S1). Models with p = 1 show decreased ductile strength, all other factors held equal, hence
leading to relatively shallower BDT depths. However, this effect is small, especially at high surface temper-
atures and with high surface gravity, such that differences in BDT depth for a given set of parameters when
p =1 compared with p = 0.5 are typically <1 km (Figure S1 in Supporting Information S1). With hydrostatic
pore pressure, the BDT shifts deeper because fault strength increases more shallowly with depth; indeed,
the depth to the BDT can increase by as much as 5-10 km for low values of surface temperature and gravi-
tational acceleration (compare Figures S2a and S2b in Supporting Information S1, and Figures S2c and S2d
in Supporting Information S1). However, for high surface temperatures and gravity, the differences between
models with hydrostatic pore pressure and those with no fluid pore pressure shrink to 1 km or less. Moreo-
ver, planets with high surface temperatures are unlikely to have hydrated faults because of a lack of liquid
surface or groundwater in the first place. And ductile rock strength increases with strain rate, as higher
differential stress is required to drive flow. As a result, BDT depths shift deeper with increasing strain rates
(Figure S3 in Supporting Information S1).

4. Discussion

Deeper BDT zones (and thus greater brittle lithosphere thicknesses) are generally seen for older and/or
smaller planets (i.e., relatively high ¢t and/or relatively low g); the inverse set of factors predicts shallower
BDTs and thus thinner brittle lithospheres (Figure 1 and Figures S1-S3 in Supporting Information S1).
However, of the three factors we modeled here, surface temperature clearly exerts the strongest control:
very high surface temperatures lead to shallow BDTs, regardless of ¢ or g (Figure 1c).

Our models are not sensitive to why a planet's surface temperature is high. Such a condition might result
from external and/or internal factors. The former category includes the effects of incident stellar radiation,
as a function of distance to a planet's host star and/or the energy output of that star. An extreme example
of high T, because of instellation is 55 Cancri €, a super-Earth with an orbital semi-major axis of 2.3 million
km (Bourrier et al., 2018), and thus an estimated surface equilibrium temperature, Teq, of 1958 K (Demory
et al., 2011). (Here, Teq is the corresponding surface temperature of a black body at that orbital distance
heated by instellation alone.) Internal factors include the role of climate on T, In this regard, Venus and
even Earth offer useful illustrations: Teq values for these worlds are 227 and 254 K, respectively, yet the
greenhouse effect drives corresponding mean surface temperatures to 737 K for Venus and 287 K for Earth.
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Importantly, the maximum temperature we consider is 1000 K; whether
the result of instellation, climate, or both, basaltic rock is still solid at that
temperature, unlike for 55 Cancri e—even if the confluence of g, T, or ¢
results in a prediction of ductile deformation.

L168-9 b

HD 136352 b

We show the confluence in Figure 2, where these three variables are plot-
ted. Interestingly, there are particular combinations of these planetary
properties where our models predict brittle lithosphere thickness to be
remarkably low; we delineate the parameter space for brittle lithospheres
as thin as 5 km, 2 km, and 1 km with solid, dashed, and dotted lines, re-
spectively, color-coded by plate age in Figure 2. The relative positions of
the four inner Solar System planets are shown, as are four super-Earths
for which surface gravity and surface temperature estimates are currently
available: HD 136352 b (Kane et al., 2020), L 168-9 b (Astudillo-Defru

Mercury et al., 2020), LHS 1140 b (Dittman et al., 2017), and TOI-1235 b (Cloutier
° et al., 2020). LHS 1140 b does not plot within these bounds but, per our
Mars > models, TOI-1235 b, HD 136352 b, and L 168-9 b have brittle lithospheres
200 - ‘ | ' | . no more than about 5 km thick (Figure 2).
0 10 20 30 40 This finding raises the prospect of what we term here “eggshell planets,”
g (m/s?) worlds where the outer brittle layer is sufficiently thin—because of some

Figure 2. A plot of brittle lithospheric thickness as a function of surface
gravitational acceleration, g, surface temperature, T, and plate age (as

combination of surface temperature, planetary mass, and heat flux—that
almost all of the lithosphere deforms in a ductile manner. This interior
mechanical structure has meaningful geological consequences. For ex-
o 3 ample, such thin brittle lithospheres might not have sufficient flexural ri-
o o L. . . . . . .

gidity to support high-standing topography, as is seen in oceanic settings
on Earth where volcanic loads down-flex relatively thin brittle oceanic
lithosphere (e.g., Luis & Neves, 2006). Our models indicate that the lith-
ospheric strength of both HD 136352 b and L 168-9 b is substantially less

o
plate age (Myr)

a proxy for heat flow). The four planets of the inner Solar System are than that of worlds with thicker brittle lithospheres such as, for example,

shown, as are four super-Earths for which radius, mass, and equilibrium Earth and Mars (Figure 3).

temperatures are available: HD 136352 b, L 168-9 b, LHS 1140 b, and TOI-

1235 b. The ranges of uncertainty in g and T for the exoplanets are shown It is unclear to what extent Earth-like plate tectonics might operate on
with white lines. All planets are shown to scale; the illustrations of the eggshell planets. That process requires both that mantle forces can over-

four exoplanets are artistic impressions. The solid, dashed, and dotted lines come the strength of the lithosphere, and that the lithosphere is strong

denote where on this plot brittle lithosphere thickness is 5, 2, and 1 km for

arange of plate ages from 0 to 300 Myr.

and dense enough to subduct (e.g., Bercovici & Ricard, 2014). Addition-
ally, both water (Solomatov, 2004a, b; Korenaga, 2010) and cool surface
temperatures (e.g., Foley et al., 2012; Lenardic et al., 2008) have been
proposed as critical enablers of plate tectonics. Surface water can reduce
lithospheric strength by lubricating faults (Kohlstedt et al., 1995; Stesky, 1978), and interior water weakens
viscously flowing mantle (e.g., Hirth & Kohlstedt, 2003). Low surface temperatures can promote plate tec-
tonics by increasing convective stresses in the lithosphere, thus making it more prone to yielding (Lenard-
ic, 2018), as well as by suppressing grain growth in the lithosphere such that weak plate boundaries can
more readily form via grain-size reduction (Foley et al., 2012). We find that very thin brittle lithospheres
require surface temperatures in excess of 700 K, however (Figure 2). It may be, then, that thin brittle layers
and a lack of plate tectonics are not cause and effect, but simply two consequences of a rocky planet with a
high surface temperature.

Yet eggshell planets might not be in the stagnant lid tectonic regime, either. Numerical modeling of mantle
convection with high intrusion efficiencies yields a “plutonic-squishy lid” tectonic regime, characterized
by both vertical and horizontal motions of small, strong, but ephemeral plates (Lourenco et al., 2020). This
tectonic state may be applicable to modern Venus, where the high mean surface temperature leads to pre-
dictions of a relatively thin brittle lithosphere, at least for the lowlands (e.g., Buck, 1992; Ghail, 2015).

The cycling of volatiles into the Venus interior today is likely limited to crustal delamination (Elkins-Tan-
ton et al., 2007) and spatially localized subduction (Davaille et al., 2017), and so takes place at a much
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0 P lower rate than on Earth. Without surface water, any physical or chemical
] B % L168-9 b weathering on Venus in the current epoch is anhydrous (Zolotov, 2018)
—_— and there is little prospect for CO, drawdown; this must be the case for
— ‘ eggshell planets, too, especially given that high T, reduces weathering
- rates (Hakim et al., 2021). Indeed, limited topography such as that in the
HD136352b  Venus lowlands also impedes weathering: lower relief means less ero-
50 - sion, and thus a proportionately longer time to expose fresh surfaces for
'g weathering. If the Venus lowlands are representative of eggshell planet
X surfaces generally, then we might reasonably infer that such exoplanets
£ ( have widespread, distributed volcanic and tectonic activity (cf. Solomon
% | Mars et al., 1992), little elevated topography, and limited volatile cycling and

T 7 chemical weathering.

100
---------- 50 km
. —— 100 km C ludi K
_____ 150 km 5. Concluding Remarks
| 300 km This study offers a framework for predicting brittle lithospheric thickness
150 ! on rocky exoplanets for which estimates of mass, radius, and surface tem-
oo e el perature are available. Per our results, those with very thin brittle layers
o 600 1200 1800

strength (MPa)

Figure 3. A plot of calculated lithospheric strength versus depth for Earth
(black envelope) and Mars (gray), as well as two “eggshell” super-Earths:
L 168-9 b and HD 136352 b (pink and blue envelopes, respectively). The
profile for Earth is for a total lithospheric thickness of 100 km (solid

line), with the bottom of the brittle-ductile transition (BDT) at a depth of
approximately 25 km. Total lithospheric thicknesses of 150 km (dashed
line) and 300 km (dashed-dotted line) are shown for Mars; here, the
corresponding maximum BDT values are ~40 and ~60 km, respectively.
For L 168-9 b and HD 136352 b, total lithospheric thicknesses of 50 km
(dotted lines) and 100 km (solid lines) are shown; corresponding
maximum BDT depth values are but a few km for both. The strengths of
the super-Earth lithospheres at the maximum BDT are substantially lower
than those of Earth and Mars. The total lithospheric thicknesses here

are the thicknesses of the assumed conductive thermal boundary layers
where temperature follows an error function; this approach offers a rough
approximation for BDT depth on stagnant-lid Mars. All planets are shown
to scale; the illustrations of the two exoplanets are artistic impressions.

(i.e., <5 km thick) are likely to be super-Earths that are geologically young
and/or have elevated radiogenic element abundances relative to Earth,
and are close to their stars and/or are runaway greenhouses. In turn,
worlds that are smaller, older, and/or more distant from their host star
probably have thicker brittle lithospheres. The interplay between these
parameters is complex, but the surface temperature is the primary deter-
minant of brittle lithospheric thickness.

Of course, our study is necessarily simplistic, since we have essentially
no geological observations of exoplanets with which to constrain our pa-
rameter space. We assume here that exoplanets have peridotitic mantles
and basaltic crusts, and implicitly treat lithospheric age as a measure for
heat flux. Yet the ranges for g and T, we consider encompass those of the
inner Solar System planets and some of the largest known rocky exoplan-
ets; our heat flux and strain rates span two and four orders of magnitude,
respectively.

A key prediction we make here is that so-called eggshell planets will have
little elevated topography. This prediction can be tested with future gen-
erations of telescopes capable of searching for constructional or orogenic

topography on exoplanets (Landais et al., 2019; McTier & Kipping, 2018), particularly on TOI-1235 b, HD
136352 b, and L 168-9 b (per our Figure 2). Models for exoplanet tectonic regimes, such as the hemispherical
mode proposed for LHS 3844 b (Meier et al., 2021), can now incorporate the effects of brittle lithospheric
thickness in addition to lithospheric strength (Figure 3). Finally, very thin brittle layers have implications
for the distribution and character of a planet's volcanic and tectonic activity, and for its ability to recycle vol-
atiles. Eggshell planets are more likely to host distributed volcanism akin to the Venus lowlands rather than
having such activity concentrated along plate boundaries, as is the case for Earth. And, with limited volatile
cycling and reduced chemical fluxing associated with weathering compared with Earth, such worlds may
have CO,-rich and N-poor atmospheres (Mikhail & Sverjensky, 2014; Sleep and Zahnle, 2001), as Venus and
Mars do. As more super-Earths are discovered that satisfy the definition of an eggshell planet, they will join
TOI-1235b, HD 136352 b, and L 168-9 b as strong candidates for atmospheric characterization with planned
large-aperture telescopes such as the James Webb Space Telescope.
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