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The precipitation of hydrated phases from a chondritie-Iia-Mg-Ca-SQ@-Cl
solution is studied usinim situsynchrotron X-ray powder diffraction, under rapid
(360 K hour?, T = 250-80 Kt = 3 hours) and ultra-slow (0.3 K day, T= 273-
245 K,t = 242 days) freezing conditions. The precipitation sequemcker slow
cooling initially follows the predictions of equilibriunhermodynamics models,
however after~ 50 days at 245 K, the formation of the highly hydrated sulphat
phase NaMg(SOy),-16H,0, a relatively recent discovery in the MAg(SOy),-
H,0 system, was observed. Rapid freezing, on the other hamdiiped an assem-
blage of multiple phases which formed within a very shortetitale £4 min-
utes,AT = 2 K) and, although remaining present throughout, variethéirtrela-
tive proportions with decreasing temperature. Mirabaitel meridianiite were the
major phases, with pentahydrite, epsomite, hydrohaljiesgm, bbdite, konyaite
and loweite also observed. pg(SOy),-16H,O was again found to be present
and increased in proportion relative to other phases agthpdrature decreased.
Results are discussed in relation to possible implicatfondife on Europa and
(© 0000 International Union of Crystallography app”cation to other icy ocean worlds.
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1. Introduction

Jupiter is the largest planet in the Solar System and has 79
currently identified moon$,of which Europa is a lunar-sized
body orbiting between the moons lo and Ganymede. Along with
Calisto, these are the largest moons, known collectivelhas
Galilean moons, after Galileo Galilei who, in 1610, was thet fi v
to both observe them and to recognise they were satellites tof§ i
another planet. However, despite these early observatibas
existence of a global ocean of liquid water beneath an icy sur
face is a relatively recent discovery.

Images from the Voyager missions of the 1970s revealed af
surface with relatively few craters, indicative of recuntrglobal
resurfacing. Both Voyager and the later 1990s Galileo missi ,
showed Europa’s surface to be smooth and criss-crossed by
extensive intersecting fractures (Fig. 1) along with otber-
face structures with diverse morphologies (Pappalardd.et a
1999). While the surface itself is completely frozen, its lgeo Figure 1
ogy appears consistent with the presence of a subsurface ligalse colour image of Europa’s surface taken by the Galileacepaft.
uid layer, e.g. in places blocks of crust give the appearafce Reddish-brown areas are non-ice material resulting frofaseigeologic activ-
ity. Icy plains are shown in blue tones. Also visible are (80, dark parallel

having been pulled apart and rotated within a slushy, oidiqu lines comprising ridges and fractures in the crust, (B) chewsin, (C) domes

med!um. Me_as_urements of Europa’s der_15|ty S_UQQGS_t a I_ayerea d (D) impact craters. Courtesy of NASA/JPL/University oizana.
interior consisting of a rocky core (possibly with a diffete

ated inner core of iron), a}D-rich layer and ice crust (Nimmo As with the other Galilean moons, Europa likely fomed.5
& Manga, 2009; Schubert et al., 2009). GYa ago from leftover material following Jupiter’'s condans

1 https://solarsystem.nasa.gov/moons/jupiter-moons/@xerv
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tion from gas and dust in the early solar nebula, with modeldive elements are likely to be contained within the corepglo
(e.g. Travis et al., 2012) suggesting ocean formation @ztur with residual heat leftover from Europa’s collisional fation
within the first 0.5 Ga. However, the paucity of largel0  from smaller bodies, calculations suggest these are ingaiffi
km) impact craters coupled to a diverse range of surface moto maintain a liquid ocean of the volume deduced from the
phologies points to a dynamic evolution of Europa’s ice Ishel Galileo measurements (Schubert et al., 2009). Instead)&ire

in geologically recent times~60 Ma) and are the outward source of heating is the tidal extraction of energy from pare
manifestations of both the moon’s internal structure art su eccentric orbit. Although this should, over time, circidarthe
surface processes. Spectroscopic observations (Daltah,et orbit, the relationship between the orbital periods of lordpa
2005), suggest the presence of an extensive surface minerand Ganymede (Europa’s orbital period is twice lo’s and half
ogy composed of hydrated salts deriving, at least in pastnfr Ganymede’s) allows the eccentricity to be maintained (Seti
the delivery of oceanic water to the surface. As such, the suml., 2009) and provides an ongoing supply of energy capdble o
face mineralogy should provide clues to the subsurface- envsustaining a liquid ocean.

ronment and its processes. However, the data thus far does no

provide for definitive identifications, due to a combinatioi

several factors — the relatively low resolution of the Galil (a) surface upwarping (b) surface disruption
instrument, the high noise content of the data itself anditine

ited number of available library spectra used to make compar T

isons. Other investigative routes, such as laboratoryréxpe- Y Y

tation, are therefore required in order to provide furthgrgical

insights and constraints, as well as identifying poterdaaidi-

date phases for spectral fitting. Indeed, it was establishelg

on that the rapid freezing and thermal cycling of dilute amse

solutions of NaS0O,, MgSQ, and NaCO; produced materials (c) surface breaching (d) surface upwarping
that gave near-infrared reflectance spectra that, althdisgjhct e o

from crystalline minerals, bore a resemblance to the spextr

Europa’s surface material (McCord et al., 2002).

1.1. The Europan ocean

Evidence of a subsurface ocean was provided by magnetome-
ter readings from the Galileo spacecraft during five close fly  (€) ice covered effusion (f) viscous extrusion
bys (<2000 km) between 1996 and 2000. Deformations in the
geometry of Jupiter's magnetic field were detected that were
consistent with the movement, within the field, of a conchugti
object (Khurana et al., 2009). The perturbations could be fit
ted to the volume and conductivity of the conducting medium,
showing that this could neither be at the moon’s centre, aepd
within a rocky core, but rather within-30 km of the surface
(Zimmer et al., 2000). Furthermore, the electrical coniguct Figure 2 _ , N _
ity was suggestive of liquid water with a salinity close taith ?”g'n of Europan surface morphologies I: Formation positueface relief
. . eatures on Europa involving potential delivery of subacef ice/water to
of terrestrial seawater. Surface spectra from Galileo \nere- Europa’s surface (Figures after Fagents, 2003). Top pdrsgirism in a thick
ever noisy, due to the intense radiation generated by Jigpite ice shell leading to (a) surface up-warping, (b) surfaceugison, or (c) sur-
magnetic field, but did contain indications of salts comsist face breaching and viscous flow. Surface up-warping andplism by a rising
with the extrusion of liquid saline water (Dalton et al., 300 diapir could also be accompanied by melting and'releas'e.ofswiﬁce brine_s
Early proposals for the composition of Europa’s ocean eghtr (He_ad_& Pappalard(_), 1999). Bottom panel: |nt_rusnon qf itgdmcean \_Nater in
. s a thin ice shell leading to (d) surface up-warping, (e) iogezed effusions, or
around three main possibilities, a neutral Na-Mga8€) solu- ) yiscous extrusions causing cryolava domes.
tion, an alkaline Na-S@CO; solution, or an acidic Na-H-Mg-
SO, system (Kargel etal., 2000; Marion, 2001, 2002; Kempe & - The prospect of a global subsurface ocean, that has remained
Kazmierczak, 2002). liquid up to the present day, makes Europa a prime target in
The pressure at the base of the water layer is within thehe search for life beyond Earth (Marion et al., 2003; Green-
field of normal ice such that, unlike a number of other icyberg, 2008). As a potential abode for life, Europa meets the
moons (e.g. Ganymede, see section 4.5.2), the liquid osean three key criteria for habitability: (i) a source of energy)
not sandwiched between low- and high-pressure ice phases, Hiquid water and (iii) the availability of biologically esstial
rather should be in direct contact with the moon’s rocky coreelements (Priscu & Hand, 2012). Underlying this last cidter
(Kuskov & Kronrad, 2005). The core itself is expected to be ofis the primary fact that the ocean maintains contact with the
chondritic silicate composition, having derived from m@ar  rocky core whose chondritic composition means it will béaric
materials (Fanale et al., 2001). Although long-lived radio in biologically essential elements. As proposed for Eagtlg.(
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Martin et al., 2008), hydrothermal vents on the sea flooraoul and subsequent flow, or relaxation, of the ice for short dista

provide the original environment in which Europan life abul over the surface.

potentially have developed, fuelled by chemosynthesisgor

pentinization (Henin, 2018). These same chondritic maleri (a)

are of course the source of Europa’s ocean salinity (se@eect

1.3) and, in terms of habitability, the ocean itself is noagigu-

larly extreme environment. Ocean temperatures shoulddgec

to freezing, though the salinity will likely reduce thesatound

250 K while, despite being-100 km deep, the sea floor pres-

sure should only be-110 MPa due to Europa’s gravity being

less than one-seventh of the Earth’s. In this respect, gus/a-

lent to the pressure in the 11 km deep Mariana Trench on Earth,

which, though extreme by Earth standards, is known to sup-

port an active and diverse microbial ecology (e.g. Takaral.et

1997; Nunoura et al., 2015, 2018; Tarn et al., 2016). The cur-

rent observational pressure limit for life on Earth~i$50 MPa

(Hazel et al., 2016), while experiments show viable prokary

otic cells can survive pressurisation (at least over laooya

timescales) into the 2—3 GPa range under static compression

Higher species such as liparid snailfish have also beendiser

within the Mariana Trench at depths of 8.1 km (Linley et al., _.
Figure 3

2016.)’ equwalem to a pre.SSl.Jre ©B2 _MPa’ Wlth their “kely Origin of Europan surface morphologies Il: Double ridges.ofnenon feature
max!mum dept.h’(’8'4 km) I|m|ted by biochemical factors (_:0”' for which many models have been proposed. These include &tideezing,
cerning osmotic regulation in teleost taxa, related torthed-  whereby daily tidal forces cause a crack to open and closapjng material
lutionary origins in fresh water environments, rather tpags-  onto the surface (Greenberg et al., 1998); and (b) cryowidoa where a pre-
sure per se (Yancey et al., 2014; note also that Earth’s deap- existing crack provides a pathway for fissure eruptions kheid the ridges
fish lineages likelv re reéent a'recolonization from shedio cryoclastically (Kadel et al., 1998). In terrestrial vaiéasystems the amount
depths f ?I . y rep . tincti t during the @ret of subsurface magmatism tends to exceed the amount of surfeaism and
epths following an anoxic extinction event during the @fet  gjqy1q also be true on an icy satellite, since the cryomagman(ater) is denser

ceous period, Priede & Froese, 2013). than the surface rock (i.e. ice). Thus while the ridge is ¢éuilt as a cryoclas-
tic fissure eruption, a cryomagmatic should sill form at a deptiiesponding
to the neutral buoyancy of water within the ice shell.

frozen double ridge

ice

(b) double ridge

flexural bulge

1.2. Ocean-surface transport

Five predominant Europan surface terrains have been iden- These morphological interpretations place demands on the
tified: (i) chaos terrain, (ii) ridges, (iii) plains, (iv) bds and ice shell thickness and is the limiting factor in whetherithe
(v) crater terrain (Figueredo & Greeley, 2000, 2004; Grgele  hypotheses provide for physical ocean-to-surface linksltov
al., 2000). Of these, chaos and ridged plains cover the majopceanic materials to be delivered to the surface. In geranbl
ity of the surface (Doggett et al., 2009; Greeley et al., 2000thin shell models provide for direct ocean-surface contdod-
Schenk, 2009) and have led to numerous competing hypothels of Europa’s orbit imply its eccentricity and obliquitgnd
ses to explain their origin and relation to the underlyingart. ~ odically vary over geological timescales (Hussmann & Spohn
For example, for chaos terrain these have included madutiitr ~ 2004; Bills et al., 2009) and, since tidal heating and theltes
(Greenberg et al., 1999; O’Brien, 2002), diapirism (Paagmd  ing equilibrium shell thickness both depend on these twdalrb
et al., 1998a; 1998b; Schenk & Pappalardo, 2004) and thelements, the thickness of Europa’s ice shell is likely toyva
collapse of a melt-lens within the ice shell (Schmidt et al.,over time. There should, therefore, be significant periodsrw
2011; Soderlund et al., 2013; Walker & Schmidt, 2015); whilethe thickness lies somewhere between two thick/thin exéseem
for double ridges proposals include cryovolcanism (Fagé&nt Unfortunately, the shell thickness is poorly constraingdoth
Greeley, 1997; Kadel et al., 1998), tidal squeezing (Greemb observations and models. Nevertheless, the expectedatidial
et al., 1998), linear diapirism (Head et al., 1999), sheatihg radiogenic heat for Europa predict a thickness of 20 to 30 km
(Nimmo & Gaidos, 2002), compression (Sullivan et al., 1998) (Hussman et al., 2002; Spohn & Schubert, 2003), while the
wedging (Melosh & Turtle, 2004; Han & Melosh, 2010; John- physical properties of ice (rheology and grain size) supgas-
ston & Montesi, 2014) and compaction (Aydin, 2006); and forvection within the shell should initiate for thicknessesléfto
ridge-and-trough terrain, extensional tilt-blocks (Kathorn, 25 km (McKinnon, 1999). Europa’s two largest multi-ringed
2002) and folding (Leonard et al., 2015). As well as impactcraters similarly point to a thickness €20 km at their time of
craters, lenticular structures (from the Lalémticulaemeaning  formation (Schenk, 2002). More recently, analysis of iidal
“freckles”) are dotted across Europa’s surface and coukllge  heating, dissipation and conductive cooling suggest aragee
gestive of localised lava domes due to eruptions of viscoys i thickness of 15 to 35 km (Quick & Marsh, 2015; Vilella et
slurries, successive stacking of thin, fluid flows, inflatadice-  al., 2020), while recent analysis of previously unanalyisiegth
covered water flows, or surface breaching by warm ice diapirsesolution images from Galileo suggests local-scale fasing
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has evolved over time, transitioning from distributed defa-
tion (expressed by the formation of the ridged plains) tordite
deformation (typified by the formation of chaos terrain asut i
lated fractures) and is likely consistent with progressell
thickening and cooling (Leonard et al., 2018).

(@)

(b)

deflecting surface

(C) floating blocks

o I Iy

—cle

Figure 4

Origin of Europan surface morphologies Ill: Near-surface tmveter dur-

ing chaos terrain formation: (a) ascending thermal plume instiesurface
approaches the pressure-melting eutectic point of the yamgrimpure brittle

ice; (b) melting causes surface subsidence that hydralylmafines water, and
produces tensile cracks; (c) hydro-fracture from the mek [galves ice blocks,
while fracture and brine infiltration forms a granular mat(a) Refreezing of

the melt lens and freezing of the now brine-rich matrix raiseschaos feature
above the surrounding terrain, and can cause domes to formedetblocks

and at the margins. Figures after Schmidt et al. (2011).

ice plate motion and subduction (Kattenhorn & Prockter 201
For shell thicknesses20 km whole surface breaching, or melt-
through, by sporadic impacts are unlikely (Schenk, 200@), b
could cause localised melts or breaches of liquid filled subs
face sills, exposing their contents to freezing surfacelitmms.
Graphical representations of some of the many proposedhocea
to-surface mechanisms are given in Figs. 2 to 5.

(@)

ocean

ocean

ocean

(d)

refrozen water

ocean

In terms of more localised liquid water existing just below Figure 5
the surface Schmidt et al. (2011) proposed that large-scalerigin of Europan surface morphologies IV: Evolution of a suface saucer-
chaos features could be explained in terms of near-surigce | shaped sill and its surface expression, creating pits, damesnall chaos.

uid water (but without complete melt through of the ice shel
while Manga & Michaut (2017) proposed a model of micro-

feature formation that implied present-day near-surfapead

[ Upward intrusions into the surrounding ice by freezing wditem a sill (a)
lead to surface disruption, or extrusion (b and c), to formtspvith a subsur-
face sill (d or e). Figures after Manga & Michaut (2017).

water underneath all pits, some domes and some small chaosWhile the forgoing account and illustrations are intended as

features. Similarly, ridge formation proposals includeving

neither a complete, nor exhaustive, review, for the purpade

liquid water (Dombard et al., 2013; Craft et al., 2016), #ree this paper it should convey both the wide variety of procgsse
ing within the shell (Johnston & Montesi, 2014) and largalsc  and the range of conditions under which oceanic materidbcou
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be transported to the surface, from locations where tertypeia ~ with Fanale et al.’s results. Their suggested model oceam co
of 250-273 K allow water to remain liquid, to highly freezing position had molal concentrations (moleﬂﬁg) of (i) cations:
conditions where temperatures typically range from 110 K afig2+ 6.271 x10-2, Na* 4.910 x10~2, Ca+ 9.637 x10~3,

the equator to 50 K at the poles, and encompassing regions apd- 1.964 x10-3; (ji) anions: SG~ 8.744x10°2, CI- 2.087
temperatures in between (e.g. within rising thermal plumres ,10-2, This corresponded to molal concentrations of soluble
liquid/freezing sills). It should also be clear that thesdikely  sajts MgSQ 6.271x10-2, NaCl 2.087x 102, NSO, 1.412

to be a similarly wide range in the timescales in which cool-,10-2 casSQ 9.637 x10-2 and K,SO, 9.8 x10-2. The total
ing and freezing occurs, from long-lived, slow-coolingane  salinity for this model is 12.3 g/kg and is almost three tiress
equilibrium processes, likely to occur in long-lived sulfage  than terrestrial seawater. However, since chondrite miéso
sills, to rapid, kinetically dominated, flash freezing imptive || have suffered varying degrees of parent body processin
events, typified, for example, by recent observations db@ct they may not fully represent the mineralogical make up of
plumes similar to those seen on Enceladus (Roth et al. 2014a,Eyropa’s primary material and could potentially produceepn

Sparks et al., 2016, 2017; Jia et al., 2018). resentative leachates. It should also be noted that Mckio
Zolensky (2003) questioned the validity of an MgS@omi-
1.3. Ocean composition nated ocean, including the assumed initial compositiaa e

evance of the leaching experiments and the difficulty of fagm
sulphate in reducing conditions, suggesting instead a tati
weight of ~10% water ice to~90% anhydrous rocky material

between rock, water ice, non-water volatiles and organfa-co with solar abundances of non-ice elements, which couldlyiel

pounds, while the thermal history affects the freezingming &1 0cean with a lower sulphate concentration.

cycles, degree of ice melting, extent and duration of chemi- Although aqueous differentiation and long-term sea floor
cal interaction between rock and liquid water, degassingef l€aching of Europa’s primary material is generally assuioed
deep interior and secondary precipitation of organic amg-in Produce a system rich in sulphates, more extensive hydrothe
ganic phases. The wide possible variation in these factacs| mal circulation and differentiation of the rocky component

to a diverse range of possible evolutionary pathways amoag t the other hand more likely results in a NaCl-rich ocean (i€arg
ocean-bearing bodies of the Solar System (see reviews kst Huset al,. 2000), as on Earth. The Saturnian satellite, Enaelad
mann et al., 2006; Nimmo & Pappalardo, 2016; Lunine, 2017Whose structure (rocky core subsurface ocea# ice shell)
and Mann, 2017 for known, probable and plausible oceantMay be similar to Europa’s, exhibits active plumes contajni
bearing Solar System bodies). Since Europa is subject to-ongNaCl (but not Mg or S@, Postberg et al., 2009, 2011) presum-
ing tidal heating, this long-lived heat source means itkslji ~ ably arising from a NaCl-rich ocean (Waite et al., 2006) and H
to experience extensive and prolonged water-rock interast Suggestive of hydrothermal activity (Waite et al., 2017pwH
somewhat akin to hydrothermal systems on Earth, as preyious€Ver, since the precise relationship between surface apahoc
mentioned. Not only do these provide the Europan ocean witfatter are not established, the presence of NaCl could-repre
its salinity, but are also considered to increase the piisgib Sent either a body that has undergone more extensive pingess
for life since hydrothermal systems on Earth have long bee#han expected, or simply the surface of a compositionatbt-st
considered potential genesis locations in origin of lifedties ~ ified ice shell (Zolotov & Shock, 2001). Furthermore, Naas
(Corliss et al., 1981; Baross & Hoffman, 1985; Holm, 1992). also been detected in Europa’s tenuous atmosphere (Brown &
Hill, 1996) while Mg has not (Horst & Brown, 2013). Since

The potential chemical composition of the Europan ocea . )
potential ¢ cal composition o . opan oce rEhe atmosphere results from the sputtering of surface mgter
can be constrained through possible weathering/leacleiag-r . : . "
this could either constrain the composition, or support m-co

tions and the assumed composition of its carbonaceous chon- " . - L . .
. ) - positional differentiation within the ice shell. Howevehloride
drite core (McKinnon & Zolensky, 2003). From observational . . o
S salts are spectrally inactive over the visible and much ef th
data, Hand & Chyba (2007) suggested a salinity in the range . . . -
: : . - infrared, including the spectral regions utilized by mapgice-
3-15 g/kg, while to identify the main likely elemental compo ) -
. craft and telescopes, which both renders them almost imposs
nents, Fanale et al. (2001) subjected a sample of the Murchj- ) . .
. . le to detect, and incapable of accounting for the signatafe
son CM meteorite (carbonaceous chondrite) to hot watehleac .
. . ydrated species thus far observed.
ing to simulate low- to moderate-temperature hydrotherma

processing. CM chondrites, although known to have suffered 1 N€ above objections and observations concering the pos-
some mineralogical alteration while on their parent bodies sible limitations of leaching experiments notwithstamyithe

believed to have retained their original cosmochemical _comlikely chondritic nature of Europa’s initial building blaenate-
position (McSween, 1979; Wasson & Kallemeyn, 1988). The/lals makes a compelling case and in the present work we
leachates were subjected to a series of sequential frattion@SSUMe (section 2.1) an ocean composition closer to that pre
crystallisation steps, producing a series of ices and briteal-  dicted by leaching from a chondritic core.

ysis of the brine compositions identified two relationshifds

for cations MgeNa>(Ca, K, Fe) and (ii) for anions SO>-CI. 1.4. Predicted precipitates from cooling Europan brines

Numerical modelling by Zolotov & Shock (2001), based on a The behaviour of a cooling, chondritic-based, Europanocea
range of chondritic meteorite types, provided generalemgent  was modelled computationally using FREZCHEM by Kargel et

The chemical evolution of a planetary ocean is directed pri
marily by the object’s bulk composition and thermal history
(Sohl et al., 2010). The bulk composition comprises theogati
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al. (2000) based on a Europan brine whose Mg-Na-Ca-sulphateeld in liquid water £268 K). The colder the ultimate tem-
composition (based on an earlier calculation, Kargel, 198k  perature, the higher the final Cl/g@atio. These results were
adjusted to include chlorides in the amounts determinedhéy t replicated by Marion et al. (2003, e.g. Fig. 5), while Zolo-
Fanale et al. (2001) leaching experiments. For an initial-so tov & Shock (2001), using a more dilute starting solution,
tion of given composition, FREZCHEM minimizes the Gibbs found MgCh-12H,0 was the last salt to precipitate, rather than
free energy of the system and solid phases formed during evaplaCIl-2H,0.

oration or freezing are assumed to have the potential to sub-

sequently dissolve, or react, as the properties of the isolut Table 1 _ o o

change, with all precipitated phases remaining availaiedb- | TSPCE T EoCe R S0 e,
sequent reactions. This represents equilibrium crystditn

o . phase mineral abbreviation density
qnd the rgcrystalllsmg _phgses can gain or lose waters @hyd formula name (g/ci
tion, altering both the ionic composition and concentratid
the solution. Kargel et al. (2000) also investigated thespos H20 waterice  Ih 0.931
bility of fractional crystallisation whereby precipitatgphases M ,

. S . g phases:
are buried by other precipitating salts and therefore utebe  \gso,.5H,0 pentahydrite  MS5 1.929
for any further reactions. In equilibrium freezing, magnes  MgSQy-7H,0 epsomite  MS7 1.679
sulphate first precipitates as Mg$®@H,0, but is completely MgSQ:-11H0 meridianiite  MS11 1512
replaced by MgS@11H,0 via reaction with the brine as it phases:
cools, while in fractional crystallization MgS&'H,0 is pre-  NacCl2H,0 hydrohalite ~ NC2 1.654
served and then buried by Mg$Q@Q1H,0 and other salt§The = NaS0;-10H,0 mirabilite ~ NS10 1.465
loss of sulphate enriches the remaining brine in chloridee T
take of hydration waters and the precipitation of ice alsD <2 bntacs,
uptake of hydration waters and the precipitation of ice a CasSQ-2H,0 gypsum cs2 21307

tribute to this enrichment. The enrichment in Cl is partécly
noticeable because, unlike all other ions, until hydrdbglre- Na-Mg phases:

cipitates at the eutectic, there is no removal of Cl from ttieeo NaMg(SQy)2-4H,0 blodite NMS4 2223
. el . . NaxMg(SOy)2-5H,0 konyaite NMS5 2.098
Fractional and equilibrium crystallization produced veIy- o ,Mg;(SQy)13-15H,0  loweite NMS15 2364
ilar brine-precipitate sequences that varied only in the finNaMg(S0y)2-16H,0 - NMS16 1.623

details of temperature and relative composition (plus afi-ad
tional MgCh-12H,0 phase for fractional crystallisation). The
general order of precipitation with decreasing tempeeafar 2. Experimental details

the Europan brine system predicted by Kargel et al. is: Given the wide range of possible hydrated mineral phases

T— 298K within the Na-Mg-CI-SQ-H,0 system, the numerous complex
MgSQ,-7H,0 (epsomite), CaSERH,0 (gypsum) pathways that exist between them and the varied means by
1 which oceanic waters may be delivered to the surface, equi-
T— 286K librium thermodynamics may not be sufficient to model the
NaySQy-10H,0 (mirabilite) behaviour of a large percentage of Europa’s oceanic watees o
1 delivered to surface and near surface regions. Conseguentl
T—271K in this paper the two experimental regimes of slow freezing
MgSQ,-11H,0 (meridianiite) and rapid freezing of a model Europan ocean solution (MEOS)
1 are employed to probe the effects of equilibrium and non-
T— 266K equilibrium freezing conditions on precipitation behawio
ice ..
1 2.1. MEOS composition
T = 238.65K As discussed in section 1.3, Europa’s ocean likely liesiwith
NaCl2H,0 (hydrohalite). the Na-Mg-Ca-Cl-S@-H,O system, though the precise rela-

tive concentrations are only weakly constrained. For tliesent
After hydrohalite the eutectic temperature is reachedovbel work we have used a MEOS based on the general carbonaceous
which liquid water cannot exist. The main feature of thischondrite meteorite composition suggested by Kargel (1991
sequence is that at higher temperatures the precipitae®ar-  with a chloride content suggested by Fanale et al. (1998) 1 k
inated by sulphate phases. Both equilibrium and fractiona-  of MEOS was prepared gravimetrically (to 2 decimal places,
tallisation showed an enrichment of chlorides at lower temp g) using distilled water, recrystallised analytical grashdts
atures, with a crossover between chloride and sulphate-abu(Mg,S0O,, NaSO, and NaCl) and an aqueous solutior1(
dances at about 266 K, close to the temperature where iamol kg_!) of CaC} (characterised by potentiometric titration,
begins to precipitate, and following the point where the anto  Papadimitriou et al., 2013). The CaGVas prepared as a solu-
of water held in precipitated salts crosses over to exceat thtion due to its hygroscopic nature in laboratory conditiorise

2 Prior to 2006, when the correct hydration state was recedni¥lgSQ-11H,0 is referred to in the literature as Mgg@2H,0
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MEOS was prepared to a molal composition (mo,j@g@) of function in order to compensate for their intensity contri-
Na = 1.630, Mg = 2.929, Ca = 0.0064, Cl = 0.308 and, SO bution and (c) did not introduce peaks in the fit that were
3.5964 (Marion et al., 2005). absent in the data were accepted,

(iii) the phase with the lowes®,, was the taken as the start-
2.2. Data collection, reduction and analysis methodology ing fit and the remaining phases individually added in and

In situ synchrotron X-ray powder diffraction measurements _ 'efined against this, o
were performed on beamline 111 (Thompson et al., 2009) at (iv) of these, the' phase that then gave the best reduction in
the Diamond Light Source. This is an undulator beamline with Rup was retained and added into the fit.
two experimental hutches in tandem. The first (EH1) houses &his process was then repeated until adding any of the remain
large 3-circle diffractometer equipped with a fast positsensi- ~ ing phases failed to improve the fit (i.e. increagg). The can-
tive detector (PSD) designed fiorsitu and in operando experi- didate phases and their starting lattice parameters wkes ta
ments, particularly under non-ambient conditions (Thoonpst ~ from published sources and the ICDD PDFdatabase. The
al., 2011). The PSD consists of 18 Mythen-II Si-strip detect maximum 2 was limited to~20° in order to prevent higher
modules tiled around a 9Garc. For the present work, to com- angle data, where Bragg peaks from the various salt phases
pensate for the small gaps between modules, while providingecome severely overlapped, adversely influencing the fit.
time and temperature resolution, each 10 s dataset cordprise
two 5 s exposures, offset by 0.220 and automatically merged ~ 2.2.2. Slow in situ cooling experiment. The LDE cold cell is
together by the data acquisition system. The X-ray energy washown in Fig. 6(middle). The sample chamber (Fig. 6(botjom)
15 keV (0.82460.’5\, calibrated against NIST 640c Sireference is constructed from two bolt-together solid copper body €om
powder). The second hutch (EH2) houses ltloeg Duration  ponents with two 6 mm diameter circular apertures for beam
ExperimentgLDE) facility (Murray et al., 2017) and is ded- transmission. The MEOS is contained by two 0.05 mm thick
icated to the study of slowly evolving systems, again partic diamond windows and two 0.5 mm thick, 7 mm inner diameter
larly under non-ambient conditions. Its operating enegy25  silicone O-rings, such that the sample fluids do not come into
keV (0.49388A, calibrated average for the experimental run), todirect contact with the copper body (Fig. 6(bottom) insét)e
provide cell/lsample penetration, and detection is by aet@acd  sample blocks are encased by nine horizontally stackedRali
tor (Pixium), with 2D patterns obtained by integration ardu PVC foam boards, 25 mm thick, each having a divergent 0.025
the image centre point. The LDE facility was used to house anm Kapton window to provide an insulating multi-glazing
cold cell designed for studies of hydrated mineral preatwn  effect while allowing diffracted X-rays to pass. A Lauda ECO
from slowly cooled aqueous solutions (Thompson et al., 2018RE1050 chiller unit (GOLD control head) is used to flow 60:40
see also section 2.2.2 below). glycol antifreeze and demineralized water refrigerantlgih

the blocks in closed circuit. The cell temperature is thggire

2.2.1. Fast in situ cooling experiment. Portions of MEOS lated via the chiller which is itself controlled externaily open
were injected into a 0.5 mm diameter borosilicate capillaryloop, using a computer script running on a dedicated EPICS
tube. This was placed within a brass holder and sealed at ttisput/output controller. Given a starting temperatureppaate
holder end with wax. The other end was left open, with fluidand the total number of days over which the cell is to be cqoled
being retained by capillary action, in order to avoid theldui the script calculates and updates the required chilleroggtp
up of excess pressure during isochoric freezing (e.g. Yakov temperature every 5 s to give a programmed cooling ramp. A
& Downing, 2011). The holder then sits on the spinner stageate of 0.3 K day® allows a reasonable difference in tempera-
located at the centre of the EH1 diffractometer. An Oxfordture to be achieved within the weekly measurement regime of
Cryosystems liquid nitrogen cryostream was mounted on a sephe LDE facility (see Murray et al., 2017). Fig. 7(bottompsis
arate motorised table and aligned such that its nozzle epsel the time-temperature profile for the slow cooling experitnen
the length of the capillary up to the point adjacent to where Prior to the start of the experiment, the detector-samge di
the X-ray beam impinges (Fig. 6(top)). The sample tempegatu tance was set to 350 mm, sufficient to give a reasonably wide
was ramped from 256 K down to 80 K in 2 K steps (with 6 K 2¢ range of 42 for energy calibration. The centre position of
min~* ramp rate between steps0.1 K at each step) and was each cell was determined by scanning the cell chamber both
allowed to equilibrate for 1 minute at each step prior to datehorizontally and vertically through the beam and recorded i
collection. The time-temperature profile for the experitien  a data acquisition script. The chamber then returns to tie sa
shown in Fig. 7a. position each week and diffraction data collected at thtswg

Topas was used to perform whole pattern Pawley fits to thein-beam position and at four additional vertical positioffset
diffraction data according to the following reductive pedare: by £1-2 mm. The beam size was 2@@ x200 um achieved

(i) candidate phases with compositions based on the chemby slitting down the incident beam. Each week, using a bmilt-

cal composition of the solution were individually refined CeQ;, reference standard, the wavelength and detector distances
against the measured data, were automatically refined using the data reduction pipefat

(i) those that (a) provided fits to some of the Bragg peals, (bincorporates the DAWN software suite (Filik et al., 2017) @i

did not result in an unrealistically deviated backgroundwas also used to automatically integrate and convert the 2-D

3 http://www.bruker-axs.com
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images into conventionab2versus intensity ASCII files.

samplg%inner

Trex

Large crystals forming in the sample chamber can result in
very intense diffraction spots occupying a significant avéa
the detector. While it is, in principle, possible to mask thes
out prior to integration, the volume of data accumulatedthed
variability in their occurrence from week to week (such that
new mask would need to be drawn for each image) meant that
this was not a feasible option in the first instance; whilepan
thresholding produced variable results such as halo attgfa
missed spots and loss of legitimate signals. Instead, esstied
in Thompson et al. (2018), the images were first integratex in
separate 1-D data files and visually inspected. Those slgowin
broad and intense, non-background, features were rejé@yed
ically 1-2 images per week), while the remaining data were
averaged to produce a single data file for each week.

Data analysis for the slow-cooling experiment followed-sim
ilar lines to the fasin situ experiment, but with several pre-
processing steps. The wavelength, obtained from the, Cef©
erence sample, was used in conjunction with the Bragg peaks
from the cell's diamond window to refine and fix the zero point
for each weekly dataset. Next, due to the medium-low resolug;gy, ¢
tion nature of the data, only the low angle peaks up to the firsgxperimental apperatus. Top paniel:situ fast-freeze measurements, view is
diamond peak at-14° 20 were considered in the phase fitting towards the incident X-ray beam showing sample capillarignoation of the
process Thi is because simiaries i the symmetriesad Lo s e oy oo
cell d|mens_|ons of various .Salt phases yield hlghly qu‘j‘.‘ﬂb Epre)zriments facility, view ig towards the incident beam diien an?j shows
peaks at higher angles which do not allow for unique fits, buEhe large exit window (EW), calibration standard (CS) hogsind X-ray flight
can exert unwarranted statistical influence over the fito®elr  tbe (FT) for when other long duration cells are being measBettom panel:
angles the Bragg peaks are sufficiently separated in thdit quaschematic showing the cold cell’s interior sample chamber fdrbyediamond
tative phase identifications can be made, even if more ¢aanti Windows held between o-rings and mounted in a cooled coppekplocated
tive fractional contributions to the scattering cannot bamned within the large insulated housing. (full details given indmpson et al., 2018).
from the fits.
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3. Results

precipitation, T= 240 k

For ease of presentation, we adopt the following abbrenati
sulphate and chloride phases will be denoted by 48d XCh

Temperatue (K)

respectively, where X represents cationsMg, N=Na and m:

C=Ca) andn signifies the waters of hydration. For example, 90

MgS0Oy-7H,O and NaCRH,O will be denoted by MS7 and 70 : . : ; : . . .
NC2 etC. (Table 1) 00:00 00:28 00:57 01:26 01:55 02:24 02:52 03:21 03:50

Time (hh:mm)

3.1. Fast-freeze experiment

275 4 MS7
270 i /Ih‘ MS11
. . . . T o,
Fig. 8(Top panel) shows three successive diffraction padte R 265 1 NS10 '
separated in temperature by 2 K and in time by 4 minutes. Con = 2o 1 oy
trary to the predictions of equilibrium cooling (sectiod)lthe § 255 ] "Q_Q
first crystalline phase observed here is due to hexagonal ic £ . b NMS16
However, as the figure shows, these initial peaks are quickl = “° ] O 1
followed by a complex collection of diffraction featuresifin 245 T 00.0.0.00 0@ ©6-0
other solid phases. The bottom panel of Fig. 8 shows a wélterfa ,,, e
style plot of the diffracted intensity throughout the whelger- 0 20 40 60 80 100 T_120(d 14;3 160 180 200 220 240
ime (days,

iment and shows that, once formed, all phases not only remai
present throughout the experiment, but that no further gghas
are subsequently precipitated.

. - . . . Figure 7
Using the fitting procedure outlined in section 2.2.1, thetsc |, gjy, time-temperature profiles for fast (Top Panel) and slow (BotRanel)

tering phases were identified (e.g. Fig. 9(top)) and aredist cooling experiments. In both plots the open circles reprietberpoints at which
in Table 1, while the temperature dependency of the scdltterdiffraction data were collected. In the bottom panel theeatbtine represents
intensity for each phase is shown in FigS. 10 and 11 a|0n§1etemperature profile of the cell based on the temperatuoeded at the start

. . . . of each day. The short plateaux after the second diffrag@nt is due to a net-
with Fig. 12 for the corresponding percentage proportiachea

. . . working failure early in the experiment such that the cell reved at constant
phase contributes to the total (crystalhne) Scatterednmw- temperature. The gaps between diffraction data points a®0130 and 220

The intensity of a given phase depends on both the structui®ys are due to scheduled synchrotron shutdowns. The ssmihrtempera-
factor and the amount of the phase present, so while théseelat ture at~190 days is due to ice build-up in the chiller resevoir whiektricted
proportions provide a simple approximation to the majonfni ~ coolant circulation until being removed.

contributors to the scattering, in the absence of Rietvéiddj,
relative qualitative changes in the individual phase abnads
are better represented by changes in the intensities. Tée-in
sity plots have been grouped according to:

By the end of the experiment the two main phases con-
tributing to the diffracted signal are MS11 and NS10, which
account for~45% of the scattered intensity. Two signifi-
cant temperatures appear in the figures, firstly at about 200-
220 K where many of the precipitated phases show either
a maximum, or minimum, in their intensities, and secondly,

(a) the two main contributors MS11 and NS10; between 140-160 K where for several phases (e.g. MS11, NS10,
(b) NMS16 and NMS15, which show increasing intensity NMS16, NMS5) their intensities tend to either level off, or
with decreasing temperature; decreasel/increase more smoothly. Abevis0 K, the relative

(c) MS7, NMS4 and CS2 which show no major change incollective behaviour of the precipitated phases appeans co
intensity, along with MS5 which appears approximately plex, possibly suggestive of phase instabilities with Bigant

constant below-130 K; solid-solid and solid-liquid interactions. In general tigh, the
(d) NC2 and NMS5 which, along with ice, decrease in inten-overall trend throughout the experiment is for the minorgasa
sity with decreasing temperature. with high hydration states (NMS15, NMS16) to increase inpro
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portion, while those of low, or intermediate, hydration (IS&]  other phases, untit180 K, where its intensity appears to level
NC2, CS2, MS7 and MS5) either decrease, or remain essepif. As the temperature drops belowl60 K MS11 shows a
tially constant. smooth recovery to just above its original high level.

650,000
600,000; o
550,000: MS7
L B 500,000 Eig&f’
i 450,000 Mgt
6x10 400,000 e
L B 350,000:
300,000
250,000
200,000
150,000
100,000
L 50,000: A }‘
0 L . ;
-50,000{ | I \i IR \HIHH AR
Phgoss [ P b ) \‘H Wl \f Y (\le\\m\w‘ulwu
~150,000 I Hf\ e \ H i \ MHH\ || R

-200,000: | | ‘
:iggggg H | H HW ‘ HH\‘\ ‘““ “‘:HH\H"\“ H‘\ i\‘ lwlu\\ulhlh\ MIIMI’“" \‘ 1 ”‘H\A:Hh‘ W“ !

HH [
r T=236K, t=18n 350000 m TH T T Hm u”\u i1y ‘ HIHH
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two theta 7,000 NS10
6,500 MS11

diamond
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5,500
5,000
4,500
4,000
3,500
3,000
2,500
2,000
1,500
1,000
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Counts
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5001 e e N —— W
awg 0 ‘u"i‘l‘l‘l&‘.‘lMl\l‘\“\“ﬂ’l‘“‘\‘l.'\‘J"IH"\\"I'l‘l"\.‘.l'.l‘.l'.'”l‘ﬂ‘i‘l'.‘v'lf‘.""””
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6,500 dibmond
6,000
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4,000
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3,000

T=250K 0O
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Figure 8
Top panel: successive SXPD patterns showing crystabtisatf MEOS under oo
fast-cooling conditions. Data collected at 15 keV (0.8 patterns are off- 2000
set for clarity, bottom trace is the liquid phase at a tempeeaif 238 K, reached 1,500 L
16 minutes after the start of the cooling ramp; middle trace sloomation of 1,000
hexagonal ice phase 2 minutes later at 236 K, followed aftethen 2 minutes 500 . A I M
by the top trace which shows crystallisation of multiple fatéd phases at 234 500{" A “ b

. . ) ) - ) Lo u I mu TR wmn iy I‘\HHHIHIH\HII\HHIIIIIIH
K. Bottom panel: waterfall-type plot of diffraction pattes, showing consis- 1000 | ! it o o /” O tuh ‘*‘” ‘ A
tency of the phase assemblage once formed. Note, due o colpistratching 1,500 N \ ‘\m\m \ Mh " nH m Mmlmh\hhw\u il Vm H\\H\HHHMMM W
to show both weak and strong features, relative variatiomstensity for indi- oz 10 s
vidual peaks are not visible. 2Th Degrees

Counts

The two major phases MS11 and NS10 however show %1gure9
slightly different pattern of behaviour. NS10 initially @RS @  gxamples of fits (red line) to XRD data (blue), along with iridival phase
significant decrease untit200 K, below which its intensity contributions, obtained for fast (top panel) and slow (madaihd bottom pan-
recovers to a level higher than that of its initial formation els) cooling rate experiments. The two slow cooling rategpag were collected

appearlng to approach a steady state below 160 K. MS11 on tﬁgo weeks apart on days 167 and 181, respectively, of thediomation exper-
ment and show the development of NMS16 via the Bragg peak2it26, as

other hand is nota major component ofthe very first predrp,lta also indicated in Fig. 7. Data collected at 15 keV (0. 8249()and 25 keV

but very quickly grows in intensity in the subsequent teraper (0.4938g, average) for the fast and slow cooling rate experimenfsatively
ture step. However, as the temperature subsequently desrea

it shows a slight oscillatory decline-and-recover behaxisug- The observation of NMS16 as a precipitate in this system
gesting at higher temperatures it may be unstable relative tis noteworthy as it is a hydrated phase that has only relgtive
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recently been reported (observed to form from NMS4 at low
temperature, Leftwich et al., 2013, see discussion in @ecti

4.1 below) and as such would not have been predicted by the 49900 3 MS7
FREZCHEM models, discussed in section 1.4, that predatec %% |
its discovery. The presence of this phase is evidenced by the 30000 & =
appearance of a Bragg peak-a8.3 26 (d-space= 14.252A) 3 25000 e
in Fig. 9(top) and more clearly in Fig. 14. As a highly hydhte ]

MS5

220000 4
phase, NMS16 is also one of the phases whose intensity, an § .., |
therefore quantity, appears to increase with decreasigee = w0000 | NMS4
ature. ]
Zolotov & Shock (2001) predicted the formation of — *° sasee W
MgClz:12H,0 at the Eutectic temperature of 237.05 K. How- 0 e e 110 100 50 80
ever, as discussed above, following the initial freeze wealo Temperature (K)

observe the formation of any new phases and, even though the
rapid cooling experiment passed through the eutectic daint
minutes after the initial 250 K starting temperature (whibe
sample was still liquid, see section 4.1) and a base tempere o000 -
ture of 80 K was reached 3 hours 13 minutes later, we did N0 ;54 1
observe the formation of any Mg&inH,O (n= 2, 4, 6, 8, 12)

30000
phases. We do however observe the presence of NC2, whic 5
. . . . . . 25000 1
is consistent with the prediction (section 1.4) of Mariorabt =
220000 1
(2003). g
215000
=
10000
100000 4 5000
90000 1 O
80000 1 #7°°° 230 220 210 200 190 180 170 160 150 140 130 120 110 100 90 80
Temperature (K)
__ 70000 9
S ]
J'.“; 60000
2 50000 7
w
© 40000
£ 20000 Figure 11
50000 1 Rapid cooling II: total scattered intensity per precigthphase at each tem-
1 perature step for Top panel: MS7, MS5, NMS4, CS2, and Bottorep NC2,
10000 ] NMS5 and ice.
o 1
230 220 210 200 190 180 170 160 150 140 130 120 110 100 90 80
Temperature (K)
40000 -
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35000
Asoooo ] gZS
:525000 g -+NMS16 <-Ice +NC2  NS10
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Figure 10

Rapid cooling I: total scattered intensity per precipitaphase at each tem- Figure 12 _ o
perature step for Top panel: main phases MS11 and NS10 anonBgtinel: Rapid cooling: the proportional percentage contributibreach phase to the
NMS15 and NMS16. scattered intensity as a function of temperature.
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3.2. Slow-freeze experiment slot allocated to individual experiments running on the tinul

Using the reduction and analysis procedure outlined in sec@*periment LDE facility (Murray et al., 2017). The rejectio
tion 2.2.2 (see also Fig. 9(middle and bottom) for examp, it of whole images ultimately results in a reduction in the gath

the following precipitation sequence was observed for kvgs ~ €red information, such thatin some weeks a given phasegthou
freeze cold cell experiment: present within the cell, could be under, or over, represkinte

the remaining data, or indeed in some instances not refezsen
T—245% at all. Similarly, weak intermediate or metastable phasesdc
NMS16 (1) also be missed, however, since the precipitation ordergyrim

o . ) ily follows the predicted equilibrium sequence, the likelod
These are also indicated on the experiment's time-temprerat ot sych phases forming may be small.

profile in Fig. 7. The order of precipitation up to MS11 follsw . ) ) .
that of equilibrium cooling (section 1.4). This also prasdithat It is also conceivable that at these relatively high tempera

ice is not the first solid phase to form which, unlike the rapid {Ures the cooling precipitate-brine system is relativefgamic

freeze experiment, is what we observe. On the other hand wd'd that over the course of a week (the time between mea-
did not detect CS2 precipitation, but this could also be dug t SUréments, witAT=2 K) a significant amount of reaction
combination of low C& concentration, formation of an amor- nd/or exchange could occur between precipitated phases, a
phous precursor phase (see below) and/or small beam S@npmetween the precipitates and the remaining brine (e.goldiss
(see discussion in section 4.1). AR45 K the base temperature 10N, 10Ss or gain of £O). In studies relating to surface salts on
of the cold cell is above the predicted eutectic point fos #yis- ~ Mars, dehydration experiments at near- and sub-ambient tem
tem and consequently we do not observe NC2. However, afterRrature conditions~263-252 K) identified the formation of
long period of time at base temperature we do observe the foRM0Phous hydrated Mg-sulphate (e.g. Vaniman et al., 2004;
mation of the highly hydrated NMS16 phase, again evidenced’and etal., 2006; Dalton, 2012) and related phases (e.gteskl
most clearly the formation of a low-angle Bragg peak-at 26 et al., 2018). In the case of aqueous systems the nucleation

(d-space= 14.19A) in Fig. 9(bottom), which was absent from qf crystallites is a comple_x process that involves ion deayd
data collected earlier in the experiment (Fig. 9(middle)). tion, close approach of like charges and the arrangement of
It was not possible to extract detailed information on tHe re lons F\?nd m?lecuzlggslnt(?”c]) rdered. 3.‘-D.struc]:ctures (I?]ashch:]av &
ative time-varying abundance of each phase, as per the rapY@m osmalen, )- 'he preC|p|t§1t|on Of amorpnous phases
n the other hand requires less stringent constraints Ip¥eki

freeze experiment, due to a combination of systematic an 010 d theref h I b dered lausibl
physical factors. Firstly, the formation of large crystedsults _) _and therefore have fong been considered a plausibie
precipitation route for many crystals, as has been extelysiv

in multiple large diffraction spots in the area detector g demonstrated for calcium carbonate and calcium phosphate
with diameters far wider than the powder rings, that varied i . .
P g 9. Addadi et al., 2003; @ither et al., 2006; Combes & Rey,

both size and position from week to week. As discussed, thes i : . .
images were rejected from the data reduction process. 8gon 010; Bf’ts et al., 2012). It is not mconcewaplg ther?fd@.t
phases in the MEOS system could also precipitate via ilyitial

the beam size, necessary to obtain reasonable peak resoluti .
in the LDE geometry was very small (28200 um) relative to gmorp_hous structures. Indeed CS2 has been_ shown to precip-
the total sample volume (10 mm diameter. mm thick), such itate via an amorphous CS phase, transformmg to CS0.5 and
that crystallites forming within the sample fluid could pote subsgquently CS2(Wang etal., 2012; Stavysk| etal, 20?@' A
putative amorphous phase that formed either by precipitati

tially sink out of view, resulting in sedimentation, pactiarly AR . - P :
as ice is not the first phase to form. We assume that once ice fop" partial dissolution would be difficult to distinguish ogiX-
rays, but could react with both the remaining liquid brine an

mation takes place it occurs throughout the whole sample vol . o
ume, such that any remaining high-salinity fluids are coraai crystalline precipitates.

within inclusions within the ice, precipitation within tee could Qualitatively, MS7’s contribution to the scattered intigns
potentially lead to similar sedimentation effects. Altgbuwe  did appear in general to be reduced once MS11 had formed,
have not measured the size of inclusions within our sampleonsistent with the prediction that MS7 is replaced by MS11
chamber, crystallite movement may be a reasonable assumkargel et al., 2000). In our previous study of an MgSi,0O

tion. Early studies on sea ice found brine pockets as small asystem using this sample cell (Thompson et al., 2018), we sim
~fewx0.1 mm in size (Perovich & Gow, 1996), while more ilarly observed a slowly changing MS7/MS11 ratio and found
recent magnetic resonance imaging of sea ice cores foumel brithat fits could be improved by the inclusion of an amorphous
inclusion diameters as large a2 - 6.5 mm (Galley et al., sulphate component to better model the background schiter.
2015). We assume therefore brine pockets larger than thm beaaddition, the strength of the background signal showedepste
size could also exist within the cold cell following ice foam rise below 250 K, which from the pattern of the diffuse scat-
tion. Although these effects were mitigated by collectirsdad  ter in the original area detector images was attributed toram

at multiple positions within each sample area, the autothatephous ice. This likely formed by residual water, with rediice
nature of the LDE data collection process meant that these wesalinity resulting from the precipitation of the salt, ungiging

(a) fixed positions and (b) limited in number (four locatigpes  rapid freezing (see Fig. 8 in Thompson et al., 2018 and discus
each of the cold cell's five sample chambers, each running sion in sections 4.3 and 5.1 of that paper). In Fig. 13(top) th
separate experiment) due to the constraints imposed binbe t background signal for the slow-cooling MEOS experiment is

T=27TK — T=26K —»  T=25XK
MS7 NS10 Ih & MS11

—
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shown and records a similar steep rise in the region of 250 Kof hydration, as the temperature drops. Studies of~B8800
suggesting a similar effect is in operation in this system. cm~* hydration band, in the Raman spectra of various sulphates
at room temperature, report a band that is broad and smooth
(e.g. Wang et al. 2006). This is due to the stretching of O-H

/|IQUId, T=238K bonds, located within a range of crystallographically idist

71000 Wf’“ < IC€, sites, such that the shape of each structural water is $gvere
69000 | | T=236K s o distorted from that of a free water molecule. High numbers of
67000 { | o °o” @ structurally incorporated waters, coupled to a wide vaaof
65000 | g CO;%@; O-H bond lengths, results in the smearing out of individuzaddb
£ 63000 ] S R components (Wang et al., 2006). At lower temperatures how-
S 61000 AR ever, fine structure is observed to form within the band sug-
ss000 | | Mo o oy o1 o o gesting a restriction in the ranges over which individuateva
¢ «— salts, : ) .
57000 ] L T=234K molecules are distorted, likely due to the relative streaging
55000 4 5 oo onap 000000 &R of the hydrogen bonds as the temperature is decreased; essen
53000 -

tially causing the water molecules to become more rigid.&snd
fast cooling, the rapid imposition of rigidity upon the wate
molecules should therefore introduce static disordemgivise
to an increase in diffuse scatter.
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Figure 13

Changes in diffuse scattering background for the rapidiogoéxperiment,
showing (Top panel) change from liquid to ice to the preaipin point of salt
phases. After an hour, at175 K there is an increase (inset) in diffuse scatter Figure 14
due to an increase in static disorder at low temperatureecttat increased The 001 peaks of the highly hydrated salt phases NMS16
rigidity of the bonded water molecules in the salt phasesit(@o panel)  (NaoMg(SQ)2-16H,0), MS11 (MgSQ-11H,0, meridianiite) and NS10
slowly-cooled experiment, the rise in diffuse scatter osdugtween 120 and  (NaSOy-10H;O, mirabilite). The peak at 5.44620 is the MS11 002 peak.
150 days at or near base temperature for the cell (245 K), stiggeof an The two peaksoat 2.098and 2.349 20 are unidentified. Data collected at 15
increase due to an amorphous phase resulting from the fgpeliquid water keV (0.824603A).
at low temperatures likely resulting from a reduction insi&yi due to precipi-
tation of salt phases. See discussion in section 3.2.
4. Discussion

The background signal for the rapidly cooled MEOS how-
ever shows a very different behaviour (Fig. 13(top)). &iiyi, ~ 4.1. Formation of Na;Mg(S04)2:16H,0 as a Europan mineral
in the liquid state, a high signal level is recorded, but drsig- NMS16 was first reported by Leftwich et al. (2013) as a
nificantly over the course of three data collections as icen$o  low temperature phase derived from deliguesced NMS4 held
and salts subsequently precipitate, all within the spaca 4f below 10°C for up to ten days in a freezer, with its structure
K drop in temperature. Below195 K (Fig. 13(top, inset)), the being solved using single crystal X-ray diffraction. Altigh
background shows a smooth, but weak, rise as the temperatuiiest observations were by chance, subsequent attemptsno fo
decreases further. Although it is conceivable that the sleev  NMS16 resulted, 20—30% of the time, in a mixture of the single
could be due to the release (and freeze) of water molecules astion phases NS10 and either MS11, or MS7, depending on
the various hydrated phases grow, shrink and transfornvegc. the relative humidity and temperature conditions, sudggst
suggest the smooth variation is more characteristic of id-sol NMS16 was not thermodynamically stable (though the authors
state structural effect caused by the freezing-in of s@dior-  also considered the possibility that their NMS4 precursoid
der, due to increases in molecular rigidity involving theteva  have decomposed into the single-cation phases prior to use)
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However, we observe the presence of NMS16 in both our fastslow-freeze experiment, albeit with greatly differing éstales
and slow-freeze experiments. Following fast freezingpth@se — Leftwich et al. observed NMS16 forming within minutes.
initially appears to decrease in proportion dowat230 K (Fig.  NMS4 is only a minor component of the precipitate formed dur-
12), suggesting it may be unstable relative to the othergshas ing the fast-freeze experiment (Fig. 12), while its presenas

at higher temperature, but more thermodynamically fawbate not detected in the slow cooling experiment and may indjcate
low temperatures. Indeed, its intensity and relative pribpo  therefore, the presence of an alternative formation pathwa
increases with falling temperature down+d.60 K, whereby

it levels off until ~110 K, below which it steadily increases as
the temperature falls. This points to NMS16 being a stahie lo

_temperature Ph?‘se’ but with SI.O.W nucleation a’.‘?' growthtkine saturated, equimolar and oxidised-salty solutions reidy
ics, perhaps limited by the stability (or metastability poly pre- Based on the general positions of Raman features in certain

cursor phase(s). In this respect NMS4 does not seem to be tIE‘taﬁaracteristic spectral regions, they concluded that theip-

necessary precursor, as below 160 K, its '”te”S"Y andielat itated phases were most likely hydrated sodium sulphate and
propo_rtlor_w is constant (Figs. 11 and 12). Further e_wdeacebe chloride phases. Though they were unable to make definitive
seen in Fig. 7(bottqm) for the slow-freeze experiment, NEIS1 jdentifications they attributed the sulphate to NS10 andlte-
is not observed unti-30 days or so after a base temperature ofide to MgCh and NaCl. They also reported that these phases
2.45 K has been reached and long after the Mg-bearing MS7 h?J'Sersisted down to 100 K. Repeating the measurements using
disappeared. compositions based on Marion et al. (2005), Zolotov & Kargel
Low temperature mineral transformations are generally(2009) and Zolotov (2012) yielded a similar conclusion,reve
thought to occur primarily by dissolution and precipitatieac-  for Nat:Mg?+ of 1:~2 (i.e. similar to MEOS). Noting the unex-
tions (e.g., Cole & Chakraborty, 2001; Putnis, 2009). Thesgected nature of this result and that forming a sodium stépha
reactions can involve a mineral transforming from one phaseequires two cation atoms compared to magnesium sulphate’s
to another, a mineral maintaining its structure and morpholone, to explain their results they hypothesised that magmes
ogy but altering its elemental composition, or a mineralmmai sulphates have a significantly higher solubility at low temgp
taining its structure and elemental composition but reformture than sodium sulphates. This should make the sodium sul-
ing into more stable particles through aggregation and tirow phate phases more likely to precipitate and may also be higled
(e.g., Ostwald ripening). Collectively, these reactions tead excess S§T ions producing a common ion effect (Pape, 1981),
to element- or nuclide-specific repartitioning betweenatjee-  which could also reduce the solubility of sodium sulphate.
ous and solid phases. While there are many different minerahlthough comparative magnesium and sodium sulphate delubi
growth, replacement, and transformation mechanisms #rat c ity data at low temperatures are absent, investigationsrogg-
cause these changes, they are generally thought to occaravhetrial seawater brines have shown that sodium sulphate iibfub
system is at disequilibrium (Putnis, 2009; Yardley, 200@m#s  changes significantly as a function of temperature betw&8n 2
& John, 2010; Putnis & Ruiz-Agudo, 2013). and 252 K (Butler et al., 2016). Following on from their rasul

In our experiments, NMS16 was clearly distinguished by theVu and colleagues developed a thermodynamic chemicaledivid

- model (Johnson et al., 2019) to predict Europan precisitie
presence of a relatively weak Bragg peak at low angle® (203 ) S
in the fast-freeze experiment (see Fig. 14) and a much strong an ocean pkt8.4 and their precipitation order, where the phases

peak, relatively speaking, at2° 20 in the slow-freeze exper- ff)rmed at 'each sg'ccessiv.e step are determined by a combina-
iment (note, this is the (001) reflection and the difference i tion of their SOIUbIIIty and onic compositions. Howeverora

peak positions is due to the difference in X-ray energy,dhe recen_t experlmental work by the same authors (Vu etal., 2020
spaces are 14.25% and 14.19A respectively, consistent with cpmbmmg Raman and X-ray d|ffract|o_n, showed that the pre-
differences in temperature, resolution and measuremamge cipitated phases depend on both freezing rate and.cornm)sm
etry for the two experiments). Given what looks like a lingar They .also found multiple hydrated salts, not pred'Cte.d .by th
increasing trend below 160 K for its intensity in the fasteze chemical models, were frequently encountered in the fina so

data (Fig. 10), it may be reasonable to speculate that if thBhase, and flash freezing of diluted brines often producedrwa

sample had been maintained at the base temperature beyo'ﬁ& together with amorphous hydrated Mg salts. Thus, whie |

the existing end of the fast-freeze experiment, NMS16 would€Mmperatures may favour Na-sulphate precipitation, thetlds

have become more abundant. Leftwich et al. (2013) conducterfl‘s‘ted to slower rates of temperature decrease may me@n tha
g-sulphate precipitation also becomes favourable. A$,suc

wder diffr metry experimen in wder mlg: .
&Oou?w?eddonigﬁj a ?:?r?:/uleat}i)ne g mZtrt]angsl tengr))Zr;ﬁrijc j:tioFl) et e presence of NMS16 may be more reflective of a slower rate
stage inside a humidity controlled cell, reporting that NMsS O_f _coolmg in both our experiments, rather than overall comp
persisted down as far as 150 K. Whether this was the limit ofition.
either their apparatus, or of the experimental programsedfit The Leftwich et al. (2013) observation of NMS16 was made
is not clear, but is consistent with our results for aqueaasip-  under “Mars relevant” conditions, making it a candidateggha
itation. They also reported that transformation from thNiS4  for detection on that planet. The observation here, however
precursor occurred between 243-263 K, which is also consissf NMS16 under Europa relevant conditions suggests NMS16
tent with the formation temperature of 245 K observed in themay in fact be a ubiquitous feature throughout all cold Mg-Na

Using Raman microspectroscopy Vu et al. (2016) investi-
gated Na-Cl-Mg-S@H,0 brines frozen at 0.5 K mint with
varying Na :Mg?* ratios of 2.13:1, 1:1 and 0.61:1, representing
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saline environments. of salt beds of pure magnesium sulphate (Kargel et al., 2000;
Spaun & Head, 2001) and could be derived from sinking MS7
4.2. Mineral stratification under slow freezing and MS11. Depending on the heat flux coming from the core,
The velocity at which a salt particle precipitated out ofusol deposited MS11 should subsequently dehydrate to MS7 @Priet
tion will subsequently sink is described by Stokes law, Ballesteros & Kargel, 2005). However, even if MS11 forms
5 A simultaneously with, or even just immediately after the ite
S = 7gr27p (2) will still be forming in a lower viscosity brine than NMS16
9% n® (p = 1.623 g cnT3) which forms at a much lower temperature

whereAp = psolid — Pliquid is the excess density of the solid and Which, despite_its high_ density, _Would therefore hags le
particle relative to the solutiomy is the gravitational accelera- ©OPPOrtunity for sedimentation or fluid transport. As a cense
tion, ;) the solution’s dynamic viscositgp the particle's form  duence, this could result in an enhancement of NMS16 at shal-
(shape) resistance (e.g. oblate spheroid, rod, disk etd))tne 10w depths within Europa’s ice crust.

radius of a sphere of equal volume \3/%, whereV is the
specific volume of the particle). Assuming spherical p&tc
wherer is the simple radius and = 1, for a given viscosity,
those particles with the highest excess density will thiexe
the highest sinking velocity. The densities of the varionages

4.3. Relationship with surface morphologies and the observed
non-ice component

In this paper we have investigated the formation of hydrated
salt species from Europa’s ocean water and the complexenatur
identified in this study are given in Table 1. of the precipitates produced by a rapid-freeze experimemic

For a fixed viscosity medium, assuming no potential mixingpared to a slow-freeze one. Differences between these could

mechanisms such as liquid turbulence or convective motmn e potgntially infer likely association; Wit.h one, or othef,f[be
over time the particle depth distribution will become sulchtt various surfacg featyres summar!sed In section 1'2.’ démgnd
lower density particles occupy lesser depths than highesite on differences in delivery mechanism and the associatecfat

ones. However, for water slowly approaching its freezinmpo freezing. o )
1 increases non-linearly, going, for example, from 1.570-3 However, it is important to note that once delivered to thre su

Nsm2 at 4°C to 1.792<10~3 Nsm2 at 0°C at normal pres- face, or near-surface regions, freshly precipitated seiltsbe
suré such that the sinking effect may be predominant 0n|ysubjected to a number of destr_uctive and modifying prosesse
in slowly cooling solutions. Salinity increases the vistps For €xample, laboratory experiments have shown that for typ
slightly (e.g. 1.6%10-3 Nsm 2 at 4°C and 1.8%10~3 Nsm2 ical Europan surface temperatures, the activation ersfgie

at 0°C for terrestrial seawatewith 35 g/kg salinity) while also ~ the removal of HO from MS7 and NS10 are such that MS7
depressing the freezing point temperature. We assumehdor t Should remain hydrated for10™ to 101 years, while NS10
sake of argument, that the effect of MEOS salinity is similarWill likely dehydrate on a scale 0t10° to 10° years (McCord
and we ignore the viscosity-reducing effect that increases etal.,, 2001).

pressure would have. In a solution that is freezing by reduc- Europa is also imbedded in an intense radiation environment
tion in temperature and therefore becoming increasingsy vi With its surface continually bombarded by energetic ety
cous, two basic effects will come into play. Firstly, thosepes protons and heavy ions (Paranicas et al., 2009), along with a
that precipitate early on at higher temperature will do sain lesser {-2%) energy flux of solar UV photons capable of disso-
less viscous medium and therefore sink farthest, in praport ciating HO. The dominant ionizing particles at the surface are
to their densities, before being slowed by increased vigcos €lectrons and protons, ranging in energy frerhO keV to>10

at lower temperature. Secondly, depending on the rate df cooMeV, with average energies in the MeV range and penetration
ing, the effect of excess density could subsequently deptiet  depths in the 100s gfm range. Extremely energetic electrons
locale of the heaviest phases should they precipitate early and bremsstrahlung X-rays will penetrate more deeply, evhil
In our slow-freeze long duration experiment, the tempeeatu micrometeoroid impact gardening will simultaneously btirg
dependent order of precipitation (Eq. 1 and Fig. 7) is sueh th radiation products while bringing fresh material up fronpte
MS7 (p = 1.679 g cn73) and NS10 f = 1.465 g cnT?) pre- The radiolytic production/destruction rate is describgd b
cipitate prior to ice, so that under the right cooling coiwdis  the G value, which is the number of molecules produced, or
MS7 could, relative to NS10, be preferentially lost to theuso destroyed, per 100 eV of energy absorbed by a substance. For
tion that will subsequently become entrapped within the iceexample, CQ in H,O ice is destroyed at a rate G(-g0O=

The combination of cooling rate and measurement frequenc.55 per 100 eV, while the production of $@&om sulphate

of the slow-freeze experiment means that from the curretat da has a typical value of G(S = 0.004 (Johnson et al., 2004;
we can not resolve the question of whether MS13(1.512 g  these are representative of both anhydrous and hydratsg@gha
cm~23) precipitates prior to, simultaneous with, or after ice-for since Q production - a typical radiolysis product of water - is
mation (as perhaps indicated by the fast-freeze data, Fidf. 8 not observed experimentally, McCord et al., 2001). AltHoug
MS11 forms just prior to ice, it too could be preferentialbgt  G(SQ,) is relatively small, over geological timescales, freshly
by sinking. The Europan sea bed has been predicted to consestposed sulphates will nevertheless suffer radiation dama

4 https://www.engineeringtoolbox.com/water-dynamic-kiraic-viscosity-d596.html
5 https://www.engineeringtoolbox.com/sea-water-prapsrtl 840.html

J. Appl. Cryst. (0000). 00, 000000 Thompson et al. - Mineralogy of Europa’s frozen ocean 15



research papers

Gardening models suggest irradiated material could be-vertof clathrate-forming gases into liquid saline water wilineve
cally mixed to depths of up to 10 m (Carlson et al., 2009). water from the solution resulting in increased brine concen

SO, was the second compound detected on Europa (Lane fation. If this was to occur inside an aqueous cryo-magenati
al., 1981), with its 0.28:m absorption feature being present chamber, or sill, within the ice crust, the clathrates waeg-
only on Europa’s trailing side. The S@nearly correlates with ~ &rate from the remaining brine by either sinking or floating,
Europa’s hydrate phases (Hendrix et al., 2002, 2008) arahis ¢ dependlng on .the specific Femperature and salinity (Safi.et al
sistent with Europa’s radiolytic sulphate cycle wherebwiye —2017) which will be determined by temperature-dependent sa
formed SQ is photolytically and radiolytically decomposed Precipitation. If c!athrates close to the surface were E30iEi- _
(Schriver-Mazzuoli et al., 2003; Moore et al., 2007) wittife-| ~ ate, the very rapid release of gas and large negative change i
time of a few years in Europa’s top 1Q@n (Moore et al., volume would likely cause fracturmg and gravitationallapke
2007). The decomposition products reform sulphate in aatepe qnd could thereforg also be a contributory process to thader
ing cycle, and a radiolytic equilibrium S@bundance is formed tion of chaos terrain.
that is sensitive to the total sulphur to water ratio (Modralg
2007). Except that uniform outgassing of S@ver Europa’s 4.4. Implications for life on Europa

surface is ruled out by the absence of,.3 the leading side, | jte on Earth often appears to thrive at the edges and inter-
which suggests, instead, that the major source of EUTOR&S S faces between different environments. These are placdsef d
could derive from implanted S ions from its neighbourin@$at g jjjiprium and the surface—ice—ocean system on Europashou
lite lo (as originally suggested by Lane etal., 1981, thooifiler  represent a prime planetary example of a global interface-
endogenous sources such as inclusions, hydrates or ¢&#hragnyironment. However, life is also constrained by access to
have also been suggested). lo is known to be a source gf SGesoyrces and environmental requirements, such that the ge
most of which quickly becomes dissociated in Jupiter's magyaphical distribution of any lifeforms that currently sxior
netosphere, allowing a flow of S gnd (@) ions to be delivered thight have existed in the past) on Europa is likely to be het-
the Europan surface. However, since Jupiter's magnetesphegrogeneous. Lipps & Rieboldt (2005) identified 5 broad cat-
rotates faster¢10 hrs) than Europa's orbital periog 8.6 days)  gqories of habitat that could be possible on Europa, inotydi
these, and other charged particles, are carried over Em@ma |,cations on the sea floor, water column and within the icetcru
its trailing to leading hemisphere as the magnetospheae®t jiself. Ocean circulation, geological activity and thehiiatory
over its body. Brown & Hand (2013) identified a spectroscopicij| have resulted in global salt transport (Travis et aD12),

feature on Europa’s trailing hemisphere which they atttu  g,ch that habitable environments on Europa will likely be-pr
to Mg-sulphate, proposing that while the Mg is endogenousdominanﬂy saline in nature.

the S is exogenous with the sulphate being produced by radi- On Earth, channels and inclusions within sea ice containing

olytic processing. Similarly, deposits of sulphuric acidlifates . = ) : ) X
(HyZSC;:-nHZO) h%ve been )p/)ropgsed to formpon the Eﬁﬂrjopan SurI_|qU|d brines host a wide range of sympagic organisms (bicte

. o : microalgae, viruses, fungi, protozoans and metazoansijirwit
face by radiolysis involving exogenous S (Dalton et al. 2013 O T R . RO
y y 9 g ( 2 a physicochemical environment subject to oscillating grais

Europa’s surface is thus a complex dynamic environmenf, temperature, salinity, pH, dissolved inorganic nutiseras
subject to many physical processes (e.g. review by Carlson ge|| as dissolved gas and light signatures (Mock & Thomas,
al., 2009), with highly modified non-ice components derived00s). Osmotic conditions within terrestrial brine chasne
from both endogenous and exogenous matter. However, lcaugre controlled by brine salinity and are therefore defined by
of the differential in implantation rates between the legdind temperature-dependent salt precipitation (e.g. the pitation
trailing hemispheres only those areas of limited exogenie p  of NS10 below 266.75 K; Butler et al., 2016). Microbes inhab-
cessing are likely to contain surface materials whose c@impo iting brine channels near the upper surface of the ice caerexp
tion provide a closer match to pristine oceanic precipsi@ial-  ence saline concentration20% (Kottmeier & Sullivan, 1988;
ton etal., 2013). Arrigo & Sullivan, 1992; Mock, 2002), while the onset of ice

Beneath the surface, however, salt precipitation fromzfree melt can very quickly expose them to freshwater lenses with
ing Europan cryomagma may play a role in the formation 0f0% salinity (Thomas & Dieckmann, 2002). Although the solar
chaos terrain. Nnoz-Inglesias et al. (2014) investigated theflux at Europa is~27 times weaker than at Earth, light pen-
precipitation of MS7 and MS11 alongside ice and Cgas  etration into the Europan ice crust could be up te-faw m
clathrate hydrate as function of Mgg@oncentration. The vol- so could in principle support an analogous ice-brine ecosys
ume change associated with the formation of these phases wesn (Martin & McMinn, 2018), where life sustaining nutrient
found to depend on the MgSQ@oncentration and could poten- and fuel could be supplied from both the surface (via radia-
tially lead to the formation of chaos terrain via the forroati tivly formed oxidising molecules, Johnson et al., 2004 ;aPar
of either surface fractures, or collapse, depending on tse p cas et al., 2009) and/or sea floor processes (Hand et al.).2009
itive or negative volume change associated with the specifi®eriodic reductions in salinity, in keeping with those ontka
mix of sulphate, ice and clathrate. Presumably, correspgnd could be provided by the formation of melt water lenses (e.g.
effects will exist for the MEOS salts, other than MS7 and MS11 Fig. 4). Furthermore, although Europa’s surface is bottmgou
identified in the present work. Although clathrates haveymtt and active in geological terms, it is likely to remain stable
been detected on Europa, their formation via the introdacti for tens of thousands of years (Greenberg, 2008), providing
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potentially long-lived ecological niche within the ice stin Mg phases (e.g. NMS4, NMS5 and NMS15 see table 1 and
which the temperature-dependent salt precipitates fiilohin ~ discussion in section 4.1) may be more important, even # les
the slow-freeze experiment could, conceivably, play sintiégg-  abundant.

ulatory environment-controlling roles. Although temperas
towards the surface on Europa can reach as low%%-90 K,
the lower limit of ~77 K for microbial activity seen in labo-
ratory cultures on Earth (Junge et al., 2006) falls withiis th
range (although at the lowest temperatures this may remres

The above presupposes that life is already somehow estab-
lished on Europa, however salts may also have been important
in the formation and development of the necessary prebiotic
components prior to any potential beginnings of Europam lif

e . . L. .

Il maintai f ival rather th wih) withr On the early Earth the concentration of prebiotic organim-co
ce 3.1?'” ama_mtge O: surwtvathra_ erthan g_rot f)’ Wi Al:';r pounds in a global ocean was likely to have been extremely low
conditions existing closer to the ice-ocean interface. e (estimates range from 4x10-2 M to ~ 4x10-12 M, Stribling

:;)W-:Emfr?ratur? p?ase,fvl\iiltl\f/llgl%ossit;:je enhartlc%mer;t mm\s_/hall & Miller, 1987; Lahave & Chang, 1976; Miyakawa et al., 2002)
epins, the nucleation 0 could prove to be ot pardicul 4 therefore would have been too dilute for the synthesis of

astrobiological significance as an environmental regalato nucleotide bases and amino acids to compete with their decom

The biological pump on Earth is the global mechanism byposition by. hydr_olysis (I\/.Iiyakqwa.et al.,- 2002). Howeve th
which organic carbon is delivered to the ocean interior anoCO”C?:‘t[ja“‘r’]F‘ \;]V'th'n sga;k:ce brltne |n(;!u_?|on§trt]>.ecg1me.srellm_—:‘
seafloor via the sinking of particulate organic matter, éfyg magnitude figner, and the water activity within the in

derived from deceased planktonic organisms. Sinking gast so low, that prebiotic molecular polymerization is favadiover

often coalesce to form aggregates (the marine snow), whicnydrOIySiS (Miyakgw G_’t al._, 2002). Although_ Europa is compa
increases their sinking velocity and is largely determjned rable to the Moon in size, |ts_ ocean volume is two tg threesime
Eqg. 2, by their size and excess density (Smayda, 1971; De Ltgat of the Earth's, suggesting probable low o-rgamc.co_t!aen
Rocha & Passow, 2007; though the interplay between aggré'—ons' as per the egrly Earth. Th|§ ;uggests brines Wltm@
gate radius and density is not straightforward e.g. Pass@e & crust COUI(.j potentially have a §|m|lar rqle to play in buiigi
La Rocha, 2006). On Earth, sinking velocity plays a signiftca complex biomolecules. In addition, the likely thermal sture

role in (a) the long-term sequestration rate of atmospluaic of the crust suggests there should be a shallow regiondt.a.,

bon, once it has been fixed by organisms in the photic zone, an%epthf%f.a fev:/ kilolmetrgs) thatl is favourable for thﬁ p(osl{)ii:r
(b) the delivery of organic nutrients at depth. Sinking eelo tion of biomolecules, since at low temperatures the Gibles-en

ity, and therefore achieved depth, is enhanced by the incoLgies for biomolecule polyme.riza.tion bgcome nggatiye,wallo
poration of mineral ballast materials (Ploug et al., 2008a, ng for spontaneous polymerisation (Kimura & K'tad?‘" 2915_
which have themselves been found to promote coagulation o hls_may be further en_han_ced by the presence of sah_ne_ specie
organic particles (Avnimelech & Troeger, 1982; Beauliealet lycine (Gly). polymer_|§at|on has been shown (albe|t in ther
2005; Verspagen et al., 2006; Passow et al., 2014). AIthoqual dehydrapng gondltlons) to be accelerated. In the prssen
calcium carbonate biominerals are a ready source of baifest of MgSQ, (Kitadai et al., 2011). In .these gxperlmentg up to 6-
primary non-biogenic source is lithogenic dusts and clays s mer of Gly polymers were synthesized with a total yleJﬂQO
plied by atmospheric deposition and river inflow, the avalta times gref\t_er in the presence of MgBan fr(_)r_n Gly on Its .
ity and composition of which vary both locally and globally own. Mg?t ions have also been found to stabilize nuc_lelc acid
(as well as historically). Since sulphates (including Mgda fjuplexe_s.to a greater extent than the same concentratioa'of N
Ca-sulphates) are widely used, albeit as solutes, as feucul ions (Williams et al., 1989).

additives in water treatment and various commercial/itrials In the context of theRNA world firsthypothesis for the ori-
processes, it is worth speculating as to whether low tenypera  gin of life, following similar arguments, cold ice-brinegron-

salt precipitates could assume the role of lithogenic maited  ments on Earth may have been an essential low temperature
similarly promote the coagulation of any organics reledsmd  step in the early replication of nucleic acids (Trinks et2005;
possible ice-brine habitats on Europa. Of relevance hetfeeis Price, 2007; Vincent et al., 2004; Feller, 2017) and cou&y al
recent discovery of abundant gypsum (CS2) crystals emigeddesimilar role on Europa. It is well known that minerals can-pro
within aggregates of Phaeocystis algae collected thrautghe  vide solid surfaces for a range of biogenic interactiongé@és
water column, and sea floor, at a depths below 2 km in the iceet al., 2012) and experiments show nucleotide oligomeomat
covered Arctic Ocean, likely constituting a significanteydir ~ can be catalysed, for example, by clay surfaces (Ferris2;200
ously unrecognised, contributor to the biological pumpadidc  Huang & Ferris, 2006). When NaCl or MgCare added, both
regions (Wollenburg et al., 2018, 2020). The CS2 was shown teause an increase in oligomer length, but by different artsoun
have been precipitated within sea ice and subsequenthsede (Jheeta & Joshi, 2014). This last point could raise the pdssi
into the water column during melting. Although CS2 is one ofity of a potentially different biochemical basis for anyelithat

the highest density precipitates, it appears to be only amin may have developed on Europa, compared to Earth, based on
component of our MEOS experiments. Considering how MEOSlifferences in the available inventory of salt phases. inhtier-
composition differs to terrestrial sea water, other priéggipd  esting to note that the two main precipitates observed & thi
phases could potentially play a similar role in the transfer study are Na- and Mg-sulphate phases of high hydration, state
organic matter within the Europan ocean. Given the weakebut with MS11~2xNS10. As discussed in section 4.2, strat-
gravitational acceleration on Europa, the more dense ni\beed  ification into Na-rich salts near the surface and Mg-richssal
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below could either restrict life-producing biogenic réact to  rate (Thompson et al., 2011), in normal use it is limited by a
the near-surface regions, in keeping with Earth’s Na-riglirb- ~ combination of data collection count time (two exposurgemse
sphere, or possibly result in two distinct bio-geochemitzdr-  rated by a 0.2526 step), readout speed and network file storage

surface and deep subsurface zones. write times, which limit the practical temporal resolutitmn~3-
5 s (although this can be improved by using local storagecand/
4.5. Future work fast triggering at fixed position). At the time of writing, e&h

111 beamline is undergoing an extensive upgrade programme

4.5.1. In situ fast freezing on I11. The freezing rates associ- h h leted). diff
ated with the various mechanisms for delivering oceanic mat'® te monochromator (completed), diffractometer (coreulg

ter to Europa’s surface (section 1.2) likely cover a range th source (du_e I_ate 2021) and detectors (early 2022). _'I'hem'rlte
exceeds the rapid- and slow-freezing experiments rephetel see the existing Mythen-II based PSD replaced with one based

In our fast freeze experiment we began cooling the MEOS sanf2! @ 2-D tiled design using Mythen-lil technology (Aadet

ple from a starting temperature of 256 K, however, it is possi a]., 2f(?19). Th?s \_Ni" eliminate two—plosition scinning, pidg a
ble that employing varying rates of cooling and starting-tem significant gain in readout speed, lower background noise an

peratures could result in the freezing in of different malec ~ Shorter dead time at high photon rates, allowing for franesa

liquid arrangements which could influence precipitate f@arm in the kHz range fom situflash freezing measurements.
tion and subsequent evolution, as potentially could sroakll
deviations in the chemical composition. Mechanisms invgjv
very steep temperature gradients likely also subject thate-
rials to fast, or flash, freezing. For oceanic water eruptgd b
plumes, whose frozen contents return to the surface, tleerass
blage of salts could be even more complex than those report
here, since water droplets comprising part of a plume amefro

4.5.2. Application to other planetary objects. Many of the
icy objects in the outer Solar System are believed to harbour
liquid oceans, supported variously by observation, maugtr
ausible circumstance (e.g. reviews by Hussmann et €6;20
ase et al., 2014; Nimmo & Pappalardo, 2016; see also Table
extremely quickly, with loss of about 17% of the water by evap tlalcrl[ '\I;vr:g]n:r?:)rr}gégl/ ’ci?;g.) .F%(r)gt(aacr):]:)Ts"sgr\;\/\lllilrg:tlr?cdrl:;(;’escuon

oration and sublimation if the water is originally liquid chat ments for Enceladus suggest rock-ocean and ice-ocean inter
273 K. The 17% loss of water corresponds to a 20% increase if?;\ces at depths 6£50 km (<5.3 MPa) and 35-40 km (3.6-4.2
the concentration of non-volatile solutes (Pasek, 2020). . I

i . MPa), respectively (less et al., 2014), and with pressurs w
_In the laboratory, flash freezing can be achieved by dropyithin the range experienced by terrestrial life. For othigiects
ping solutions onto a cold surface, or into liquid nitrogand  ihe gcean will be isolated by high- and low-pressure ice @has
will likely produce a disequilibrium solid whose initial e For example, Europa’s neighbour Ganymede is the largestmoo
(i-e. phase structure and amorphicity) will be very différ® o the Solar System and has a surface containing both old,
either the rapid- or slowly-cooled solutions. For examplates densely-cratered terrain and widespread tectonicallyrfased
(2018) notes that immersion of pure water in liquid nitrogen(i_e_ younger) regions similar to Europa. Its interior haifa
likely produces stacking disordered ice. This contains & Mi farentiated structure (Sotin & Tobie, 2004), and is alsqettb
ture of strained cubic and hexagonal stacking sequendBsfra 14 tiga| heating due to resonant-forcing of its orbital etce-
than just the hexagonal sequence produced by “normal” cooly, However, because of its larger size and higher aburelanc
ing, and is also formed when water is vapour deposited, Opf \yater, relative to its denser mantle materials, pressate
frozen extremely fast as submicron-sized droplets. Int&mdi e water-rock interface are likely to be as high as 1.2 GPa.
ex situformation ne_cessa_\rily requirex-_situ_preparat_ion,_Which Consequently, any liquid ocean will probably be sandwiched
for X-ray powder diffraction means grinding, loading in®@®  petween layers of ice | at the surface and ice V and VI at the
illaries, transportation and mounting on the instrumemder  goapeqd (Sotin & Tobie, 2004). Such high pressures are likely
such conditions some degree of relaxation, crystallisat®d  ¢jose microfractures in the high pressure ice, inhibitiggi-
phase transformation could occur. Indeed, as Figs. 10 0 12ant water-rock interaction post-differentiation (Vanet al.,
show, under rapid cooling, significant changes occur withé 5007, This means that the ocean composition will have been
first one or two temperature steps and may occur even MOigatermined largely by the extent of the water-rock intdoact
quickly for a disequilibrium solid formed by flash freezing. during its period of differentiation and likely preservey its
However, the existing beamline set up can be usedhfsitu  subsequent isolation. Due to the high bulk water to roclorati
flash freezing. As Fig. 6 shows, the capillary is normallyisit  and reduced hydrogen fugacity caused by the loss of hydro-
ated inside the cryostream nozzle. The cryostream is mduntgyen to space, primordial water-rock interactions withireh
on a separate large motorized xyz table separate to thadffr dritic parent accretion materials would, in Ganymede’secas
tometer, allowing the cryostream to be pre-set to a chosen te have favoured a rise in the solubility of sulphate and?Mg
perature and driven over the capillary. Although there may b (King et al., 2004; Zolotov and Kargel, 2009) giving rise to a
a small thermal lag due to the thermal conductivity of the-cap ocean dominated by MgSOThe actual salinity of Ganymede’s
illary, the PSD can be set to collect data before, during @nd &cean is not known, but could be 3—-10% (Vance et al., 2014),
subsequent times post-freezing, returning data on phade-ev while reflectance spectra measured by the Galileo missign su
tion. gests the predominant non-ice surface materials are moder-
Although the current PSD is relatively fastaR0 Hz frame  ately hydrated materials similar to those on Europa, i.ks sa
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(McCord et al., 2001). al., 2017). Synthesis of & sterols, for example, significantly

Beyond the ocean worlds of the Solar System there are ovéfduces the temperature dependence of membrane dynamics,
4000 known exoplanets, many of which have masses and radiktending the temperature range for biological membraoe pr
comparable to Earth’s. Theoretical analysis suggeststmae-  c€sses. This confers a distinct evolutionary advantagmsiga
where in the region 0£.26% could be ocean worlds (Quick et 'arge temperature fluctuations and likely gave rise to thegl
al., 2020), a proportion of which could reasonably be assumedominance of green algae within the marine ecosystem. The
to be similar to the icy moons of our own Solar System. This is 40SSil record also shows that the end of the Cryogenian coin-
highly active field of academic research of obvious signifieg ~ cided with the rise of predation by heterotrophic planktean(
where observational techniques and analyses are rapioly-ev Maldegem et al., 2019). These are marine microbes that rely
ing. Atmospheric spectroscopy of exoplanets is now roitine O 9aining energy by the consumption of other organisms (e.g
possible using current observational techniques, instniga e green algae). The rise of predation established a foaid ch
tion and existing datasets (e.g. Seager & Deming, 2011;e8eag @nd ultimately led to the Cambrian explosion and the develop
2013; Lacour et al., 2019; Tsiaras et al., 2019) and will iowpr ~ Ment of intricate lifeforms, including the lineages fromiafn
with the next generation of space telescopes (e.g. Jamels WeBll animals, including humans, derive from. Despite théahi
Space Telescope scheduled to launch 2021) and future Eart®Xtinction, the Cryogenian period was therefore a driveeto-
and space-based instruments currently being designed (elytion rather than an inhibitor. The conditions under whigh
ESA's Atmospheric Remote-sensing Infrared Exoplanet éarg €X0planet orbiting within the habitable zone with liquidtea
survey - ARIEL - mission due to launch 2028). AtmosphericCOVering a proportion of its surface can enter (and recoveny
compositional data from these instruments will feed intie ¢I & Snowball phase are a matter of current debate, but willrekpe
mate and planetary models with the expectation of identifyOn the star's spectral type, the planet's rotational andtairb
ing habitable worlds (e.g. Catling et al., 2018; Kaltenegege ~ Properties and its's geographical characteristics (elgcir
al., 2020). For example, the TRAPPIST-1 system comprise§t al. 2018, 2019; Foley, 2019; Paradise et al., 2019; Walsh
seven Earth-sized planets labelled, in order of radiahdiz¢, et al, 2019; Yue & Yang, 2020), while the development and
TRAPPIST-1 b through to h. Of these, TRAPPIST-1 e, f and ghature of a salt crust will depend on the details of it's ocean
all orbit within the “habitable zone” where water could pote COMPposition. It is worth noting that the abiotic origin ofeliis
tially exist in liquid form. Current models (Lincowski et.al ~arguably the greatest unsolved scientific problem, but thus
2018) suggest TRAPPIST-1 e could host liquid water, whileh@s no standard model. Thus, if the role of low-temperataite s
TRAPPIST-1 f and g could potentially be frozen icy worlds, Precipitates in the origin and development of life (as dssed
depending on their original water budget. The central dtéreo I S€Ction 4.4) turn out to be correct then, icy, or frozergaic
TRAPPIST-1 system is an M-type dwarf star. These are smalléforlds could represent a universal step in the development o
than the Sun in both mass and size, but are in fact the modfe throughout the universe.

abundant type of star (Henry et al., 2006) with high occlresn In this paper we have focussed on a single ocean composition

in multi-planet systems (Ballard & Johnson, 2016; Gillorlet " N :
2017) and habitable zone Earth-sized planets (Dressinga&Ch _based on a chondritic composition; however it needs to beor

bonneau, 2015), making the likely existence of icy ocean exon mind thatthe chondritic composition is largely a notional
worlds hiéhly pr(;)bable average based on abundances deduced from primitive mete-

) . ) orites, whose localised elemental abundances were detedmi
Given the extremely widespread production from stellaryy those of the solar nebula. It is generally held that thé bul
sources, and distribution throughout interstellar spame, of the matter in the primordial solar nebula was relativety u
silicate- and carbonaceous-base_d cosmic dust grains altithe  t5rm in chemical and isotopic composition (Palme et al., 201
mate precursor planetary material (e.g. Jones, 2007; Blum & rthermore, the elemental composition is roughly sirmiar
Wurm, 2008) it is likely that a chondritic-like rocky core Wi hat of other stars in the solar neighbourhood. Howevergthe
lie at the heart of exo-ocean worlds and that water-rockainte  are opserved compositional differences among stars alagimi
tions will result in the existence of saline exo-oceans. evolutionary stages (e.g., dwarf stars). These are noedang
The geological record shows that the Earth experienced mternal properties (i.e. nucleosynthesis), but refleetvthria-
number of freezing episodes 630-720 MYa, during the Neoprotion in the chemical evolution of the Galaxy, whose elemen-
terozoic eon, when extensive glaciation covered much, lpr altal and isotopic composition has evolved with time (Timmes e
of the oceans, separating them from the atmosphere ang likeal., 1995). Elemental production by nucleosynthesis ircesic
resulting in the large-scale extinction of preglacial mangan-  sive generations of stars leads to heavy element (i.e. alsme
isms and plants (e.g. revue by Banik, 2016). These Snowbalieyond C, N and O) enrichment of the interstellar medium over
Earth episodes (the Cryogenian) were the result of runaeey i time, such that there is an overall increase in the so-caikdl-
albedo feedback. The albedo was further increased by an-extelicity of both the Galaxy and newly forming stars, which simi
sive MS10 salt crust in tropical regions formed by the sublim larly inherit the elemental abundances present at the plade
tion of sea ice, the MS10 having precipitated within the sea i time they form. Their planets, in turn, inherit the matesiksft
once temperatures fell below 150 K (Carns et al., 2015, 2016pver from the star-forming process, which will have been pro
It was during the Cryogenian that eukaryote cells first asgli  cessed to varying extent during both the stellar formatioth a
the ability to biosynthesize certain sterol${8Cs0, Hosihno et planetary build. The process is stochastic on a local sbale,
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there is a gradient in the Galaxy with central, denser region 4.5.3. Organic-inorganic interactions. Finally, work has also
being more chemically evolved (Anders et al., 2017) due tdegun on using the apparatus and procedures described here
faster star-formation rates. The lifetime of a star is dateed  to investigate the role and behaviour of organics in preaipi
by its initial mass, ranging from many billions of years favla  ing brines. Amino acids, for example, are highly soluble and
type star, to only a few million years for stellar masseR0x can be crystallised from aqueous solutions. They are also a
greater than an M-type star. A star’s orbit within the gatact well-documented constituent of primitive carbonaceousneh
disk will also tend to wander outwards with time due to the-phe drite meteorites and constitute a major organic compongnt o
nomenon of radial migration, which is influenced by pastgala the insoluble macromolecular material contained withiestn
tic collisions, the number of spiral arms and the size andanov objects, reflecting the diversity of conditions that exdstn
ment of the central galactic bar (Minchev & Famaey, 2010;their original parent bodies (Elsila et al., 2016). The naisin-
Minchev et al., 2018). Since dust production mostly occursdant amino acid across all meteorites is Gly, which has also
towards the end of a star’s life, those that are dying and probeen identified in samples returned from comet 81P/Wild 2 by
ducing dust at any one time and place may therefore have quitéASA's STARDUST mission (Elsila et al., 2009), its cometary
different ages, formation sites and initial compositiots-  origin being confirmed by3C isotope signature. Gly has sub-
topic analysis of unprocessed inorganic pre-solar graiesti-  sequently also been detected in the coma of 67P/Churyumov-
fied within chondrite meteorites suggest their formatiasuad  Gerasimenko by the ROSINA mass spectrometer on the Rosetta
a number of distinct stellar sources: red giant/asympgiiot ~ Orbiter (Altwegg et al., 2016), while Gly precursor molezsil
branch (RGB/AGB) stars, supernovae and, possibly, novde arhave been identified in the astronomical spectra of manyrothe
Wolf-Rayet stars (e.g. Leitner et al., 2012; Nguyen et &816). comets including Halley, Hyakutake, Tempel-1, Giacobini-
The range in isotopic composition suggests a minimum of 3Zinner, Hartley 2 and Hale-Bopp. Hypervelocity impact axpe
to 40 stellar sources contributed to the nebula from whiah ouiments using precursor molecules within ice targets hase al
Sun and Solar System formed (Alexander, 2001), while ithbir produced a range of amino acids, with Gly being the most abun-
place was approximately 2000 light years closer in towdnds t dant (Martins et al., 2013). The likely presence of aminasgci
galactic centre (Minchev et al., 2018). Variation and flactu and Gly in particular, on ice-ocean bodies (including thdyea
tions in the average chondritic composition over galaetingth  Earth) is thus widely acknowledged, and would have arisen
scales is therefore likely. either as part of the original chondritic core, delivery mate-

orites and impacts from asteroids (meteorite parent bpdies

comets, or indeed vim situ synthesis during impact.

Gly has three ambient pressure polymorphsdrm, P2,/n;

It should be clear that ocean worlds, not only those of th%-form, P2;; ry-formipz)’ all of which can be Crysta"ized from
Solar System but also the probable subset of the exoplapet poaqueous solutions (Surovtsev et al., 2012). As with mineral
ulation, will likely have oceans that vary to some degree inphases, polymorph crystallisation is a result of the comple
their compositions, depending on their size (extent of wate interplay between kinetic and thermodynamic factors, the.
rock interaction), specific “chondritic” building block teaials  nucleation rate, the overall rate of crystal growth and ttie d
and pOSitiOﬂ in their own nebula. This latter point will debéne ference in the growth of different Crysta| faces. Studieshef
volatile content which could also influence ocean compmsiti  crystallization outcomes in confined environments, at ispec
For example, Saturn’s moon, Titan, likely formed at a pointsurfaces, spray-drying, flash freezing or on adding amstl
in the Saturnian sub-nebula where temperatures were belogicetone, ethanol, methanol etc.) have been shown to prefer
the condensation temperatures of various primordial ¥elat entially select one or other Gly polymorph (Surovtsev et al.
species, such that concentrated eutectic solutions atet@mp 2012). Additionally, flash freezing of aqueous Gly soluson
tures below 273 K would have formed that were typically richproduces an amorphous phase, which transforms on heating to
in CH3OH, NH;, CO, and HS (Sohl et al., 2010). Under freez- 3 fourth intermediary phase, prior to formingyGly. To our
ing conditions these would have been further concentrated a knowledge no systematic studies of Gly crystallisatiorréef-
capable of facilitating the dissolution of mineral phased the  ing saline environments have been performed and, sincesGly i
chemical reactions necessary to yield a saline ocean. h pagapable of incorporating into inorganic hydrated minetals
ticular, the interaction of ammonia-rich liquids with magn  tures (Kavitha & Mahadevan, 2013), such studies could peovi
sium sulphate, contained within chondritic core mateyiadsild  new insights into the nature and origin of the non-ice s@fac
result in an ocean enriched in ammonium sulphate (Fortes ehineralogy of icy bodies as well as the early prebiotic stage
al., 2007) rather than magnesium sulphate or sodium clelorid jnyolved in the origin of life as discussed in section 4.4.

In exoplanetary systems, Titan-like planets could provédo

highly abundant since Titan's effective temperature ggoads 5. Conclusions

to that experienced by a body orbiting at 1 AU (Earth-Sun disEuropa has several parallels with Earth in that it is differe
tance) around a late M-type dwarf star. Much, therefore|ctou tiated, has tectonic activity and liquid water in the form of
be gained by applying thie situexperimental procedures, high a global saline ocean. Although the ocean is covered by a
resolution time and temperature resolved synchrotronyX-rarelatively thick ice crust various physical mechanismssgpo
diffraction measurements and crystallographic analykith@  bly acting at different times in the moon’s geologically eat
present work to a systematic range of ocean compositions. history, are likely to have delivered significant quanstief
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oceanic matter to the surface, resulting in the presence dhadequate, leaving laboratory experimentation as thgway/
hydrated salt deposits. We have conducted experimentsie id forward. Added to this is the surprising complexity of thé-su
tify the types of salts that may form and be present on thghate and sulphate-chloride systems, particularly at knv-t
surface by investigating low temperature precipitatioonfra  peratures where a wide range of hydration states with multi-
model Europan ocean solution (MEOS) of chondritic compo-ple pathways between them can exist. The discovery of new
sition under two freezing regimes. Under ultra slow fregzin phases such as Ndg(SOy),-16H,0 in recent times suggests
the order of precipitation generally follows that predittey  there may yet be further discoveries to be made.
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