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Text S1. Proposed formation mechanism for lenticulae and double-ridges on Europa
     Lenticulae, distinguished by their generally low albedo, dark reddish hue, and quasi-elliptical shape, are ubiquitous on the surface of Europa1,2 (Figure. 1). The dark reddish hue of Lenticulae is often attributed to the radiolysis of endogenic surface materials3 as infrared spectra of these materials suggest the presence of hydrated sulfate or chloride salts4,5. Lenticulae often superimpose other structures, suggesting they are among the youngest surface features on Europa6. Various forms of Lenticulae have been identified on Europa, including depressions known as pits; disrupted areas termed chaos terrains; uplifts called domes; or a combination of dome and chaos morphology2,7. 
     Lenticulae have been interpreted to be surface manifestations of isostacy that occur due to water within the shell or localized shell thinning. Due to their similar shapes, sizes, morphology, and local clustering, all forms of lenticulae are postulated to share a common formation mechanism. The differences in their surface expressions (e.g., pits vs domes) are thought to represent various stages of their evolutionary development7,8. Various geophysical processes have been proposed to explain their formation, including plumes and convection in the ocean9, plumes and convection in the ice shell10-12, melt through7,13, cryovolcanism14, and impacts8,15. More recently, several works have proposed Lenticulae may result from sill emplacement and subsequent surface deformation due to the pressure differential arising from phase transitions16-21. 
[bookmark: OLE_LINK7]     Another ubiquitous tectonic feature on the surface of Europa are double ridges, characterized by a central trough flanked by a ridge on each side22,23 (Figure. 1). The widths of the double ridges range from a few hundred meters to more than 4 km, and their lengths can extend up to around 1000 km. Double ridges stand out as Europa's most ubiquitous structural features and its most enduring, consistently emerging across the moon's geological history23. They are the foundational elements of Europa's earliest ridged terrains but also appear in the most recently formed geological structures6,24. This suggests that the forces driving their formation have been continuously active throughout the span of Europa's observed geological past. Like Lenticulae, the emplacement of sills in the shallow subsurface has been proposed as a potential formation mechanism of double-ridges on Europa19. Dombard et al. (2013) evaluated various formation mechanisms proposed for the formation of double ridges. They argue that only subsurface intrusion of a shallow cryomagmatic sill, approximately 1 to 2 kilometers beneath the ridge, could create a thermal anomaly capable of producing the observed flank fractures that typify double ridges. 
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AI-generated content may be incorrect.]Figure S1. Reynolds number of liquid water ascending in a dike and RANS model schematic. (a) Reynolds number (in log10) of liquid water upwelling in a dike as a function of dike width and ascending velocity. (b) An example illustrating fluctuation of some fluid property  with space and time in turbulent flow regime. 
 


Figure S2. Heat map of the turbulent heat transfer coefficient (h) (in log10) as a function of dike half-width and ascent velocity, computed using the Dittus–Boelter correlation for turbulent flow of water. Contour lines indicate the corresponding base-10 logarithm of the Reynolds number. For a given dike width, hturb rises much more steeply with velocity because Nu ∝ Re⁰·⁸ and stronger turbulence enhances mixing. 



































Movie S1. Thermal evolution and narrowing of a 0.1 m-wide dike in ice at 200 K.
The simulation shows the time-dependent temperature field around a vertically ascending dike filled with liquid water initially at 273.20 K, flowing upward at 20 m·s⁻¹. Under laminar conditions (i.e., without convective mixing), heat loss to the surrounding ice causes progressive freezing at the dike margins. Over ~6 hours, the dike narrows to a final width of ~0.01 m, at which point water flux becomes negligible defining the dike closure timescale.
Table. S1 Parameters and their values used in our Multiphysics models. 
	Symbol
	Units
	Description
	Value

	Cpice
	J kg⁻¹ K⁻¹
	Specific heat capacity of ice
	1600

	Cpwater
	J kg⁻¹ K⁻¹
	Specific heat capacity of water
	4200

	kice
	W m⁻¹ K⁻¹
	Thermal conductivity of ice
	567/T 

	kwater
	W m⁻¹ K⁻¹
	Thermal conductivity of water
	0.6

	ρice
	kg m⁻³
	Density of ice
	930

	ρwater
	kg m⁻³
	Density of water
	1000

	μ
	Pa s
	Dynamic viscosity of water
	10-3

	ν
	m² s⁻¹
	Kinematic viscosity
	μ/ρ (calculated)

	Lf
	J kg⁻¹
	Latent heat of fusion
	334000

	Tm
	K
	Liquidus (pure water)
	273.15

	Tm, brine
	K
	Liquidus (brine)
	270

	Tice
	K
	Initial wall/ice temperature
	140–200 (laminar); 140, 200, 250 (turbulent)

	Tin
	K
	Inlet liquid temperature
	273.20

	Tdike
	K
	Initial cavity temperature
	273.20

	h
	W m⁻² K⁻¹
	Heat-transfer coefficient (generic)
	Calculated

	hturb
	W m⁻² K⁻¹
	Turbulent heat-transfer coefficient
	Calculated from Dittus–Boelter (Eq. 14)

	kT
	W m⁻¹ K⁻¹
	Turbulent thermal conductivity
	Calculated

	αT
	m² s⁻¹
	Turbulent thermal diffusivity
	Calculated

	keff
	W m⁻¹ K⁻¹
	Effective thermal conductivity
	Calculated

	μT
	Pa s
	Turbulent (eddy) viscosity
	Calculated

	k
	m² s⁻²
	Turbulent kinetic energy
	Calculated

	ω
	s⁻¹
	Specific dissipation rate of k
	Calculated

	Pr
	-
	Prandtl number (water)
	7

	PrT
	-
	Turbulent Prandtl number
	From Kays–Crawford (Eq. 11)

	PrT∞
	-
	Asymptotic turbulent Prandtl
	0.85

	v 
	m s⁻¹
	Inlet velocity
	5–20

	Re
	-
	Reynolds number
	Calculated

	w
	m
	Dike full width
	0.1 or 1.0

	L
	m
	Modeled vertical length
	10 m (laminar); 1000 m (turbulent)

	T+
	-
	Dimensionless temperature (wall function)
	Eq. 13

	y+
	-
	Dimensionless wall distance
	≤ 1 (turbulence runs)

	u*
	m s⁻¹
	Friction (shear) velocity
	Calculated

	τw
	Pa
	Wall shear stress
	Calculated

	Pout
	Pa
	Outlet pressure
	0
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