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Introduction:  Liquid water reservoirs in Europa's 

icy crust, if they exist, could represent accessible liquid 

water bodies in the outer solar system. Previous studies 

have demonstrated that freezing cryoreservoirs might 

trigger eruptions due to the pressurization associated 

with volume change as liquid water expands to become 

water ice [1, 2]. Locating potentially stored and erupted 

brines is key for the exploration of ocean worlds and the 

search for habitability and life beyond Earth. 

Figure 1: Smooth plain on Europa’s surface with 

morphology consistent with eruption of liquid cryolava 

[9]. The yellow and orange arrow indicate two areas of 

different albedo, which may have been emplaced by two 

eruptive events of brines of different composition. 

NASA Galileo image 9352r. 

 

Here, we aim to numerically model the coupled 

chemical evolution and pressurization of freezing brines 

stored in Europa’s ice shell using current best estimates 

of the oceanic composition [3] to predict the 

composition of erupted cryolava. Cryomagma 

composition evolves through time, as salts are rejected 

and concentrate during freezing [4], which could lead to 

erupted brines of varying composition depending on the 

reservoir frozen fraction when the eruption is triggered. 

This could explain the variations of albedo observed 

around features potentially associated with 

cryovolcanism, for example smooth plains, as shown in 

Fig. 1. 

Methods:   

Cryomagma chemistry.  Whether local liquid 

reservoirs are formed by in-situ melting [5] or intrusion 

of oceanic water [6], the best estimate for cryomagmatic 

fluid composition is provided by models of evolution of 

Europa’s interior and ocean. We use five different 

cryomagma compositions corresponding to recent 

endmember estimates of Europa’s ocean chemistry 

calculated by Melwani Daswani et al. [3]. The evolution 

of one of these solutions (“MC-Scale” from [3]) as a 

function of the temperature is shown in Fig. 2.  

 

  

 

 

Figure 2: Evolution of the composition and chemical 

properties of a possible cryomagmatic solution as a 

function of its temperature. Figure from [7]. 

 

Model principle. Previous studies [1, 2] 

demonstrated that cryomagma freezing is a plausible 

mechanism to potentially trigger reservoir-sourced 

eruptions. Internal overpressure increases in reservoirs 

as cryomagma transitions to the less-dense solid phase. 

The critical freezing time 𝜏𝑐 required to break a 

reservoir and trigger an eruption is a function of the 

reservoir chemical and physical parameters (see 

example in Fig. 3 for a spherical 500 m radius reservoir 

located 2 km below the surface and filled with pure 

liquid water [1, 2]). The cryomagma chemical evolution 

during freezing affects the solution and formed ice 

densities, thermal conductivities and freezing 

temperature, and the critical freezing time necessary to 

trigger an eruption can thus differ from what was 

calculated by previous studies. We thus need to model 

the cryomagma composition and internal overpressure 

as coupled variables. By doing so, we will be able to 

predict a more realistic critical freezing time to trigger 
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eruptions, as well as cryomagma composition when it is 

erupted at the surface. 

Figure 3: Pressure as a function of the time in a 500 m 

radius freezing cryoreservoir located 2 km below the 

surface. Here the cryomagma is composed of pure water 

only. Results and figure from Lesage et al. [2]. 

Numerical procedure. To simulate the freezing of a 

reservoir, we couple composition evolution data 

obtained with the software PHREEQC v3 [8] with a 1D 

thermal solver using the finite differences method. Our 

thermal solver accounts for the spherical geometry of 

reservoirs, phase change, and evolution of physical and 

chemical properties through time. At each time step 

(i.e., reservoir temperature), we vary the composition of 

the formed ice and remaining briny solution using the 

PHREEQC outputs. We modify several parameters 

accordingly, such as the liquid and solid densities and 

thermal conductivities and the solution freezing 

temperature. We ensure the energy and mass are 

conserved through time by calculating the cryomagma 

frozen fraction that balances the heat loss at each time 

step. This allows us to accurately track the cryomagma 

frozen fraction through time and thus calculate the inner 

pressure in the reservoir. Finally, when the threshold 

overpressure is reached in the reservoir and the ice 

tensile strength is exceeded, an eruption is triggered, 

releasing the inner excess pressure.  

Cyclic eruptions. After a first eruption, cryomagma 

reservoirs may keep freezing and trigger several other 

eruptions as evoked in Lesage et al. [9]. We added the 

possibility to continue freezing and trigger several 

eruptions to our numerical simulation so that we can 

observe the evolution of erupted brines composition 

through eruptive events. 

Results: Depending on the freezing rate, salts are 

either incorporated in the formed ice (fast freezing) or 

rejected and concentrated in the remaining liquid (slow 

freezing). Salt rejection (in the slow freezing case) has 

a non-trivial effect on reservoir pressurization. On one 

hand, it lowers the freezing temperature and makes the 

critical time necessary to trigger eruptions longer than 

expected with simpler models [1, 2]. On the other hand, 

because the formed ice is composed of pure liquid water 

and thus has a low density compared to the remaining 

liquid, pressurization is more efficient. The effect of 

both these mechanisms on the critical freezing time 

remains to be quantified. Finally, the concentration of 

non-water components through time is also expected to 

result in cryolava flows with darker albedo and varying 

spectral signatures in the case of repeated eruptive 

events. These results are intended to inform the 

upcoming missions JUICE (ESA) [10] and Europa 

Clipper (NASA) [11] on the spectral signatures that 

could indicate the presence of shallow sub-surface 

cryoreservoirs and provide information on their past or 

current composition, activity and thermal state. 
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