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Abstract13

The thickness of the outer ice shell plays an important role in several geodynam-14

ical processes at ocean worlds. Here, we show that observations of tidally-driven diur-15

nal surface displacements can constrain the mean ice shell thickness, d̃ice. Such estimates16

are sensitive to any significant structural features that break spherical symmetry such17

as faults and lateral variation in ice shell thickness and structure. We develop a finite-18

element model of Enceladus to calculate diurnal tidal displacements for a range of d̃ice19

values in the presence of such structural heterogeneities. Consistent with results from20

prior studies, we find that the presence of variations in ice shell thickness can significantly21

amplify deformation in thinned regions. If major faults are also activated by tidal forc-22

ing—such as Tiger Stripes on Enceladus—their characteristic surface displacement pat-23

terns could easily be measured using modern geodetic methods. Within the family of Ence-24

ladus models explored, estimates of d̃ice that assume spherical symmetry a priori can de-25

viate from the true value by as much as ∼ 41% when structural heterogeneities are present.26

Additionally, we show that crustal heterogeneites near the South Pole produce differences27

of up to 35% between Love numbers evaluated at different spherical harmonic orders.28

A ∼ 41% range in estimates of d̃ice from Love numbers is smaller than that found with29

approaches relying on static gravity and topography (∼ 250%) or analyzing diurnal li-30

bration amplitudes (∼ 85%) to infer d̃ice at Enceladus. As such, we find that analysis31

of diurnal tidal deformation is a relatively robust approach to inferring mean crustal thick-32

ness.33

Plain Language Summary34

For ocean worlds such as Enceladus, it is useful to determine the thicknesses of the35

outer ice crust—as it provides information about the depth of the ocean, the thermal36

evolution of the body, and the rate at which material at the surface can be recycled to37

the ocean by burial processes. By measuring the deformation of the surface in response38

to tidal forces, we can infer the mean ice shell thickness at Enceladus. Here, we show that39

the presence of large fault systems (such as the Tiger Stripes) or variations in the thick-40

ness of the ice shell (i.e., structural heterogeneities) affects Enceladus’s response to tides.41

We find that estimates of ice shell thickness that ignore the potential impact of struc-42

tural heterogeneities can deviate from true thickness values by up to 41%. This devia-43

tion is smaller than that found with other approaches that rely on analyzing gravity and44

–2–



manuscript submitted to JGR:Planets

topography (∼ 250%) or the periodic rigid rotation of the ice shell (∼ 85%) to infer Ence-45

ladus’s mean ice shell thickness. As such, despite the presence of heterogeneities, mea-46

surements of tidal deformation at Enceladus would be a powerful probe of subsurface47

structure.48

1 Introduction49

Enceladus, a moon orbiting Saturn approximately every 32.9 hrs, is demonstratively50

geologically active (Porco et al., 2006; Spencer et al., 2006; Hansen et al., 2006; Inger-51

soll et al., 2020). Erupting jets at the body’s surface align with the position of four promi-52

nent, evenly spaced surface fractures (informally known as ‘Tiger Stripes’) (Porco et al.,53

2006). These fractures produce jets or geysers that are the source of a water-ice-dominated54

plume emanating from the South Polar Terrain (SPT). The Tiger Stripes correlate with55

the position of anomalously high heat flux and regional thinning at the SPT (Spencer56

et al., 2006; Porco et al., 2014). Moreover, jet activity varies with orbital phase to pro-57

duce maxima in plume brightness near orbital apoapse and periapse (Ingersoll et al., 2020).58

The correlation of the plume brightness oscillation period and Enceladus’s orbital pe-59

riod strongly suggests that diurnal tides regulate heat and mass transport in the outer60

ice shell (Hurford et al., 2007). We explore the interactions between crustal structure and61

diurnal deformation to improve our understanding of the interior dynamics of Enceladus.62

Constraints on ice shell structure, in particular outer shell mean thickness d̃ice, pro-63

vide a first-order constraint on the thermal properties, interior structure, and potential64

for habitability of any ocean world. d̃ice is an essential parameter for understanding the65

total heat budget (Roberts & Nimmo, 2008), the potential for convection within the ice66

shell (Mitri & Showman, 2005), the radial extent of the core and ocean (Hemingway &67

Mittal, 2019), and the rate at which oxidized material cycles between the surface and68

the ocean through burial processes (Zolotov & Shock, 2004). d̃ice also constrains plau-69

sible tidal heating mechanisms on Enceladus including viscous dissipation in the crust70

(Souček et al., 2019) and turbulent ocean flow (Hay & Matsuyama, 2019; Tyler, 2020).71

Several approaches currently exist to infer d̃ice. Static gravity and topography ad-72

mittance modelling (Iess et al., 2014; McKinnon, 2015; Hemingway & Mittal, 2019; Ak-73

iba et al., 2022) and diurnal shell libration amplitude measurements (Thomas et al., 2016;74

Van Hoolst et al., 2016) yield estimates of d̃ice for Enceladus between 17–60 km (∼ 250%)75
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and 14–26 km (∼ 85%), respectively. These methods rely on the presence of large-scale76

non-hydrostatic surface topography and a hydrostatic core, or alternatively, a short or-77

bital period (i.e., that is comparable to the resonant frequency of the ice shell of a few78

days). Here, we explore an alternative approach that relies on the analysis of the response79

to short-period (i.e., diurnal) tidal forcing. Inferences of d̃ice from analysis of diurnal tides80

are relatively insensitive to assumptions regarding the core and are not contingent upon81

fortuitous structural or orbital conditions (e.g., a short orbital period or the presence of82

non-hydrostatic topography) at Enceladus.83

Differential gravitational attraction to a central, parent body (e.g., a planet) pro-84

duces tides on orbiting satellites. Over timescales substantially greater than that of the85

orbital period (i.e., long-period), satellites deform as viscous fluids and the ultimate re-86

sponse to tidal forces is sensitive to radially varying internal density structure (e.g., Hub-87

bard & Anderson, 1978). Bodies with eccentric orbits around their parent bodies expe-88

rience an additional tidal force (i.e., the eccentricity or diurnal tide) which operates at89

a period equal to that of the orbit. At this timescale, any non-fluid interior layers may90

deform viscoelastically. For ocean-world bodies (i.e., where the outer ice shell and sil-91

icate core are mechanically decoupled by an intervening liquid ocean) deformation of the92

outer shell in response to diurnal tides is then relatively insensitive to the deep internal93

structure but is highly sensitive to d̃ice. Measurement of time-varying gravity or surface94

displacement can therefore be used to directly infer d̃ice.95

The radial response of a body to time-dependent forcing can be described using96

gravitational and shape Love numbers (kl and hl respectively) that depend on spheri-97

cal harmonic degree l (Love, 1909). The l = 2 diurnal Love numbers kd2 and hd
2 track the98

very long-wavelength elastic response of bodies to diurnal tides and are sensitive to long-99

wavelength elastic structure (i.e., d̃ice). We will demonstrate that there only exists a unique100

relationship between a body’s response and a load at l = 2 for the limiting case of a fully101

spherically symmetric body. More generally, inferences of d̃ice from diurnal Love num-102

bers at Enceladus requires accounting for the potential impact of non-spherically sym-103

metric structure.104

For an arbitrary 3D structure, we can formulate a general linear relationship be-105

tween spherical harmonics Vlm (i.e., of degree l and order m) of a driving gravitational106
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potential V (Ω̄) which deforms (i.e., drives mass movement) within a body and gener-107

ates harmonics Ul′m′ of an induced gravitational potential potential U(Ω̄):108

V (Ω̄) =

∞∑
l=0

l∑
m=−l

VlmYlm(Ω̄) (1a)

U(Ω̄) =

∞∑
l′=0

l′∑
m′=−l′

Ul′m′Yl′m′(Ω̄) (1b)

where Ylm(Ω̄) denote real spherical harmonics, the prime (′) denotes induced components,109

and Ω̄ is the angular position variable comprising a co-latitude and longitude pair (θ, ϕ)110

in a reference frame whose origin is fixed to Enceladus’s center of mass (Note: we restrict111

our analysis to the induced gravitational response but could easily apply the method-112

ology discussed in this section to derive the induced topographic response). For a lin-113

ear elastic solid, deformation is linearly related to forcing (see also Supplementary S1.1).114

The tidal forcing harmonics Vlm accordingly map to harmonics Ul′m′ via linear Green’s115

functions γl′m′

lm which describe the elastic structure of a body:116



Ul′m′

...

...

U∞∞


=



γl′m′

lm . . . . . . γl′m′

∞∞
...

. . .
...

...
. . .

...

γ∞∞
lm . . . . . . γ∞∞

∞∞





Vlm

...

...

V∞∞


(2)117

Equation 2 demonstrates that the response of a body (i.e., defined as Ul′m′/Vlm) will gen-118

erally vary in time due to the changing shape of an applied load (i.e., time-variable Vlm119

components) despite a fixed elastic structure. For diurnal tides, the driving potential is120

comprised of three harmonics V20, V22, and V2 -2 (Murray & Dermott, 1999) and Equa-121

tion 2 simplifies to:122 

Ul′m′

...

...

U∞∞


=



γl′m′

20 γl′m′

22 γl′m′

2 -2

...
...

...

...
...

...

γ∞∞
20 γ∞∞

20 γ∞∞
2 -2




V20

V22

V2 -2

 (3)123

Ulm ̸= 0 for l ̸= 2 indicate a coupling between forcing and response across spatial scales124

(i.e., ‘mode coupling’; Dahlen & Tromp, 1998). To derive Love numbers, we restrict our125

analysis to the U20, U22, and U2 -2 components of the induced gravitational potential field126

(Note that Ulm = 0 for l = 1 in a reference frame whose origin is fixed to Enceladus’s127

center of mass). Equation 3 then simplifies to:128
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
U20

U22

U2 -2

 =


γ20
20 γ20

22 γ20
2 -2

γ22
20 γ22

22 γ22
2 -2

γ2 -2
20 γ2 -2

22 γ2 -2
2 -2



V20

V22

V2 -2

 (4)129

The individual components γl′m′

lm in Equation 4 contain information regarding the spheric-130

ity of a body’s elastic structure. For a non-rigid body, diagonal components (i.e., γ20
20 , γ

22
22 , γ

2 -2
2 -2)131

are always non-zero and are principally sensitive to bulk elastic properties (e.g., d̃ice; Wahr132

et al., 2006). Off-diagonal components (i.e., γ20
22 , γ

22
20 , γ

22
2 -2, γ

20
2 -2, γ

2 -2
22 , γ2 -2

20 ) represent cou-133

pling between forcing and response at mutually distinct harmonics. At spatial wavelengths134

significantly greater than d̃ice, the outer ice crust of spherically symmetric ocean worlds135

conform to the shape of driving potential surfaces (i.e., following the thin-plate approx-136

imation originally derived from beam theory; Levinson, 1984). According to Equation137

4, distinct diagonal components or non-zero off-diagonal components therefore imply the138

presence of non-spherically symmetric structure. For a spherically symmetric body, γ20
22 =139

γ22
20 = γ22

2 -2 = γ20
2 -2 = γ2 -2

22 = γ2 -2
20 = 0 and γ20

20 = γ22
22 = γ2 -2

2 -2 = kd2 . Equation 4 then140

simplifies to:141 
U20

U22

U2 -2

 =


kd2 0 0

0 kd2 0

0 0 kd2



V20

V22

V2 -2

 (5)142

We can define ‘effective’ Love numbers kd2m as quantities which track U2m normal-143

ized by V2m (i.e., k2m = U2m/V2m). According to Equation 5, a unique relationship be-144

tween harmonics U2m and V2m exists only for spherically symmetric structures (i.e., kd2m →145

kd2). More generally, kd2m are sensitive to non-spherically symmetric structure and the146

overall shape of the load (i.e., combination of V20, V22, and V2 -2) such that kd20 ̸= kd22 ̸=147

kd2 -2 (i.e., ‘order splitting’ or ‘spectral leakage’) (Behounkova et al., 2017; Ermakov et148

al., 2021; Vance et al., 2021). Several structures are expected to break spherical sym-149

metry at Enceladus including lateral variations in thickness of the ice shell, structurally150

weak (e.g., highly fractured or damaged) zones, or the presence of major fault structures151

(Behounkova et al., 2017). We therefore expect that diurnal Love numbers are not di-152

rectly sensitive to d̃ice at Enceladus and inferences of d̃ice from kd2m (or hd
2m) should ac-153

count for the potential influence of structural heterogneities in the outer ice crust.154

Several studies describe the relationship between elastic structure and diurnal de-155

formation at Enceladus. Wahr et al., (2006) develop analytic expressions to calculate kd2m156
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and hd
2m from eccentricity tides at ocean worlds using an approach that only applies to157

spherically symmetric models. Beuthe (2018) extends this analysis of kd2m and hd
2m to158

allow for variations in crustal thickness but assumes a thin-shelled approximation and159

does not include the potential impact of faults. The most sophisticated models to date160

by Souček et al., (2016), Behounkova et al., (2017), Souček et al., (2019), and Sládková161

et al., (2021) simulate deformation using finite-element models (FEM) of the outer ice162

shell with both variations in ice thickness and weak zones. These studies do not specif-163

ically address the relationship between deformation and d̃ice and exclude effects from a164

broader range of structural heterogeneities inferred from surface geology at Enceladus165

including large circum-tectonic boundaries and extensional fractures extending radially166

outward from the South Polar Terrain (i.e., chasma).167

Here, we explore how estimates of d̃ice, based on analysis of diurnal tides, are po-168

tentially impacted by structural heterogeneities within the ice crust of Enceladus. We169

simulate deformation on tidally-loaded quasi-spherical shells using a FEM and compare170

results from six sets of end member models of Enceladus:171

1. A spherically symmetric ice shell.172

2. An ice shell with variations in thickness.173

3. An ice shell with faults at Tiger Stripe locations.174

4. An ice shell with ‘weak zones’ (regions of reduced shear modulus) at locations cor-175

responding to the position of additional structures inferred from Enceladus’s ge-176

ology (i.e., chasma and circum-tectonic boundaries).177

5. An ice shell with both variations in thickness and faults.178

6. An ice shell with faults, variations in thickness, and weak zones.179

We parameterize the response of the shell by calculating Love numbers kd20, k
d
22, k

d
2 -2 and180

hd
20, h

d
22, h

d
2 -2, from deformed geometries and compare these predicted values with those181

predicted from models without structural heterogeneities. We then explore the challenge182

of inferring d̃ice from Love numbers posed by the presence of structural heterogeneities183

in the crust. We conclude by highlighting the potential for analyzing diurnal tides to de-184

termine d̃ice both for Enceladus as well as for other ocean worlds.185
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2 Methods186

We develop a quasi-spherical FEM of Enceladus that allows for structural hetero-187

geneities in the ice shell and that can be used to predict the elastic response of the body188

to diurnal tidal loads. We first build an FEM mesh that reflects desired structural het-189

erogeneities. We then use a modified version of the finite-element code PyLith (Aagaard190

et al., 2007) to calculate displacements on models subjected to tidal forcing. In post-processing,191

we extract l = 2 Love numbers from model displacements. We describe each of these steps192

in detail below.193

2.1 Model Preparation194

We consider six types of models that differ in the style of structural heterogene-195

ity assumed: (1) a Base model without structural heterogeneities; (2) a model with large196

scale faults (i.e., Faulted); (3) a model with Lateral Thickness Variations (i.e., LTV );197

(4) a model with weak zones at locations coincident with major geologic structures (i.e.,198

WZ ); (5) a combined model with faults and Lateral Thickness Variations (i.e., Faulted+LTV );199

and (6) a combined model with faults, Lateral Thickness Variations, and weak zones (i.e.,200

Faulted+LTV+WZ ). For each model, we develop a mesh with tetrahedral elements us-201

ing the software package CUBIT (Skroch et al., 2019; CoreForm, 2020) and refine cell202

size in regions which locally exhibit high strain (e.g., near faults). Minimum and max-203

imum cell sizes (i.e., tetrahedra cell edge lengths) are 1 and 12 km respectively through-204

out the mesh. For tetrahedra along the faults, we limit maximum cell size to 3 km and205

achieve a vertical resolutions as fine as 1 - 2 km across each interface. Example snap-206

shots of our mesh geometry are shown in Figure 1. We perform a mesh convergence test207

to verify our choice of element sizing parameters provide accurate Love number values208

on models with structural heterogeneities (see supplementary section S1.3 for details).209

• For the Base models, we mesh a spherical shell with a specified input thickness210

d̃ice. All of our models have baseline elastic parameters consistent with the rhe-211

ology of ice (Jaccard, 1976; Shaw, 1985; Neumeier, 2018). We assign a base shear212

modulus value for ice of G = 3.3 GPa and a bulk modulus of µ = 8.6 GPa (i.e.,213

consistent with the formulation described in Souček et al., (2016) with G = 3.3214

GPa and Poisson’s ratio ν = 0.33). For this analysis, we ignore viscous effects215

since viscous strain at the forcing period relevant for Enceladus (32.9 hours) is ex-216
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Figure 1. Example snapshots of mesh geometry from Faulted models (see main text). Left

panel: South polar view of 3D mesh geometry discretized with tetrahedral elements. We refine

cell sizes in regions that are expected to exhibit high strain upon tidal loading (in this case,

near Tiger Stripes). The trace of the Tiger Stripes is shown as black lines on the outer surface

of our geometry. Right panel: Perspective view of 2D discretization along Tiger Stripe surfaces.

Inset image shows close-up view of mesh along Tiger Stripe 1 (i.e., Alexandria Sulcus). Labels

for individual Tiger Stripes are shown in left and right panels. Cell edges are colored blue. An

approximate distance scale is shown in the right panel for reference.

pected to be negligibly small (<1% of the total shell strain (Wahr et al., 2009),217

see also Supplemetary Section S1.6). Short-period elastic deformation of the core218

is also expected to be several orders of magnitude smaller than shell deformation219

(Schubert et al., 2007). We therefore treat the core as a rigid body and ignore any220

impact deformation of the core or related 3D mantle structures (e.g., ocean plumes221

driven by hydrothermal activity at the core-ocean boundary; Choblet et al., 2017)222

may have on the response of the ice shell to eccentricity tides.223

• For the Faulted models, we introduce fault surfaces that are through-going (i.e.,224

they extend through the full thickness of the ice shell) and are frictionless. The225

explicit inclusion of fault surfaces within the FEM formulation uses a ‘split-node’226

formulation whereby we duplicate nodes along the fault plane and introduce spe-227

cial cohesive cells between node sets (Melosh & Raefsky, 2009; see also Supplemen-228

tary S1.1). Split-node formulations allow for robust calculations of fault-induced229
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deformation and self-consistent predictions of fault slip. Our Faulted model specif-230

ically refers to a shell with four faults at the South Pole consistent with the mapped231

extent of Tiger Stripes at Enceladus. We extract the surface trace of the Tiger Stripes232

from existing maps of Enceladus (Schenk, 2008). We assume that effective hydro-233

static normal stresses within water-filled cracks exceed extensional forces across234

fault geometries (Sládková et al., 2021 cf. Equation S14). We therefore ignore any235

potential impact of fault opening on deformation for Faulted models in this work236

(for details, see Supplementary S1.1).237

• To construct the LTV models, we apply topography, Htop, to the outer surface238

of our base model geometry and modify the inner surface (i.e., the ice-ocean bound-239

ary), Hbottom, assuming isostatic (Airy) compensation. Given surface gravitational240

acceleration g0, outer shell ice of density ρice, ocean water of density ρw, gravi-241

tational acceleration at the ice-ocean interface gint, mean radius of the outer sur-242

face R0 (see Table 1 for chosen values of these parameters) (Hemingway & Mat-243

suyama, 2017), and d̃ice we can write:244

Hbottom = Htop
ρice

(ρice − ρw)

g0
gint

R2
0

(R0 − d̃ice)2
(6)245

Table 1. Assumed parameter values used in Equation 6. Parameter values taken from Schenk

et al., (2018)

Parameter Value Units

ρice 925 kg/m3

ρw 1007 kg/m3

g0 0.113 m/s2

gint 0.120 m/s2

R0 252.1 km

Our LTV models use topography extracted from the shape model given by Nimmo246

et al. (2011) up to a maximum spherical harmonic degree Lmax = 8. Our Faulted+LTV247

model includes both types of structural heterogeneities.248

• Our WZ models incorporate 1-km wide through-going ‘weak zones’ at locations249

corresponding to the south polar circum-tectonic boundary, chasma, and Tiger Stripes.250
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Yin & Pappalardo (2015), report that extensional, compressional, and shear stresses251

drive the formation of fractures in the circum-tectonic boundary surrounding the252

SPT whereas only extensional stresses appear to form the chasma that radiate away253

from the SPT. Although the fracture depth of faults observed at the circum-tectonic254

boundary and chasma remains poorly constrained based on current observations255

(Yin & Pappalardo, 2015), we would expect that all modes of fracture (extensional,256

compressional, and shear) in a finite-width volume would result in local ‘damaged’257

regions of the ice shell which are less capable of accommodating tidally-driven stresses258

(i.e., exhibit a lower shear modulus) compared to the surrounding unfractured medium.259

In the most extreme feasible scenario, highly fractured regions of the crust (i.e.,260

with porosity 0 % - 60%; we do not expect ice porosities > 60% due to pore com-261

paction arising from hydrostatic confinement at depth; Durham et al., 2005) would262

penetrate to depths where liquid water from the subsurface ocean permeates the263

pore space of ice (Ingersoll & Nakajima, 2016). The pore pressure of fluid within264

a fractured ice matrix at depth within Enceladus’s crust is not zero (i.e., the ice-265

water mixture exhibits ‘undrained’ conditions; Rovira-Navarro et al., 2022). The266

effective elastic bulk modulus for such a system is similar to the bulk modulus the267

solid ice phase (Rovira-Navarro et al., 2022 cf. Equation 18c). We therefore for-268

mulate weak zones as regions with an elastic shear modulus GWZ reduced to neg-269

ligible values ∼ 10−5 G but maintain a constant ice bulk modulus and density through-270

out our geometry.271

Deformation driven by the presence of frictionless faults (i.e., 2D interfaces) is dis-272

tinct from that arising from crustal weak zones (i.e., finite-width 3D volumes) in273

models. Water-filled fault interfaces subject to effective hydrostatic normal stresses274

that exceed tidally-driven stresses will resist extensional deformation in a man-275

ner similar to that of the surrounding elastic medium (see Supplementary S1.1.1.4;276

Sládková et al., 2021; Rovira-Navarro et al., 2022). By contrast, 3D volumes that277

contain weakened material will exhibit less resistance to normal stresses than the278

surrounding elastic medium due to a locally reduced elastic Young’s modulus (i.e.,279

which is sensitive to GWZ for our formulation for weak zones; see also Segall, 2010).280

Reduced resistance to normal stresses along weak zones in WZ models should en-281

able deformation patterns comparable to those expected from mode-1 crack open-282

ing (i.e., similar to the deformation produced by Tiger Stripes in Souček et al.,283
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2016). We do not consider the potentially distinct responses of highly fractured284

areas of the ice shell to extensional and compressional tidal stresses in this study.285

Our Faulted+LTV+WZ models incorporate weak zones, faults, and lateral vari-286

ations in crustal thickness. Note that Faulted+LTV+WZ models in this work in-287

corporate both 2D interfaces and 3D weak zones at Tiger Stripe locations.288

2.2 Tidal Loading289

For Enceladus, the driving potential (to the first order in eccentricity) produced290

by time-dependent eccentricity tides V (r, θ, ϕ, t) at a point in a reference frame whose291

origin is fixed to Enceladus’s center of mass (i.e., the (θ = 90°, ϕ = 0°) datum lies at the292

sub-Saturnian point, where θ is co-latitude and ϕ is longitude) is written as a combina-293

tion of radial Vrad(r, θ, ϕ, t) and librational Vlib(r, θ, ϕ, t) terms (Murray & Dermott, 1999):294

Vrad(r, θ, ϕ, t) = r2ω2e · cos(ωt) 3
4
(P22(µ) cos2ϕ− 2P20(µ)) (7a)

Vlib(r, θ, ϕ, t) = r2ω2e · sin(ωt) P22(µ) sin2ϕ (7b)

Each term in Equation 7 is scaled by the factor ω2e, where ω = 5.307·10−5 s−1 is Ence-295

ladus’s orbital angular velocity and e = 0.0047 is the body’s orbital eccentricity. Time296

t = 0, 2π
ω corresponds to orbital periapse. P20(µ) and P22(µ) are associated Legendre297

Functions with the nested function µ = cos(θ). We apply body forces, ocean tractions,298

topographic surface traction forces, and self-gravitational forces produced by the driv-299

ing potential from Equation 7 and calculate displacement fields arising from these loads.300

We ignore inertial forces for our analysis and obtain solutions for displacements at mesh301

nodes across the full 3D spherical geometry. We enforce zero rigid body rotations and302

translations for simulations (for details, see Supplementary 1.1).303

We use the 3D visco-elasto-plastic FEM code PyLith (Aagaard et al., 2007). PyLith304

is a well-established and extensively benchmarked tool developed in the terrestrial crustal305

dynamics community for studying tectonic processes on Earth. PyLith allows for com-306

plex bulk rheology, various formulations for fault behavior, and complex geometrical meshes.307

PyLith was originally designed for quasi-Cartesian problems; as such we have modified308

it to allow for modeling full spheres in a no-net-rotation/translation reference frame with309

central time-dependent body forces appropriate for eccentricity tides. We benchmark our310
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tidal loading formulation as implemented in PyLith applied to our Base model against311

the program SatStress (Wahr et al., 2009) (see supplementary section S1.1-1.2).312

2.3 Calculation of Love numbers313

We post-process the resulting deformation fields to evaluate the l = 2 diurnal Love314

numbers kd2m and hd
2m. The ‘diurnal’ Love numbers are distinct from ‘fluid’ Love num-315

bers kf2m and hf
2m. ‘Fluid’ Love numbers are sensitive to the arrangement of a body’s316

interior layers which deflect in response to long-period static tides in order to achieve317

hydrostatic equilibrium (Goldreich & Mitchell, 2010). In contrast, diurnal Love numbers318

depend on the elastic response of the body to short-period eccentricity tides (see Equa-319

tion 7) and are superimposed onto the long-period tide. Moreover, diurnal Love num-320

bers are usually at least an order of magnitude smaller than fluid Love numbers (Beuthe,321

2018; Hemingway & Mittal, 2019). Relative to the fluid Love numbers, the diurnal Love322

numbers are less sensitive to deeper interior structure at ocean worlds (Wahr et al., 2009).323

For hd
2m, we expand the outer surface of our deformed geometry into spherical har-324

monics and separately compute coefficients H2m. We calculate V20, V22, and V2 -2 using325

the l = 2 components of the tidal potential from Equation 7:326

V20 = −3

2
r2ω2e · cos(ωt) (8a)

V22 =
3

4
r2ω2e · cos(ωt) (8b)

V2 -2 = r2ω2e · sin(ωt) (8c)

From V2m, H2m, and the definition of the effective Love numbers (see introduction), we327

have:328

hd
2m = g0H2m/V2m (9)329

Following a similar procedure for kd2m, we compute coefficients U2m of the spherical har-330

monic expansion of the induced gravitational potential field (see Equation 1) associated331

with the deformed geometry:332

kd2m = U2m/V2m (10)333

As mentioned earlier, Love numbers defined in this way will depend on the time-varying334

shape and amplitude of the driving potential (i.e., see Equations 4 and 8). Thus, we ex-335
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pect values of kd2m and hd
2m to vary over the tidal cycle at Enceladus. Since we aim to336

minimize the impact of non-spherically symmetric structure on inferences of d̃ice, we eval-337

uate deformation at two unique points in the tidal cycle: t = 0 and t = π
2ω . At t = 0 (or338

π
ω ), V2 -2 = 0 (according to Equation 8) which eliminates the potential impact of the339

off-diagonal components γ22
2 -2, γ

20
2 -2, γ

2 -2
22 , and γ2 -2

20 (from Equation 4) on values of kd20340

or kd22. Similarly, at t = π
2ω (or 3π

2ω ), V20 = V22 = 0 which eliminates the impact of all341

off-diagonal components on values of kd2 -2.342

2.4 Ice Shell Thickness and Elastic Thickness343

Mean ice shell thickness d̃ice described in our analysis is distinct from mean elas-344

tic thickness typically referenced in studies of plate flexure (e.g., Nimmo & Pappalardo,345

2004; Conrad et al., 2019). Elastic thickness as inferred from flexure studies denotes the346

thickness of the crust that exhibits predominantly elastic (i.e., non-viscous) deformation347

over very long timescales (e.g., topographic loading; Mancktelow, 1999). For ocean world348

crusts, elastic thickness is typically a fraction (< 70%) of the thermal thickness of the349

ice shell (i.e., the radial distance between the surface and the phase boundary between350

the ocean and the ice shell at 273 K). In contrast, d̃ice is the thickness of the ice shell351

that deforms elastically upon cyclic loading over diurnal timescales. Analyzing Love num-352

bers from fully viscoelastic ice shells that are cyclically deformed over 32.9 hours peri-353

ods produces estimates of d̃ice that are only slightly (< 0.2%) larger than values of the354

thermal thickness of the crust at Enceladus (for details, see Supplementary S1.6).355

2.5 Previous FEMs356

Our FEMs are similar to, but distinct from, those described in the papers Souček357

et al., (2016), Behounkova et al., (2017), and Sládková et al., (2021). We employ a tidal358

forcing formulation which is identical to that described in Souček et al., (2016) to gen-359

erate body, ocean traction, and topographic loading forces. However, we include the ef-360

fect of self-gravitation in our models (which modifies final calculated values of kd2m and361

hd
2m by up to 3%; Beuthe, 2018). Souček et al., (2016) employ weak zones (i.e., finite width362

regions with reduced elastic moduli) as proxies the behavior of fault interfaces. In con-363

trast, we adopt a split-node approach at the fault-plane to simulate deformation which364

enables straightforward calculations of fault slip. Souček et al., (2016), Behounkova et365

al., (2017), and Sládková et al., (2021) also focus on the implications of deformation for366
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tidal heating, while we focus here on the inference of shell structural parameters in the367

presence of structural heterogeneities. Finally, our models additionally consider the ef-368

fect of fault zones beyond the Tiger Stripes and thereby identify the extent to which other369

major structural heterogeneities (e.g., chasma and circum-tectonic boundaries) may af-370

fect diurnal deformation patterns at Enceladus.371

The most significant difference between models by Souček et al., (2016) Behounkova372

et al., (2017), and Sládková et al., (2021) and those described in this work relates to re-373

spective formulations for weak zones. Souček et al., (2016) and Behounkova et al., (2017)374

reduce shear modulus to effectively negligible values while maintaining a constant Pois-375

son’s ratio within damaged regions. Such a formulation results in negligibly small val-376

ues for weak zone bulk modulus. FEMs in Sládková et al., (2021) maintain constant weak377

zone elastic parameters but reduce viscosity within a finite-width volume to mimic static378

Coulomb friction along Tiger Stripes. Note that for zero static friction, the behavior of379

the Tiger Stripes in models by Sládková et al., (2021) approaches the behavior of weak380

zones in Souček et al., (2016) and Behounkova et al., (2017). The elastic moduli for weak381

zone formulations by Souček et al., (2016) and Behounkova et al., (2017) are consistent382

with those expected for a ‘drained’ two-phase system (Rovira-Navarro et al., 2022 cf. Equa-383

tion 18b). We expect that ‘undrained’ conditions exist for ice-water mixtures subject to384

hydrostatic pressures at depth (Rovira-Navarro et al., 2022; Sládková et al., 2021). We385

therefore choose to maintain a constant bulk modulus in weak zones for this work (see386

previous discussion in section 2.1 for WZ models). Note that we are able to broadly re-387

produce the results of Souček et al., (2016) by employing weak zones only at Tiger Stripe388

locations and reducing both bulk and shear modulus to effectively negligible values in389

Supplementary S1.2.390

3 Results391

Figures 2 and 3 show snapshots of the radial displacement fields from each of the392

six model classes. The upper panels show absolute displacements on our Base model whereas393

the subsequent panels show the radial displacement fields for models incorporating struc-394

tural heterogeneities relative to our Base model. Not surprisingly, there is a substantial395

increase in localized deformation near zones of structural heterogeneities (i.e., broadly396

consistent with model results from Souček et al.,2016; Behounkova et al., 2017; and Sládková397

et al., 2021). For the LTV model, we find that the highest increases in displacement val-398
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ues occur near the South Pole where the ice shell is thinnest. In the Faulted model, ra-399

dial displacements are maximum near fault tips (also at the South Pole). In our WZ and400

Faulted+LTV+WZ model, localized radial deformation is partitioned between the Tiger401

Stripes, chasma, and circum-tectonic boundaries in a complex manner with further in-402

creases in displacement near the Tiger Stripes due to extensional and shear strain local-403

ization along weak zones. Note that the addition of lateral variations in crustal thick-404

ness alters the geometry of weak zones in Faulted+LTV+WZ models relative to those405

in WZ models resulting in distinct displacement fields produced by weak zones in either406

case. Long-wavelength increases in displacement amplify values of the Love numbers for407

all models that incorporate structural heterogeneities. Moreover, surface deformation at408

this scale does not follow the pattern of the disturbing potential from Equation 7. This409

difference causes values of kd20, k
d
22, and kd2 -2 (or hd

20, h
d
22, and hd

2 -2) to diverge from each410

other (i.e., ‘order-splitting’).411

Figure 4 shows additional snapshots of fault slip along the Tiger Stripes as eval-412

uated by our Faulted model and crustal thickness variations in our LTV model. Displace-413

ments surrounding the South Pole in the Faulted model follow a double-couple pattern414

(i.e., a symmetric pattern of alternating maximal and minimal radial displacement around415

the fault tips; Segall, 2010) consistent with left-lateral strike-slip motion observed along416

the Tiger Stripes in Figure 4. Regional thinning at the North and South Poles in our LTV417

model also drive quadrupole displacement patterns across Northern and Southern hemi-418

spheres. However, the higher amplitude and greater regional extent of crustal thinning419

at the SPT (i.e., compared to that near the North Pole) results in relatively higher ra-420

dial displacements over the Southern Hemisphere in LTV models.421

Our Faulted, Faulted+LTV, WZ, and Faulted+LTV+WZ models predict significantly422

lower localized displacement along the length Tiger Stripes (i.e., ∼ 20 cm) than do FEMs423

by Souček et al., (2016) and Behounkova et al., (2017) (∼ 1-7 m). In the case of Faulted424

and Faulted+LTV models, the effect of clamping opening and closing motion across fault425

structures (see Supplementary S1.1) suppresses mode-1 deformation surrounding Tiger426

Stripes (Segall, 2010). In contrast, reducing the shear modulus along weak zones in WZ427

and Faulted+LTV+WZ models produces discontinuities in radial displacement across428

the Tiger Stripes similar to those produced by mode-1 crack opening displacement (Segall,429

2010). However, the inclusion of a non-zero bulk modulus in weak zones for WZ and Faulted+LTV+WZ430

models reduces the magnitude of extensional and compressional strain over the Tiger Stripes431
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as compared to the predicted impact of weak zones in FEMs by Souček et al., (2016) (see432

sections 2.1 and 2.5 of the methods for details).433

Results for kd20, h
d
20, k

d
2 -2. and hd

2 -2 from each model category are shown in Figure 5.434

Results similar to those shown in Figure 5 illustrating the behavior of kd22 and hd
22 are435

also shown in Figure 6. Note that non-spherically symmetric models have enhanced val-436

ues of Love numbers across all d̃ice values consistent with the amplification of deforma-437

tion shown in models with structural heterogeneities (see Figures 2 and 3). Love num-438

ber results in Figures 5 and 6 imply that inferences of elastic structure which assume Ence-439

ladus is spherically symmetric (i.e., the Base model) will underestimate d̃ice if structural440

heterogeneities are present in the crust. To evaluate this model error, ∆%d̃ice, we de-441

termine the percentage difference between d̃ice assigned to the Base models and the mean442

thickness of selected models with heterogeneities (i.e., d̃Het
ice ) which each produce the same443

value of hd
2m or kd2m:444

∆%d̃ice =
d̃Het
ice − d̃ice

d̃ice
· 100%. (11)445

Figures 5 and 6 show ∆%d̃ice for each model category with structural heterogeneities.446

Results demonstrate that Tiger Stripes in the Faulted models minimally (< 3%) impact447

values of ∆%d̃ice. By contrast, weak zones and variations in crustal thickness (in WZ448

and LTV models) bias inferences of d̃ice from Love numbers by up to ∼ 18% and ∼ 20%449

respectively. The most extreme case (Faulted+LTV+WZ models) yields values of ∆%d̃ice450

as high as ∼ 41%. Small differences between the shape of hd
2m or kd2m curves (and ∆%d̃ice451

curves evaluated from hd
2m or kd2m) arise from slight differences in radial displacement452

patterns at the outer surface and the ice-ocean boundary across models.453

Note the distinct values of kd22 and hd
22 compared to kd20 and hd

20 or kd2 -2 and hd
2 -2454

(i.e., ‘order-splitting’) in models with structural heterogeneities in Figures 5 and 6. To455

directly quantify the impact of structural heterogeneities on order-splitting, we addition-456

ally plot values of kd22/k
d
20 and hd

22/h
d
20 vs. d̃ice in Figure 6. We track kd22/k

d
20 and hd

22/h
d
20457

since these quantities implicitly account for the baseline impact of d̃ice on Love numbers458

and are especially sensitive to the presence of structural heterogeneities near the South459

Pole of Enceladus (see discussion).460
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Figure 2. Snapshots of radial displacement from each model class viewed facing the South

Pole (SP, left column) and the sub-Saturnian point (SS, right column) evaluated at t = 0 (peri-

apse). The top row shows the radial displacement in the Base model due to tidal forcing. The

remaining rows present the differences in radial displacement between models with structural

heterogeneities and the Base model. Each model shown assumes d̃ice = 25 km. Tiger Stripes, the

south polar circum-tectonic boundary (CTB), and chasma are labelled. Figure 3 shows the same

models at a different time in Enceladus’s orbit. To view model results for horizontal displace-

ments at t = 0, refer to Supplementary S1.7.
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Figure 3. Snapshots of radial displacement from each model class viewed facing the South

Pole (SP, left column) and the sub-Saturnian point (SS, right column) evaluated at t = π
2ω

. The

top row shows the radial displacement in the Base model due to tidal forcing. The remaining

rows present the differences in radial displacement between models with structural heterogeneities

and the Base model. Each model shown assumes d̃ice = 25 km. Tiger Stripes, the south polar

circum-tectonic boundary (CTB), and chasma are labelled. Figure 2 shows the same models at a

different time in Enceladus’s orbit.
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Figure 4. Snapshots of slip along the Tiger Stripes and regional thinning respectively corre-

sponding to deformation shown in Faulted (top row) and LTV (center and bottom rows) models

in Figure 2. The upper left image shows a perspective view of fault slip on the Tiger Stripes,

where negative (blue) values indicate left-lateral slip. The upper right shows a south polar pro-

jection (where 0° corresponds to the sub-Saturnian longitude), with fault locations overlaid on

radial displacements (this is rescaled from the third row of Figure 2). The center and bottom

rows respectively show images of polar projections showing crustal thickness variations (left) and

radial displacements (right) evaluated from the LTV model (i.e., rescaled from the second row

of Figure 2) in the Northern and Southern Hemispheres. Local thickness values are plotted in

log10 scale. Each model shown assumes d̃ice = 25 km and is evaluated at t = 0 (periapse). South

and North Poles marked for reference. Longitude labels denote degrees East of the sub-Saturnian

point. See Supplementary Figure S8 or an additional plot of crustal thickness variations used for

LTV models.
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Figure 5. The relationship between deformation and mean ice shell thickness, d̃ice. First

row: hd
20 and kd

20 vs. d̃ice for Base models (black lines), LTV models (blue lines), Faulted models

(red lines), Faulted+LTV models (green lines), and Faulted+LTV+WZ (purple lines). We plot

both axes in log10 scale and generate curves by evaluating hd
20 and kd

20 at t=0 (periapse) for 40

equally spaced d̃ice values between 15 and 30 km. Second row: Percentage range of d̃ice values

corresponding to a fixed Love number values for each model category relative to the Base model.

Curves in these plots are generated by evaluating ∆%d̃ice from Equation 11. X-axes are plotted

in log10 scale. Third and Fourth Rows: similar to first and second rows (respectively) but for

hd
2 -2 and kd

2 -2 evaluated at t = π
2ω

.
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Figure 6. First row: Similar to first row of Figure 5 but for hd
22 and kd

22 instead of hd
20 and

kd
20. Second row: Similar to second row of Figure 5 for hd

22 and kd
22 instead of hd

20 and kd
20. Third

Row: ‘order-splitting’ associated with l = 2 Love numbers. We evaluate kd
22 and hd

22 or kd
20 and

hd
20 at t=0 (periapse) for 40 equally spaced d̃ice values between 15 and 30 km to compute kd

22/k
d
20

and hd
22/h

d
20. X-axes are plotted in log10 scale.
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4 Discussion461

We explore the dependence of diurnal Love number values on the presence of struc-462

tural heterogeneities and d̃ice at Enceladus. Of the simplified structural heterogeneities463

considered, weak zones appear to have the most significant impact on the diurnal response464

of the ice shell to tides across the range of possible d̃ice (15–30 km) at Enceladus. The465

large spatial extent of the weak zones (i.e., 200–500 km in length or comparable to the466

radial length scale of Enceladus) and capacity to accommodate both additional normal-467

and shear-strain drives higher Love number values than those produced from the pres-468

ence of variations in the thickness of the crust and faults in isolation. We find that for469

cases with less pronounced weak zones (i.e., where GWZ/G > 10−5), the amplifica-470

tion of deformation drops dramatically (see Supplementary section S1.4 for details). These471

findings are consistent with results from Souček et al., (2016) and Behounkova et al., (2017)472

despite differences in the implementation of weak zones between the respective models473

(see section 2.4).474

The diurnal response of Enceladus to eccentricity tides is also highly sensitive to475

variations in the thickness of the ice crust. LTV models show deviation in inferred d̃ice476

values relative to Base models of up to 20%. The amplification of deformation in thinned477

regions (see Figures 2 and 4) is highly dependent on d̃ice. As d̃ice approaches 15 km, ice478

shell thickness approaches zero locally and strain increases rapidly near the South Pole.479

The resulting enhanced deformation drives the observed large increase in Love numbers480

at d̃ice < 20 km (Figure 5 and 6).481

As implemented here, faults have less impact on long-wavelength deformation than482

do variations in the thickness of the ice crust or weak zones. Fault structures in isola-483

tion bias inferred d̃ice values from diurnal Love number values by up to 3%—rather in-484

significant. This observation follows from Figures 2 and 4 which shows that fault-induced485

deformation creates a strong double-couple deformation pattern as expected from slip486

on Tiger Stripes. Slip-induced deformation produces substantial radial displacement at487

scales comparable to the size of associated faults but reduced displacement at longer wave-488

lengths. As such, for the Tiger Stripes along-fault slip only modestly increases diurnal489

Love number values. Moreover, we expect the influence of Tiger Stripe slip on diurnal490

Love number values to decrease as maximum principal stresses rotate around the South491

Pole and fault slip decreases (see Figure 3).492
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We find significant order-splitting (i.e., kd22/k
d
20 ̸= 1 and hd

22/h
d
20 ̸= 1) in models493

with structural heterogeneities. Moreover, Figures 2 and 6 suggest kd22/k
d
20 and hd

22/h
d
20494

are highly sensitive to the scale of non-spherically symmetric structure near the South495

Pole. For LTV models, radial displacement patterns exhibit strong, long-wavelength quadrupole496

symmetry about the South Pole (i.e., generating an m = 2 pattern) causing larger val-497

ues of kd22/k
d
20 and hd

22/h
d
20. In contrast, slip along Tiger Stripe faults produces shorter-498

wavelength quadrupole deformation resulting in relatively smaller values of kd22/k
d
20 and499

hd
22/k

d
20. In Faulted+LTV models, slip-induced short wavelength deformation dominantly500

accommodates strain when d̃ice >25 km (i.e., resulting in kd22/k
d
20 values trending to-501

wards 1, whereas at smaller values of d̃ice, the effect of LTVs dominate such that kd22/k
d
20502

and hd
22/h

d
20 >> 1). Weak zones combined with lateral variations in thickness (i.e., in503

Faulted+LTV+WZ models) produce the highest levels of quasi-quadrupole deformation504

near the South Pole and so drive the largest values of kd22/k
d
20 and hd

22/h
d
20 (up to ∼ 1.35505

or 35%).506

The non degree-2 deformation patterns visible for our range of models (see Figures507

2 - 4) implies that significant mode coupling occurs when structural heterogeneities are508

present in the crust of Enceladus (see Introduction; Qin et al., 2014; Zhong et al., 2021;509

Lau et al., 2015). Consistent with Love number results in Figures 5 - 6, we find that the510

lateral extent of structural heterogeneities scales with the spatial wavelength of non degree-511

2 deformation (see Supplementary S1.5 for details). We expect that spatial variations512

in the rheological properties along faults or weak zones (e.g., changes in the shear mod-513

ulus, the coefficient of static friction) complicate inferences of d̃ice from non-degree 2 tidal514

deformation produced by these structures. However, the impact of lateral variations in515

crustal thickness on displacement fields (e.g., Love numbers and mode coupling) is more516

uniquely sensitive to d̃ice at Enceladus (see previous discussion and Figures 5 and 6). In-517

ferring both d̃ice and lateral variations in crustal thickness from deformation evaluated518

across multiple spatial wavelengths is therefore a compelling topic for future research,519

but is beyond the scope of the current work.520

The predicted amplitude of tidally-driven radial surface displacements falls within521

a readily measurable range at Enceladus. Figures 2, 3, 5, and 6 show that the maximum522

amplitude of the time-variable component of radial surface displacement is approximately523

50 – 150 cm, with differences of 5 – 20 cm between models. The maximal values for the524

time-variable components of horizontal displacement also differ between models, with525
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a range of 15 – 20 cm relative to background values of about 5 – 10 cm near the South526

Pole (see Supplementary S1.7). These values are substantially larger than the demon-527

strated sensitivity of Interferometric Synthetic Apreture Radar (InSAR) to measurements528

of ground displacement (e.g., Simons & Rosen, 2015). Moreover, radial surface displace-529

ments of 5 – 20 cm can induce 2 – 80 µGal time-variable gravity anomalies which is greater530

than the expected detection limit of gravity measurements acquired from line-of-sight531

tracking between multiple orbiting spacecraft (e.g., Ramillien et al., 2004 and Dai et al.,532

2016). An orbiting spacecraft capable of repeated geodetic measurements over several533

months could gather snapshots of gravity and the radial position of the surface at mul-534

tiple points over Enceladus. This data could be analyzed to create a quasi-continuous535

time-series of geodetic signals over the body, enabling computation of hd
2m and kd2m. There-536

fore, a dedicated geodetic mission to Enceladus could be envisioned to acquire the nec-537

essary measurements for analyzing diurnal tides as discussed in this work.538

We ignore the potential impact of lateral variations in elastic moduli on tidal de-539

formation. However, the elastic shear modulus of ice in Enceladus’s crust is sensitive to540

the ∼ 40◦K elevated temperature over the SPT (Howett et al., 2010). A ∼ 40 K tem-541

perature variation corresponds to a change in ice shear modulus of about 2 - 3% (Proc-542

tor, 1966; Neumeier, 2018). For comparison, variations in crustal thickness of up to 100%543

of d̃ice near the SPT in LTV model alters Love numbers by up to ∼ 20% (see Figures544

5 - 6). The impact of variations in elastic shear modulus on Love numbers is similar to545

that corresponding to the presence of lateral variations in crustal thickness (Wahr et al.,546

2006 cf. Equation 4-9). We therefore expect that variations in shear modulus of 2 - 3%547

over the SPT induce ∼ 0.1 - 0.2% (i.e., essentially negligible) differences in Love num-548

ber values for Enceladus.549

We assume a density structure for the crust and ocean (see Table 1), however the550

ocean density, ρw, is particularly uncertain. This uncertainty biases inferred values of551

d̃ice derived from diurnal Love numbers since ρw scales the restoring force at the ice-ocean552

interface (see section 2.2 and supplementary S1.1). Uncertainties in estimates of ρw are553

approximately 5% (i.e., ρw = 1000–1050 kg/m3; Čadek et al., 2016) and thus uncer-554

tainty in ρw can modify diurnal Love numbers by up to 4%. Propagated uncertainty from555

imprecise estimates of ρw is therefore slightly larger than model uncertainty associated556

with the presence of Tiger Stripes (3%) but substantially smaller than that produced from557

neglecting the potential influence of weak zones or variations in ice shell thickness. More-558
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over, changing the input value of ρw should not produce order-splitting and so does not559

alter inferences short-wavelength shell structure from comparisons of diurnal Love num-560

bers.561

Spherically symmetric (i.e., 1D) models for tidal deformation can adequately de-562

scribe the relationship between Love numbers and d̃ice for many ocean worlds (Wahr et563

al., 2006). For example, Europa and Ganymede exhibit relatively small amplitudes of564

lateral variations in crustal thickness (∼ a few km) compared to likely mean thickness565

values > 20 km (McKinnon & Melosh, 1980; Howell, 2021). These two worlds also lack566

discernible large-scale fault structures or weak zones (Hoppa et al., 2000; McKinnon &567

Melosh, 1980; Cameron et al., 2019). As such, the use of 3D models to improve estimates568

of d̃ice is not necessary for these bodies since the inherent uncertainty posed by imper-569

fect estimates of bulk structure (e.g., ocean density, Nimmo et al., 2007) is likely to out-570

weigh that arising from the presence of structural heterogeneities. In contrast, structural571

heterogeneities at Enceladus drive a ∼20-40% change in Love numbers which is much572

greater than the previously discussed < 5% uncertainty posed by the impact of uncer-573

tainty in ocean density or elastic moduli (Howett et al., 2010; Čadek et al., 2016). Thus,574

3D models are crucial for using tidal deformation to characterize d̃ice at Enceladus.575

5 Conclusion576

We evaluate the relationship between mean ice shell thickness, d̃ice, and diurnal577

Love numbers for a range of shell models with structural heterogeneities. We find that578

structural heterogeneities at Enceladus broaden the range of possible d̃ice values corre-579

sponding to a measured Love number by about 41% in the most extreme case. The max-580

imal range of plausible d̃ice values increases less than 30% for d̃ice values above 20 km581

(likely values of d̃ice at Enceladus are between 21–26 km; Thomas et al., 2016). More-582

over, if weak zones are not present then the range of plausible d̃ice values further reduces583

to less than ∼ 20%. As such, we demonstrate that analysis of diurnal tides could serve584

as a useful tool for characterizing interior structure from future geodetic investigations585

at Enceladus.586

Open Research587

The data used in this study were generated using the software package PyLith (Aa-588

gaard et al., 2007; Aagaard et al., 2022). PyLith is an open-source finite element code589
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for modeling geodynamic processes and is available on GitHub and Zenodo repositories590

(Aagaard et al., 2022). The specific PyLith version used in this study was v2.2.2. PyLith591

input files, post-processing scripts, and selected output files for this work are available592

on (Berne, 2023). The mesh geometries utilized in this study were created using CUBIT593

(v15.2), a node-locked licensed software which is available through the developer San-594

dia National Laboratories (Skroch et al., 2019; CoreForm, 2020).595
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