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We have considered a wide array of scenarios for Europa’s chem-
ical evolution in an attempt to explain the presence of ice and hy-
drated materials on its surface and to understand the physical and
chemical nature of any ocean that may lie below. We postulate that,
following formation of the jovian system, the europan evolutionary
sequence has as its major links: (a) initial carbonaceous chondrite
rock, (b) global primordial aqueous differentiation and formation
of an impure primordial hydrous crust, (c) brine evolution and in-
tracrustal differentiation, (d) degassing of Europa’s mantle and gas
venting, (e) hydrothermal processes, and (f) chemical surface al-
teration. Our models were developed in the context of constraints
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provided by Galileo imaging, near infrared reflectance spectroscopy;,
and gravity and magnetometer data. Low-temperature aqueous dif-
ferentiation from a carbonaceous Cl or CM chondrite precursor,
without further chemical processing, would result in a crust/ocean
enriched in magnesium sulfate and sodium sulfate, consistent with
Galileo spectroscopy. Within the bounds of this simple model, a
wide range of possible layered structures may result; the final state
depends on the details of intracrustal differentiation. Devolatiliza-
tion of the rocky mantle and hydrothermal brine reactions could
have produced very different ocean/crust compositions, e.g., an
ocean/crust of sodium carbonate or sulfuric acid, or a crust con-
taining abundant clathrate hydrates. Realistic chemical-physical
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evolution scenarios differ greatly in detailed predictions, but they
generally call for a highly impure and chemically layered crust.
Some of these models could lead also to lateral chemical hetero-
geneities by diapiric upwellings and/or cryovolcanism. We describe
some plausible geological consequences of the physical-chemical
structures predicted from these scenarios. These predicted conse-
quences and observed aspects of Europa’s geology may serve as
a basis for further analysis and discrimination among several al-
ternative scenarios. Most chemical pathways could support viable
ecosystems based on analogy with the metabolic and physiological
versatility of terrestrial microorganisms.

Key Words: Europa; ocean, Europa; cryovolcanism, Europa; spec-
troscopy, Europa; Europa, prebiotic chemistry.

227

pack ice (Greelegt al. 1998a,b; Caret al. 1998; Spauret al.
1998; Greenbergt al. 1999) or (b) lithospheric material utterly
disrupted by convective solid-state ice diapirism (Pappalarc
et al. 1998, Spaurt al. 1998).

Europa’s surface is geologically young—its mean crater re
tention age is around 10-100 Myr—and Europa probably re
mains active (Shoemaker 1996, Chapnedral. 1998, Zahnle
et al. 1998, Pappalardet al. 1999). It is even possible that evi-
dence of rapid ongoing resurfacing and high regional heat flo
during the era of spacecraft explorationis in hand, although ea
type of evidence is speculative or ambiguous (Helfenstein ai
Cook 1984, Domingue and Lane 1998, Geisgtal. 1998b,

Spenceret al. 1999). In any case, Europa clearly possesses
geologically young surface and complex history suggestive
oceanic influences.

Geologic evolution, including a sequential stratigraphic de

Galileoradio-tracking/gravity data require that Europa haswelopment of the lithosphere, has been documented; this ¢
differentiated internal structure, including a dense core of metglence might be related to progressive freezing of an oce
or metal sulfides, a rocky mantle, and a low-density icy cru@tieadet al. 1999b, Prockteet al. 1999a), although alternate in-
or ice-crusted ocean 80—-170 km thick (Andersdral. 1998). terpretations exist (Greenbeeg al. 1999). Recently described
Analysis ofGalileo SSI images and other data offer compellingvidence for an ancient mega-chaos region (Greenbiesd.
evidence of interior ductile deformation in Europa, lateral litha2000a), if correct, is consistent with the proposed stratigraph
spheric mobility measured in several tens of kilometers, asdquence if an allowance is made for repetition of the cycle ar
local partial melting in geologically recent times (Beltehal. preservation of remnants from a previous cycle (a very excitin
1996; Carret al. 1998; Greeleyet al. 1998a,b; Greenbergf al. prospect). A sequential evolution of lineaments has also be
1998, 1999; Spauet al. 1998; Sullivanet al. 1998; Fagents identified (Geissleet al. 1998b).
et al. 2000; Fanaleet al. 1999; Headet al. 1999a; Head and Regardless of the controversy for each geologic interpret
Pappalardo 1999; Pappalaretoal. 1999, Prockteet al. 2000). tion of Europa, it is agreed that Europa has an icy lithosphe
These results confirm suspicions raised earlier by scrutiny that is mechanically isolated from a rocky mantle (Helfenstei
Voyagerimages (Smithet al. 1979, Helfenstein and Parmen-and Parmentier 1980; Schenk and Seyfert 1980; Lucchitta a
tier 1980, Schenk and Seyfert 1980; Lucchitta and Soderbl@oderblom 1982; Schenk and McKinnon 1989; &hual. 1998;
1982, Schenk and McKinnon 1989, Pappalardo and Sulliv@eissleret al. 1998a; Greelegt al. 1998a,b; Pappalardet al.
1996) and also support thermal modeling showing that sutB98, 1999; McKinnon 1999). The solid icy shell on Europ:s
activity is possible (Lewis 1971, 1972; Consolmagno 1975hould have a plastic, convecting lower part (asthenosphe
Consolmagno and Lewis 1978; Casséal.1979, 1980; Squyres and a thermally conductive, brittle upper part (lithosphere) |
et al. 1983; Ross and Schubert 1987; Ojakangas and Stevensansolid crust is thicker than 10-30 km (Squyetsal. 1983,
1989; Grassett al. 1996; Yoder and Sjogren 1996). Processéa3jakangas and Stevenson 1989, Golombek and Banerdt 19
inferred from geology include (1) local effusive and explosiv&hail 1998, McKinnon 1999). If thinner than 10—-30 km, the solic
eruptions of icy liquids or slushes (e.g., Lucchitta and Soderbldoy shell would be entirely thermally conductive, except for ar
1982, Greeleet al. 1998a, Heacbt al. 1998, Greenbergt al. eas that receive anomalous local heating from below that mig
1999); (2) more widespread upwelling and shallow intrusion afigger solid-state diapirism. Possibilities allowed &glileo
icy solids or liquids and consequent doming of the surface (e.data include (i) a thin, brittle, conductive icy shell overlying
Pappalardet al. 1998); (3) ubiquitous fracturing of a thin icy a deep global ocean, or (ii) almost complete solidity of th
lithosphere due to tidal disruption (e.g., Helfenstein and Pa#>O-rich crustal layer with a warm, convecting icy astheno
mentier 1980, 1985, Lucchitta and Soderblom 1982, Geisskghere beneath a thin, brittle icy lithosphere. Something inte
et al.1998a, Greenbergt al. 1998, Hoppa and Tufts 1999); (4)mediate is also possible, such as (iii) a thin global or patch
translation and extension of lithospheric blocks and upwellidigjuid ocean beneath a thick, convecting ice crust and a bri
of material that fills in the voids thus created (e.g., Sulliggal. tle lithosphere, or (iv) a deep liquid ocean between an out
1998, Tufts 1996, Tuftstal.2000, Prockteetal.1999b); and (5) thick convecting ice crust and surface brittle lithosphere, ar
complete local lithospheric disruption and formation of chaotien inner layered sequence below the ocean floor. Shoema
terrain (e.g., Spauet al. 1998, Williams and Greeley 1998,(1996) estimated Europa’s crater retention age as 30 Myr f
Greenbergt al. 1999). Most visually compelling, chaos regiongraters>10 km, and found that the cratering record is con
appear to consist of either (a) masses of icebergs, now frozesistent with a 10-km-thick ice crust overlying a liquid
place, that once floated and drifted in a frosty sea jammed withean.

1. INTRODUCTION
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As modeled by McKinnon (1999) and others, it is actuallfMcCordet al. 1998a, 1999; Carlsoet al. 1999; Fanalet al.
very difficult to freeze a Europan ocean entirely due simpli999). Consistentwith earlier results from telescopic data, NIM
to the fact that a stagnant, nonconvecting icy shell is modata for other europan terrains reveal nearly pure ice. Two class
tidally dissipative than a convecting one. Even without considf related materials have been suggested to explain obsen
eration of any tidal heating, Grassgital. (1996) modeled the tions of Europa’s prevalent nonice material: (1) hydrated macg
continuous existence of a liquid ocean since Europa’s origimesium and sodium sulfates and/or sodium carbonates (the “s
Very high levels of tidal heating and thinner ice shells are possiypothesis,” McCoret al. 1998a, 1999a; Prietet al. 1999), or
ble in some models, according to Yoder and Sjogren (1996), @) hydrated sulfuric acid with traces of radiolytic sulfur impuri-
they also highlighted the difficulty of ruling out an icy shell sdies (the “acid hypothesis,” Carlseihal.1999). Dalton and Clark
soft that it remains efficiently convective and solid to the base (f999) have emphasized ambiguities in attributing the observe
the crust. However, a salty Europan ocean (Kargel 1991, Fandistorted water bands to specific hydrates, and they have point
etal.1998) would reduce the solidus temperature to less than anyt slight spectral mismatches between the Europa nonice ma
likely convective adiabatic temperature (Kargel 1996). Henceal and proposed substances. These mismatches likely are du
a present-day Europan ocean appears to be a robust theoretiifEdrences between the conditions or grain size pertaining to le
result supported also by geologic observations. data and those of Europa. Each of the proposed hydrated sulfa

Electrical induction in a hypothetical Europan ocean was fireais a strong theoretical backing from cosmochemistry, is high
predicted by Colburn and Reynolds (1985). Electrical currentgter soluble, and has an electrolytic nature; therefore, the
flowing in a salty ocean should induce a magnetic field thablutes can explain the electrically conductive nature of a nee
would possess certain measureable diagnostic attributes of magface liquid layer required by magnetic field data. Sodiur
nitude, orientation, structure, and temporal oscillation (Kargearbonates are also reasonable for Europa but would requ
and Consolmagno 1996). The discovery by @adileo magne- a complex chemical evolution. Below we explore (a) possibl
tometer team of what appears to be an induced magnetic fielghaysical-chemical scenarios for the origin of these material
Europa with the predicted properties suggests that a large fréw) brine evolution from the viewpoint of chemical phase equi
tion of the KO layer is a briny, liquid ocean around 100 knlibria and chemical compatibility, and (c) relationships of thes
deep (Kivelsoret al. 1997, Khuranaet al. 1998). If the ocean materials with the physical geology of Europa’s icy lithosphert
lacked appreciable solutes, or if it was thinner than a few tensarid ocean and possible biochemistry.
kilometers or frozen completely, it would not conduct enough We adopt a modified version of the chemical and mechatr
current to explain the observed magnetic signature. Uncertaiiggl/structural terminology of Pappalardo and Head (1999) t
in the total thickness of the 4®-rich layer—gravity data per- describe the layering of Europa. As may be deduced above, a
mit 80 to 170 km (Andersoat al. 1998)—still allows for either central segregation of metallic or sulfide phases is ternvedsa
a thick (up to~70 km) or a thin (few kilometers) frozen crust.A rocky layer surrounding the core is termed thantle if the
Closer scrutiny of the magnetic field data and possible generatimantle is further differentiated (e.g., due to silicate magmatism
mechanisms has supported the brine ocean induction mechartisenultramafic residue of partial melting is still termed than-
without revealing strongly compelling alternatives (Kivelsotle and a differentiated outer rocky layer is termed silecate
et al. 1999). However, a comparable induced field has besuabcrustsince itwill underlie avolatile crust. The outer layer en-
discovered at Callisto (Stevenson 1998, Kivelsbral. 1999), riched in HO and other volatiles is termed theust Following
where there is scant geologic evidence of an ocean. Calliftomation of a primordial hydrous crust but before separation c
could have an ocean, especially if ammonia is present (Prenticeore, the rock-rich material beneath the crust is simply calle
1996), but the icy lithosphere would have to be very stable atfte rocky interior. The volatile crust may further differentiate
competent. Possible alternative explanations for Callisto’s médgto (i) a solid upper crust, which we refer to as ibg shell
netic signature—that the electrically conducting layer might @) a liquid interior layer, which we refer to either as theean
some other substance, for instance, graphite—have not beenatahe hydrosphergthe latter term may include the ocean plus
veloped in detail. In sum, Europa’s magnetic signature suppoasy liquid inclusions or liquid-filled pods or conduits intruding
the existence of a brine ocean, but this support is temperedibto the icy shell or leading onto the surface); and (iN)odatile
Callisto’s similar magnetic signature. subcrustwhich encompasses any layered sequence of salts, s

Hydroxylated phyllosilicate minerals that are so abundafur, or other volatile-bearing solids deposited on the seafloor b
on Callisto and Ganymede (McCodd al. 1998b) exhibit ab- resting above the silicate mantle or silicate subcrust. The ic
sorption features not seen on Europa (McCetdl. 1998a). shell could further differentiate into various compositional lay-
However, nonice hydrated substances are regionally abundarst If a surficial layer of ice-free salty material exists, itis terme:
on EuropaGalileoNIMS reflectance spectra of many regions ofhe evaporite layer The icy shell is divided on a mechanical—
Europa exhibit highly distorted water absorptions indicating treructural basis into a cold, brittle top layer termed litieo-
presence of bound water—and little or no ice—wherever tlsphereand awarm, solid, convecting interior layer termedtke
deep interior has been exposed by deep impact or rifting thienospherdt is possible that no ocean exists (Pappalaxick.
the lithosphere or by extrusion of liquids or warm icy masse999) or that convection/diapirism is unimportantin the icy shel
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(Greenberget al. 1999, 2000). It seems to us that the evidenc& 1. Initial Conditions
strongly supports the ocean/asthenosphere/lithosphere model.
We assume that Europa started as hydrated rock formed
2. FRAMEWORK FOR EUROPA'S CHEMICAL EVOLUTION the warm side of the Jupiter system’s “snow line.” Europa i
assumed initially to have had solar elemental ratios of involatil
What relations exist between the landforms and geologic prand slightly volatile rock-forming elements and an absence
cesses of Europa, the structure of its crust, the compositionvofatile ices. Following Kargel (1991), we take carbonaceou
any ocean that may exist, and the makeup of its surface? HBWchondrites (the most volatile rich, most agueously altere
is Europa’s present state related to initial conditions? We seeklrad most compositionally primitive class of carbonaceous cho
reasonable chemical evolutionary framework, compatible witlrite) as a reasonable analogue to Europa’s initial material. Tt
the latestGalileo data, upon which possible answers to these merely a convenient assumption that provides (a) roughly tt
guestions may be based. correct amount of water needed for a volatile crust, (b) sal
The Mg—Na—sulfate and/or Na—carbonate minerals believitbught to exist on Europa’s surface, (c) sulfides for a cor
present on Europa (Kargel 1991; McCartlal. 1998a, 1999a; and (d) approximately the correct bulk density. Actually, Cls
Fanaleet al. 1998) also are widespread in terrestrial continemrovide a bit too much water, as we shall see; CM chondrite
tal evaporites (Eugster and Jones 1979, Eugster 1980), s{agother volatile-rich class of chondrite) may be slightly bet
gesting that evaporation and concentration of aqueous predg- in this regard but are a bit too dry. Whereas CI and CN\
itates occurred on Europa. The alternative, hydrated sulfudbondrites closely bracket the ideal composition, other types
acid (Carlsoret al. 1999), raises the possibility that differentcarbonaceous chondrites might also satisfy these conditions
agueous equilibria were at work, but still evaporative processemme additional water was provided in the form of ice and the
and sulfate chemistry may have been partly responsible. Eajueous alteration was allowed (e.g., CV and CO chondrite
ropa’s surface, like the salts of dry lakes, represents an extrebwth of which are much less volatile rich and less aqueous
type of water-based chemical fractionation. The surface matered than Cls and CMs). Ordinary and enstatite chondrit:
terials are just the last link in a complex chain of processgsvhich contain abundant free metal and very little water an
We postulate that, following formation of the jovian systengarbonaceous matter) lack sufficient water, are too reduced, &
and accretion of the major satellites, the europan chain hasnamild yield too large a core, although heterogeneous accreti
its major links: (a) initial conditions represented by carbonaf some such material with late accretion of some amount of (
ceous chondrite rock, (b) global primordial aqueous differentthondrites or comets might work.
ation and formation of an impure primordial hydrous crust, (c) The use of hydrated rock similar to Cl or CM carbonaceou
brine evolution and intracrustal differentiation, (d) degassinthondrites is a long-standing assumption by modelers of tt
of Europa’s mantle and gas venting into the icy ocean/cru§alilean satellites (Ransforgt al. 1981, Squyret al. 1983,
(e) hydrothermal reactions of brine with the rocky mantle ar@rawford and Stevenson 1988, Golombek and Banerdt 19¢
rocky subcrust, and (f) alteration in the surface environmentargel 1991, Prentice 1996, Mueller and McKinnon 1988
These are not strictly sequential stages—some are concurtdagenboonet al. 1995, Fanalet al. 1998, McKinnon 1999).
and others ongoing. These events are further described and naine who have modeled these objects with initial ice plus a
eled in Section 3. hydrous rock (e.g., ordinary chondrites) did so to simplify cal
This conceptual framework is illustrated in Fig. 1, whickculations but acknowledged that carbonaceous chondrites
shows identical chondritic starting material but different enble a better analogue (Lupo and Lewis 1979). This assumpti
states that depend on details of the chemical pathway. Note tisatooted in the concept from meteoritics and nebula therme
each scenario starts with identical low-temperature incongruetiemistry that rocky nebula condensates just on the warm si
melting of hydrated salts in a Cl or CM chondrite (the modedf the “snow line” lacked volatile ices but possessed a hydrate
of Kargel 1991) and ends up with precipitation of sulfuroumineralogy and solar proportions of refractory and moderate
compounds on the seafloor; the scenarios differ in compositiordatile rock-forming elements. There were important differ:
of the ocean, crust, and seafloor deposits. The process implices in nebula processes in the jovian nebula and the solar n
cations of these and several other possible crust compositiots (Cameron and Pollack 1976, Pollack 1985, Stevepsah
are summarized in a different form in Table I. The compost986, Prinn and Fegley 1989). Gas pressures, temperatures,
tions and some properties of selected liquids that could aridensation, and accretion time scales were different. Gas-ph:
by these processes are summarized in Table Il. In Section 3 eeiilibrium (or lack of) depends sensitively on nebula P-T an
consider some of these processes in more detail. For compaebula lifetime, so assemblages of ices more volatile than w
son of our new results and those of Kargel (1991), the readetés ice depend on where condensation took place. As shown
referred to the recent work of Spaun and Head (2000), who hdwawis (1971, 1972), condensation temperatures depend ser
modeled the fractional crystallization of a hypothetical europdively on nebula pressures, but condensasequence®r solar
ocean and formation of a layered crustal sequence in the syst@amposition gases are fairly insensitive to nebula pressure. The
MgSQ,—H,0. is relatively little difference in the sequence of condensatio
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Alternative Surface Compositions and Implications for Europa’s Hydrospheric Evolution

Thermal state of ocean

(if it exists) and

Major components of surface icy crust Allowed by NIMS data? Implications for evolution of hydrosphere
(a) HO, MgSQy, N& SOy Warm ocean Yes Simple evolution by incongruent melting of chondrite
Thin icy crust salts—Fig. 3, models A5 and B; Fig. 1a. Minimal
hydrothermal interaction with basalt subcrust.
(b) H2O, NSOy Warm ocean Yes Incongruent melting of chondrite salts as in case (a). S
Thin icy crust guestration of Mg in carbonates or Mg-phyllosilicates
and partial reduction of sulfate by hydrothermal
circulation in basaltic subcrust.
(c) H20, NaSOy, Na,CO3 Warm ocean Yes Melting of chondrite salts and sequestration of Mg as i
Thin icy crust case (b). Addition of C{by pyrolysis of mantle
carbonates and organics—Fig. 1c.
(d) H20, NaCO3 Warm ocean Yes Similar to case (c), but sequestration of Na by albit-
Thin icy crust ization of silicate subcrust due to hiHydro-
thermal reaction or fractional crystallization
of NapSQy.
(e) HO, NaCl Cold ocean No? Sulfate reduction and sequestration of Mg as in case
Thick icy crust (b), and fractional crystallization of N8O,
and NaCOs.
(f) H2O, NaCl, MgCh Cold ocean No? Extensive fractional crystallization. Minimal hydro-
Thick icy crust thermal interaction with basalt subcrust—Fig. 4.
(g) H20, MgSQ, NapSOy, HoSOy Warm ocean Yes Similar to case (a) but large additions of S gases due
Thin icy crust to breakdown of sulfates in mantle or lower crust.
Minimal hydrothermal reaction with basalt.
(h) H20, H,SOy, NaCl, MgCh Cold ocean Yes? Similar to case (g) but extensive fractional
Thick icy crust crystallization of Mg—Na-sulfates.
(i) H20, NgSOy, HoSOs Warm ocean Yes Similar to case (g) but sequestration of Mg in carbo-
Thin icy crust nates or Mg-phyllosilicates due to IGwhydro-
thermal circulation (little sulfate reduction).
(J) H20, HaSOy, NaCl Cold ocean Yes? Similar to case (h), but extensive fractional crystalliza-

(k) H20

Thick icy crust

No constraint
on ocean

Allowed regionally,

but not globally

tion of Mg salts, or sequestration of Mg by hydro-
thermal processes or carbonate precipitation.

Efficient fractional crystallization and floatation of ice,
or diapiric instabilities of ice in icy shell
with complete ice resurfacing.

() H20, CH, or organic
tholins,+ or — salts

Depends on salts Depends on salts Deep mantle pyrolysis of carbonaceous componen

of mantle or reduction of carbonates.

and expected mineralogy down to the point of ice condensati@md Shock (2000a) have confirmed this result; they modele
Therefore, we conclude that although carbonaceous chondtite aqueous alteration assemblages resulting from an initial ¢
meteorites are solar nebula materials, basically identical rosgnaceous CV chondrite (nearly anhydrous) and obtained s
should have been formed in the jovian nebula, and that follo@ssemblages somewhat similar to those occurring in Cl and C
ing aqueous alteration it should contain abundant Mg—Na—Cehondrites. Experimental hydrothermal alterations of chondriti
sulfate-rich soluble material. material have reproduced part of the Cl and CM chondrite a

Closed-systemin situ aqueous alteration at low to modersemblages, including formation of carbonates and phyllosil
ate temperatures of high-temperature nebula condensates laeles (Scotéet al. 2000). However, to make the reactions occu
ing much free metal produces the mineral assemblages of car-laboratory time scales, the experimentalists found that si
bonaceous chondrite meteorites (DuFresne and Anders 19@ificant reaction occurred at temperatures much higher than
Bostrom and Fredrikkson 1964, Richardson 1978, Fredrikssithought to have been involved in the alteration of Cl and CN
and Kerridge 1988, Anders and Grevesse 1989, Zoleeskll chondrites; sulfate formation was not reported but probably pe
1989, Burgeset al. 1991, Brearley and Jones 1998). Zolotovains to the particular oxidation state of the experiments. Tt
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TABLE 11

Densities, Compositions, and Solid-Liquid Equilibria of Some Key Liquids Likely on Europa

Derived by melting

The frozen solid yields

Freezing/melting pt. Density at 1 atm: or incongruent Mineralogy what liquid upon
(at 1 atm solidus) solid (s) liquid (1) Composition melting of this when frozen incongruent
Substance (K) (kg m?) (wt.%) assemblage (Wt.%) remelting?
Water 273.15 917 (s) 100.0,8 ice ice 100.0 HO
1000 (1)
Eutectic E 268.2 1144 (s) 81.0,0 ice 48.9ice Liquid E
in system 1208 (1) 16.0 MS MS12 44.7 MS12
H,0-MS-NS 2.8NS mir 6.4 mir
Peritectic P1 275 1235 (s) 75.5%8 MS12 33.6ice Liquid E
in system 1278 (1) 20.5 MS eps 57.3 MS12
H20-MS-NS 4.0NS mir 9.1 mir
Peritectic P2 319 1444 (s) 65.48 eps 6.0ice Liquid E
in system 1361 (1) 29.4 MS hex 82.2 MS12
H,0O-MS-NS 5.2NS blo 11.8 mir
Peritectic P3 334 1517 (s) 61.98 hex 78.0 MS12 Liquid P1
in system ~1465 (1) 33.1 MS blo 10.6 eps
H,0-MS-NS 5.0 NS MSNS2.5 11.3 mir
Peritectic P4 337 1530.1 (s) 60.26 hex 68.6 MS12 Liquid P1
in system ~1485 (1) 34.0 MS kie 19.4 eps
H,O-MS-NS 5.3NS MSNS2.5 12.0 mir
Peritectic P5 344 1869.2 (s) 64.66 blo 17.6 MS12 Liquid P1
in system ~1380 (1) 15.5 MS MSNS 35.3 MS7
H20O-MS-NS 19.9 NS MSNS2.5 47.1 blo
Eutectic 211 1259 (1) 65.140 HS6 73.4 HS6 Eutectic
in system ~1245 (s) 34.9HS ice 26.6ice
H,O-HS

Note. The liquid and solid mixtures indicated by P1, P2, P3, P4, and P5 refer to the series of peritectics known for the ternary,€sk4gSE—Na SOy
(International Critical Tables1928, Kargel 1991); note that these are not exactly the same peritectics as designated by Kargel (1991) for the binary
MgSOs—H,O. “E” represents the ternary eutectic in this same system (Kargel 1991). Chemical components are designated in short-hand; i.e Owsligs&H
is MS, NSO, is NS, and HSOy is HS. Minerals are epsomite, eps; hexahydrite, hex; kieserite, kie; mirabilite, mir; thenardite, the; bloedite, bla; 2§50,
MS12; MgSQ-Nap;SQy-2.5H,0, MSNS2.5; and MgS©3NaS0,, MS-3NS. The densities (in kg n¥) of solid phases are MS12, 1500; eps, 1677; hex, 1745
kie, 2571, blo, 2274; mir, 1490; and the, 2680. Other solid phase densities are not known and were guessed on the basis of data in etaefl985n

water needed for the aqueous alteration of actual chondrite pga2. Primordial Aqueous Differentiation

ent bodies could have been provided either by dehydration of

hydrous silicates condensed from the solar nebula or by melting®rogressive heating to temperatures of 268—380 K would ha
of a small amount of ice accreted with an initial anhydrous rodkermally dissociated hydrated salts in a definable staged <
assemblage. Our specific model starts with the salt assemblggence known from the relevant phase equilibria. Fluids so ge
known from CI chondrites—closely approximated as 8.8% tgrated would then have formed a primordial hydrous crust. C
mass epsomite, 4.9% by mass bloedite, 1.5% anhydrite, 2.4%1 CM chondrite brines are well represented in the syste
dolomite, and 0.7% magnesite (Bostrom and Fredriksson 196%0-MgSQ—N&S0O,—97% of the highly water-soluble frac-

Fredriksson and Kerridge 1988, Burgesssal. 1991, Kargel tion of Cl chondrites is represented by this system (Kargel 199
1991). The salt assemblages of CM chondrites are somewRegdriksson and Kerridge 1988). Calcium sulfate and Ca—M
similar. What is most crucially different between Cls and CMs isarbonates, although abundant in ClI chondrites, are not effe
the amount of water—about 6 wt.% in CMs and up to 18 wt.% itively leached during this initial low-temperature stage of evolu
Cls. Our model water content, 18%, is from the H content listdgbn because of the low solubility of these phases and the smi:
by Anders and Grevesse (1989) for the CI chondrite, Orgeuivater : rock ratios involved. Some other components, such
Although details of any model will depend on the initial salt adNi— and Mn-sulfates, can be treated to a first approximatio
semblage and the amount of water that is available, the more ias-a part of the MgS©Ocomponent due to chemical similari-

portant results of any such models are fairly independent of theé&ss. Chlorides would have been present, and although they &
details. highly soluble, they are not nearly as abundant as sulfates
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TABLE 111
C-Chondrite Leach Compositions Compared to Seawater (Mass Fractions)

Major cations (sura= 1.00) Major anions (sum 1.00)
Mg Na+K Ca SQ Cl COs

ClI chondrites, entire salt 0.438 0.107 0.455 0.603 0.013 0.384
assemblade

CI chondrites, entire salt 0.381 0.208 0.411 0.979 0.021 0
assemblagewith carbonates
subtracted

Cl chondrites, salt assembld&ge 0.653 0.351 0.005 0.968 0.032 0
with carbonates and Cag30
subtractefl

CM chondrite leach obtained 0.274 0.433 0.293 0.965 0.035 0
by boiling®

CM chondrite leachwith 0.386 0.609 0.005 0.952 0.048 0
CaSQ subtracted

“La Mancha” playa 0.386 0.605 0.009 0.806 0.191 0.003
evaporitic briné

Earth’s seawatér 0.100 0.868 0.032 0.125 0.868 0.007

a From Kargel (1991); small amounts of Ni and Mn included with Mg.
b All CaSOy subtracted except for enough to saturate the solution.

¢ Fanaleet al. (1998).

d“La Mancha” brine from de la Peret al. (1982).

€ Seawater composition from Krauskopf (1979).

these aqueous solutions due to the low cosmic CI: S ratio a&@. Brine and Crust Evolution

low chloride : sulfate ratios of carbonaceous chondrites (Kargel

1991, Fanalet al.1998). The aqueous phases generated by low-Beginning with the first exhalations of agueous fluids an
temperature dissociation of salts would have been hypersalprebably still continuing, Europa’s impure crust would have
and the solutes dominated by magnesium and sodium sulfateslergone further aqueous differentiation into multiple com
corresponding to the series of peritectics in this ternary syst@usitional layers. The development of density stratification du
(International Critical Tablesl928, Kargel 1991). A summary ing cryomagmatism depends on details of the melt generati
of the eutectic and peritectic compositions in this system is prprocesses and eruption mechanisms (Kargel 1991, Hogenbo
vided in Table II. The salt assemblages in carbonaceous chehal. 1995, Wilsonet al. 1997, Heackt al. 1998, Kadelet al.
drites (Table Ill) would have yielded the initial liquids indicatedL998, Wilson and Head 1999, Fageetsl.2000). Equilibrium

in Table II; Cls yield a liquid corresponding to the peritecticrystallization—or quenching with glass formation—might oc-
P2 that is approximately 65.4%,8, 29.4% MgSQ, and 5.2% cur in some rapidly cooled cryovolcanic flows and cryoclasti
Na SO, (there would also have been just over 1% of chlorideleposits, resulting in frozen layers that would tend to consist
notlisted in Table Il). Thisis the initial brine composition used irutectic or peritectic compositions. Layers of pure salts cou
all of our models. A rough validation of the salt assemblage cdbrm by rapid water boil-off of brine lavas, by slow sublimation
culated by Kargel (1991) is provided in the CM chondrite leaabf ice on the surface, or by fractional crystallization and settlin
experiments done by Fanadeal.(1998, 1999). By boiling CM2 of salt crystals. Layers of nearly pure ice could be produce
Murchison they obtained a leachate resembling that used in therecondensation of water vapor at the poles, in shadowed
modeling here, but this leachate even more closely approxima¢es, or on cold surfaces adjacent to active brine vents, or
the ternary peritectic P5 in the systerps®+-MgSQ-Na SO, (if  flotation of ice in brine magma bodies (Hogenboetal. 1995,
CaSQ s subtracted from the leach), which is not surprising coWilson and Head 1999). Salt-water systems on Europa shot
sidering the temperature of the experiment. However, the Cihdwve a strong tendency to evolve with fractional crystallizatio
leach differs most dramatically in that it also contains abundathtie to the combination of large density differences between sol
CasqQ, which is difficult to explain in terms of equilibrium dis- and liquid phases and the low viscosity of the liquid in salt-
solution, but it might be due to use of a large water : rock in thoseater systems (Hogenbooet al. 1995). Idealized fractional
leach experiments. The high opacity reported for the CM choorystallization might occur in most situations involving slowly
drite leachate probably was due partly to precipitation of CaSQooled, deep-seated magma bodies (brine plutons) or freezi
which would have been grossly oversaturated in that mixtureof an ocean on Europa, resulting in massive sills, lenses, a
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dikes and thick crustal layers of water ice and segregated saitiation at all, other than the removal of aqueous and sulfic
masses. Interlayering of salts and ice would be gravitationafihases. Note that our choice of a carbonaceous chondrite p
unstable in the crust. Diapiric instabilities might arise, with iceursor means that little or no free metal was available, so that
bodies ascending and salt bodies descending. At one extreraee would be made of pure metallic sulfides, which are approx
all the ice within Europa’s crust eventually could segregate anthted here as FeS. Although crude, this approximation accour
form a pure-ice upper crust, leaving the salts confined to deefi@r most of the sulfide component present in Cl and CM chor
layers. However, this extreme model does not seem to satisfy thi¢ges (Tomeoka and Buseck 1985, Brearley and Jones 1998) tl
NIMS data, which indicate concentrations of salts on the surfas®uld exist following dehydration. According to Prior's Rules
(McCordet al.1998a, 1999a). Various scenarios of brine evoluhe rocky mantle and any silicate melts would be extremely el
tion and crustal differentiation are developed below. NIMS datached in FeO component (hence, significantly denser than tl
which seem to require an abundance of some type of sulfate {@restrial planets’ mantles for equivalent pressures).
possibly sodium carbonate), tend to rule out models whereby a

high degree of crystallization produces a sulfate-depleted chips. Hydrothermal Processes in the Seafloor Environment

ride ocean (e.g., model ‘b’ in Fig. 1). . , . .
€9 9-1) Hydrothermal circulation of brine in a silicate subcrust coulc

_ . cause chemical reequilibration of solutes. Earth’s seawater h
2.4. High-Temperature Degassing of Europa’s Mantle evolved a chloride-rich composition partly due to reaction o
and Fluid Reaction in the Hydrosphere sulfates with crustal ferroan silicates to form nearly insolubls

As Europa’s deep mantle heated further, hydrous silicatdetal sulfides; magnesium from a dissolved magnesium sulfe
ponent reacts with the rock to form serpentine, chlorite, ar

would have undergone progressive metamorphic dehydratfdi" i
between about 500 and 1100 K (Winkler 1979). Aqueous fluf§her phyllosilicates (Von Damm 1995). A comparable proces
phases would have been generated at each stage. These fiifigidl occur on Europa under the right conditions, resulting i
would have migrated toward the surface, further leaching the sfi€P!etion of the brine in magnesium sulfate and enrichment
cate interior and carrying additional dissolved salts, thus addifgdium chloride. Athick layer of seafloor salts might circumven
to an already impure crust. Over a similar temperature rané’é,mOd'fy any such reactions between silicates and brines.
other volatile-bearing phases in Europa’s mantle would have de-

composed, producing additional fluid constituents. Thedeb. Surface Alteration

volatile-bearing phases would likely include Ca-Mg carbon- after all the processes above have had their influence, the
ates, Ca sulfate, organic compounds, and sulfides, which g{gerial erupted onto the surface or otherwise exposed will be
fairly insoluble in water at low temperatures; hence, they Pligred by the space environment. Surface alteration includes pe
marily remained in the mantle during low-temperature aqueokg)e thermal or radiation-induced dehydration and radiolyti
differentiation. The flwds.so generated would have V(a_ntgdl YPocessing. Charged-particle implantation and UV radiolyti
and been trapped by the ice-capped hydrosphere. This situaifBmistry are likely to have major effects on salt stability and su
is different from the Earth, where gases are vented directly iflg-e composition (e.g., Carlset al. 1999). Surface processes
the atmosphere or into the ocean, which is in communicatip,yid not be too effective in altering interior chemistry and
with the atmosphere. Once in the europan ocean and icy shglcture, and they would not explain geologic associations
gases such as $0CG,, and CH are then available to reactponjice material, unless alteration products are buried and son
and form other types of brines and solid phases not predicted¥y recycled deep into the crust. However, surface alteratic

the basic low-temperature chondrite evolution model describgges affect our view of the surface. which is our best windov
above and modeled below. Some implications of degassing fRfo the interior.

ocean and crust composition are briefly explored below, includ-
ing possible formation of a sulfuric acid ocean. Possibly all of
these gases (and others besides) are added to Europa’s crust, 3. CHEMICAL PATHWAYS AND MODELS
although in this paper we consider only some possible chemi . .
effects due to separate addition of SC0O,, and CH. %ai Chondrite Evolution Models

With further heating to temperatures just below the silicate The salt interpretation of nonice materials on Europa he
solidus, sulfides would have melted and separated from the manshort list of suspected components (McCetdal. 1998a,
tle, resulting in core formation. As the deep interior of Europa999a,b). Among them are the types of salts—hydrated ma
became hotter yet, partial melting of silicates may have yieldegsium and sodium sulfates—predicted from simple aqueo
basaltic or komatiitic liquids, which then would have formediifferentiation of a CM or CI chondrite (Kargel 1991; Fanale
a basaltic or ultramafic silicate subcrust either composing theal. 1998, 1999). The short list of candidate materials has th
seafloor or underlying a volatile subcrust. The emphasis of thiapredicted addition of hydrated sodium carbonate. We note th
work is on the petrological fate of Europa’s impure crust, whickodium carbonate and magnesium sulfate are unlikely to occ
we model in detail. We make a simple accounting of the sefpgether, since they are highly reactive and do not occur t
aration of Europa’s core and do not investigate silicate diffegether on Earth (Eugster and Hardie 1978), although both occ
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on Earth in separate evaporite deposits. Sodium carbonate awaporation or freezing. For instance, one structural—chemic
sodium sulfate minerals occur together, as do magnesium sulfistedel produced by Kargel (1991) has a europan crust cor
and sodium sulfate (Eugster and Hardie 1978). Other procespesed of a peritectic mixture of 84% MgeQL2H,0+ 11%
no doubt have affected the composition of Europa, but itis worthe, SO, - 10H,O + 5% ice—ice is the minor constituent. Ac-
considering the chondrite evolution models in some detail agarding to that particular model, a 20-km-thick layer made of
starting point. According to a widely held opinion among plangseritectic mixture of hydrated salts and ice would be underlai
tary scientists, Europa is probably unique among icy satellitesbyg a much thicker layered sequence of less-hydrated salts
that ice was not initially present or at least not abundant. Eurofadly lacking ice. In another model, Europa has a eutectic cru
may have started as a purely rocky object made of hydrous raafl60% ice+ 44% MgSQ - 12H,0 + 6% NaSO, - 10H,O. The
similar to carbonaceous chondrite meteorites (Fredriksson andin points of this previous modeling were that: (a) salts ar
Kerridge 1988; Kargel 1991; Fanadeal. 1998, 1999). The suite major constituents of the crust and ocean derived by chondri
of models considered here implies either that Europa accre®ablution, (b) magnesium and sodium sulfates are specifical
carbonaceous chondrite material or that some other chondrjiredicted as the major salts, and (c) an ocean would probably
material was accreted but soon underwent aqueous chemistypersaline, with solutes exceeding 17% by mass.
that resulted in a mineral assemblage similar to that of carbonaKargel (1991) modeled the first, coldest stages of aqueo
ceous chondrites—specifically Cl or CM chondrites. differentiation without evaluating logical progressions of melt
Some candidate Europan salts suggested both by chondiiibgrand further differentiation at higher temperatures. We hay
evolution models (Kargel 1991; Fana¢al. 1998, 1999) and computed many additional models; Fig. 3 shows a selection
by the interpretation of NIMS spectra (McCosat al. 1998a, alternative chemical structures (or possibly an evolutionary s
1999a,b) include epsomite (MgQOrH,O), bloedite quence)that might represent a differentiated chondritic Europ
(NaeMg(SQy)2 - 4H,0), and mirabilite, NgSO, - 10H,0. Inad- The models all assume that a gravitationally stable structu
dition, the NIMS data admit possible sodium carbonates, e.i,achieved. The models differ in the extent of dehydration c
natron (NaCQO; - 10H,0). These are common terrestrial evapothe mantle and of aqueous phase segregation in the crust/oce
ite minerals. The unusual compositions of chondritic leachat€hose having an icy shell made of pure ice implicitly involve
(compared to terrestrial brines) are highlighted in Fig. 2. Cesome process, such as segregation of large ice bodies follow
tain rare terrestrial closed-basin brines, such as that of a pldyeasolid-state ice diapirism. Figure 3 also shows the compute
of the La Mancha region of Spain (de la Pezial. 1982), are values ofC/MR? of each structureC/MR? was not used as a
fairly close approximations to a CM or Cl chondrite brine. It i€onstraint on the models, but rather was compatpdsteriori
extremely rare to have Cl: SQatios on Earth as low as thoseA similar set of Europa structure models was recently present
expected from chondrite brines. The other main distinction iy Spaun and Head (2000); their work is based on fraction
the extremely magnesium-rich composition of chondrite brinesystallization of a putative ocean approximated in the binar
compared to more sodic terrestrial brines, but there are sevesgdtem MgS@-H,O and took full advantage of Europa’s ob-
rare examples here on Earth that come close to the hypotkerved value o€ /MR? as a constraint. Their models resemble
sized europan Mg : Na ratio. The “La Mancha” playa evaporisome of those presented here in that they show multiple la
deposits from Spain are dominated by the same types of Mers of various hydration states and ice content, although in o
Na—sulfate minerals (de la Pertal. 1982) that are preferred tail the models differ since the modeled processes are differe
for Europa (McCorcet al. 1998a, 1999a). Modeling results by Zolotov and Shock (2000b) of the equilib
An important sulfate constituent of carbonaceous chondriteajm crystallization of Europa’s ocean have a problem with th
calcium sulfate (anhydrite, Cag@nd gypsum, CaSQ2H,0), CaSQ parameterization added to the FREZCHEM 2 model
is not highly water soluble in most naturally occurring waters aridg software, and so those results are erroneous. However, mi
so is not expected to be a major constituent of a europan oceaeful is the important result by Zolotov and Shock (2000a) th:
or an icy-salty crust. Calcium sulfate might be leached by hggueous alteration of an initial CV chondrite produces a salt a
drothermally circulated water affecting chondritic rock if thereemblage similar to that we have used as the starting point f
is large water : rock ratio (analogous to the CM chondrite boibur models. Their model points out that almost any oxidize
ing experiments done by Fanatal. 1998), but gypsum would chondritic meteorite assemblage could have been used as
readily precipitate upon reaching the ocean, possibly formisgarting point for our models and would have yielded a qualite
extensive deposits near hydrothermal vents. tively similar end result; details, of course, will differ.
Chlorides are minor constituents of chondrite leachatesEach of the models in Fig. 2 has an identical dense core ma
(Kargel 1991, Fanalet al. 1998) but are very important be-of iron sulfide. We approximated the core’s mass by calculatin
cause they are highly effective freezing-point depressants ahd amount of FeS representing the content of sulfide in CM ce
would be concentrated in the coldest brines during freezing lmbnaceous chondrites (Bostrom and Fredriksson 1964, Kart
an ocean or brine magma body. Chlorides likely would be €f991). In reality, chondritic sulfides are chemically more com
fective in preventing complete freezing of the ocean. plex, but it is not our purpose to investigate in any detail th
It is not necessary to think solely in terms of ice contairchemical nature of the core. However, considering the stror
ing minor salty contaminants that accumulate only upon sevéndluence of the existence of a core GiMR?, it was necessary
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Ca Model B. This structure results from multiple stages of ef-
ficient incongruent remelting of the hydrated salt layers repre
sented in Model A5—eventually a eutectic crust (or ocean) i
formed and all excess salts exist in anhydrous form as a low
crust.C/MR? still is far too high compared to Europa’s actual
value.

Model C. Taking aqueous differentiation yet another step fur
ther, it is assumed that the eutectic crustal material of Mod
B segregates into a buoyant crust of ice and a deeper volat
subcrust of hydrated salts. Segregation may occur by fraction
crystallization of an ocean or by solid-state phase segregati
and ice diapirismC/MR? still is too high compared to Europa’s

$04 €03 +HCO3 Mo actual value.
. . . _ Model D’. More heat is injected into the hydrated salts of

FIG.2. Triangular plots showing the compositions (mass ratios) of soluble .. . . .
salts of carbonaceous chondrites and terrestrial brines: (left) Major anions, Qdel C, resulting in multiple stages of incongruent remelting
(right) major cations. Rectangles numbered 1-3 are data for the CI chondfb €ach stage of remelting the residual salts contain le€3 H
Orgueil-number 1 is the total salt content, including sulfates, chlorides, atlian before and the amount o§@ in the uppermost icy layer is
carbonates; 2 is with carbonates subtracted; 3 is with carbonates and calGiq@reased. Also, all salts that had remained in the mantle in tt
sufate subtracted. Rectangles numbered 4 and 5 are for the experimental Iea%zaaels above, including carbonates, gypsum, and kieserite, he

obtained by Fanalet al.(1998) from the CM chondrite Murchison—number 4 .
is the actual “original leach solution,” and 5 is that solution with calcium sulfatdOW been driven out and added to the crust, but the mantle s

subtracted. The most directly comparable points for these two meteorites af€ains phyllosilicates. As differentiation of the crust proceed
and 5. Seawater and a closed-basin playa brine from the “La Mancha” regite, completion, the upper crust consists entirely of ice and th

Spain (de la Penat al. 1982), are shown as the rectangles numbered 6 anddj bcrust of anhydrous saI@/MRZ is much closer to Europa’s
respectively. In both plots dots are closed-basin brines (data from Eugster lg%l%tual value but still is a bit high

Model D. Similarto Model I, butthe amount of water inthe
crustis increased due to complete dehydration of the chondrit

to take a first-order look at how a carbonaceous chondrite prgck’s phyllosilicate minerals and all other hydrated phases. W
cursor could also yield a dense core potentially satisfying the

Galileo gravity data.
The specific models illustrated in Fig. 3 correspond to the fol 2000 T vareied |
lowing scenarios, all computed using Europa’s observed ma: I P2 pytectic  SAt
(Andersonet al. 1998), a carbonaceous chondrite precurso P3  crust cumylates ,
(Fredriksson and Kerridge 1988), and low-pressure phase eqt
libria and phase densities in the systegCHMgSQ—Na, SO,
(Kargel 1991). The model scenarios are briefly described here

1500 I

Model A5. Sequential steps of perfect fractional incongruen % r |
melting of hydrated salts at a series of peritectics as energy £ 19007
added to the system. Each peritectic liquid (represented by tt §
frozen crustal layers P2, P3,) is saltier and denser than the
solid peritectic assemblage that preceded it (Table 1), and so ail

stable density stratified crust is developed by sequential stag
of brine intrusion and underplating. It is assumed that the in
trusive layers solidify rather than form an ocean. The amour
of water and salts available to the crust/ocean system is dete 0
mined by phase equilibria during dehydration of salts containe
in the primordial europan chondritic assemblage. The mantl
of this model, after differentiation, still contains phyllosilicates

A5 B C D" D'
C/MR’= 0.3757 0.3639  0.3633  0.3579  0.3235
Europa structural model

; Ca £1 Ice crust ] p2 B Mantle
and the water of hydration of salts_that are fairly insoluble ant i o p3 B Core
stable at low temperatures, including gypsum (CaStBi,0) B Eiterte criet B r4
and kieserite (MgS© H,0). The implication is that the mantle | g Anhydrous salts H s

has not been heated very strongly, an unlikely situation (consic=

ering that Europa has a cor€)/MR? is far too high compared FIG. 3. Five model structures developed from a chondritic Europa
to Europa’s actual value 846+ 0.005; Andersoret al. 1998). (described in text).
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assume a toal water content equal to that of Cl chondrites caleolid phase assemblage. The listed data do not consider eit
lated from H abundance given by Anders and Grevesse (1983)mpression due to elevated pressure or thermal expansion.
with the aproximation that all H is in the form of water—H asso-

ciated with organics is relatively minor. With total dehydratio8.2. Formation of a Chloride Ocean by Partial Freezing

of Europa’s interiorC/MR2 is far too low compared to Europa’s  of Chondrite Brines

actual value (0.347). The radius of the differentiated Europa is

. It is well understood that common chloride salts are mor
also too large and the mean density too low.

effective as freezing-point depressants than common sulfate s
The models illustrated in Fig. 3 do not include any comin multicomponent solutions containing both chlorides and su
plexities caused by addition of other volatiles during heatirfgtes it is generally true that partial freezing results in concel
of Europa’s rocky mantle. None of the computed structures iration of chlorides and precipitation of sulfates. (A key excep
Fig. 3 hasC/MR? very close to the observed value, but modelson is sulfuric acid, if it is present, as discussed below.) Th
D’and D" bracketthe observed value (0.347), showing that fairfREZCHEM 5 model (modified after Spencetral. 1990 by
simple models can evolve into structures consistent with graditarion and Grant 1994, Mironenket al. 1997, and Marion
tational constraints. Considering that the amount of soluble sadtsd Farren 1999, with modifications including addition of car
and water in chondrites varies widely (roughly a factor of 3 fdsonate minerals and improved parameterizations of sulfates
Cl and CM chondrites), the results would indicate that an idéelaigh ionic strengths) was used without carbonate to compu
solution could be forced with iteration of the amount of salts arttle thermal evolution of chondritic brines. An earlier versior
water initially present or by iteration of the degree of interior desf this computational tool was used to investigate the chemic
hydration. Boato (1954) gave a drier estimate of Cl chondrigvolution by freezing of Earth’s seawater (Mariehal. 1999)
composition £12% H,O by mass) than the 18% value we usednd a hypothetical martian ocean (Morse and Marion 199¢
(from Anders and Grevesse 1989). Had we used the lower widie FREZCHEM models select the compositions of the solt
ter content, complete aqueous differentiation in modet@uld tions and solid phases that minimize the Gibbs free energy
have resulted il /MR? much closer to Europa’s actual value. the system. Solid phases formed during evaporation or free

Our purpose with Fig. 3 is not to present an ideal structuieg are assumed to have the potential to subsequently disso
of Europa. Anyway, there is a difference between producingoa react as solution properties change (e.g., the solids can
model that satisfies available constraints (very easy) and pooystallize and add water of hydration, or lose water). This i
ducing a model that is uniquely satisfactory (not possible). Byquilibrium crystallization, which represents an extreme in the
showing models that bracket Europa’s obser@tMR? and all precipitated phases are assumed to be available for sub
mean density, and also presenting a range of other models ta¢nt reactions. Fractional crystallization, which also can k
do not do so well, we merely wish to point out that a great variegimulated with FREZCHEM 5, represents another extreme |
of structures can result from relatively simple chemical modetlsat precipitated phases are buried and thus are unavailable
starting with identical chondritic material. subsequent reactions.

We note that equilibrium petrology would not allow devel- Figure 4 shows the modeled evolution of a chondrite brin
opment of an upper crust of pure ice or of pure salts (hydratddring progressive freezing alternately by equilibrium or frac
or not). An evaporite layer of pure-salt surface would implyional crystallization. The initial high-temperature brinein Fig. 4
sublimation of ice. Any chondritic model that has ice formings that calculated by Kargel (1991) for the Mg—Na—Ca—sulfat
the only major constituent of the uppermost crust must involhmmponents with addition of chlorides in the amounts observe
(a) efficient fractional crystallization of brine flows (wherebyoy Fanaleet al. (1998) in their leachate. In the equilibrium
salts sink and ice floats), (b) some form of solid-state segredeeezing model, magnesium sulfate first precipitates as epsom
tion of phases and diapirism, or (c) water evaporation and frqdgS0O, - 7H,0) but then is completely replaced by Mg$O
recondensation. There is strong geologic evidence of and th&8H,0O by reaction with the brine as it cools. In the fractional
retical backing for diapirism (Pappalarésb al. 1998, Rathbun crystallization model MS7 is preserved and then buried by MS1
et al. 1998, Spauret al. 1999, McKinnon 1999) and frost con-and other salts. The calculations show the enrichment of chl
densation (Squyrest al. 1983, Dominguet al.1991), and frac- rides at lower temperatures and a crossover in chloride and s
tional crystallization of brines is all but inevitable (Hogenboorfate abundances at about 266 K, which coincidentally is abo
et al.1995). the temperature where ice begins to precipitate. These comj

The propensity for solid-state diapirism or cryovolcanism ttations do not consider effects of elevated pressures in Europ
occur, and also the stability of a chemically layered crustal serust; some pressure effects are considered qualitatively lat
quence, is greatly dependent on the relative densities of Keigure 4a shows the thickening of the icy shell (with two al-
solid and liquid phases. Table Il compiles the densities of internative assumptions that it is entirely ice or is a cotectic mix
portant solid phases, solid assemblages, and liquids in the systara of ice and salts) and thinning of the liquid brine layer a
MgSO,—Na,SO,—H,0. This table also indicates the composithe system cools. Figure 4d shows the difference between fre
tion of the liquids formed by lowest temperature melting of eadfonal and equilibrium crystallization in terms of the final mineral
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FIG. 4. Freezing evolution of a Cl-chondrite-derived brine ocean on Europa. (a) Thickness of liquid brine layer and icy shell versus ocean tempe
(b) Composition of the brine as a function of temperature, calculated with FREZCHEM 5 with the assumption of equilibrium crystallization. Tée topvis
for liquid water, ice, and water in hydrated salts represent the percentage of the total water in the system that is in those three forms, whichGgdd Tipsother
curves show the concentrations of each ionic or anionic species. Also shown is the initial temperature at which each solid phase begins taptkeipitiat
is cooled. (c) Same, but fractional crystallization. (d) Completely frozen mineral assemblage produced, alternately, by equilibrium aabdngstadiization.
The bar plots show relative abundances of solid phases, not vertical sequences of minerals.
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assemblages that are produced. Fractional and equilibrium cryseze until 238.55 K, at which point the sulfates are mostly i
tallization produce slightly different lines of brine evolution, busolid form already. Considering pressures deep in Europa’s crt
the key point about chloride enrichment at lower temperaturéie nearly 200 MPa), the actual solidus temperature would t
remain qualitatively the same in the two scenarios. closer to 216 K. This is likely much colder than temperature

If the initial model brine of Fig. 4 reflects the real Europagf convective adiabats in Europa’s icy shell, meaning that it i
one implication is that any europan ocean in equilibrium withighly improbable that a europan ocean would be totally froze
an icy shell would likely have concentrations of chlorides highar even partly frozen to such an extent that it would consist of
than previously believed by Karget al. (1991). The reason is eutectic chloride solution (cf. McKinnon 1999 who uses a tenr
that the brine starts out with very high solute (especially sulfaperature of a convecting icy shell of about 260 K). Howevel
salt) contents, and by the time the temperature reaches a peirdn if the temperature is so cold as the chloride eutectic, the
where ice can precipitate, much of the brine’s mass has alreaglgnough chloride in chondritic material to produce a saturate
solidified as hydrated sulfates, causing chlorides to become centectic chloride ocean over 4 km deep (Fig. 4a). For likelier si
centrated in the residual solution. The brine does not completelgtions having crustal convective adiabats warmer than 216
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(or >238.55 K if not considering pressure effects), the liquiMg)-SO,—Cl brines. The exception of course is when acidity
ocean would be thicker, the icy shell thinner, and the chloride not neutralized (nonreactive wall rocks) and builds up to prc
content lower, as Fig. 4 shows. In any event, if the identificatiatuce acid brines. It is valid to ask whether Europan condition
of magnesium and sodium sulfates on the surface of Europanguld be sufficiently oxidizing to produce sulfate. Oxygen ha:
correct (McCordet al. 1998a), and if the surface material is inbeen observed in Europa’s tenuous atmosphere éitall1995)
some way reflective of the ocean composition, then it suggestswd has been attributed to magnetospheric plasma processes
fairly warm ocean (to keep sulfates in solution). An ocean teraurring on Europa’s surface and might say little about deep:
perature of 266 K would allow a sulfate-rich ocean to exist armbnditions. On the other hand, all nonice materials identified o
still allow ice to precipitate and form part of the crust (needed turopa are highly oxidized compounds—$G0;,, H,0,, and
explain surface ice observed spectroscopically). This high teone or another type of sulfate. We primarily assume that thi
perature would also mean that the liquid mass would be fairbxidized condition persists to deep levels. If we err in makin
large, the ice mass fairly small (meaning a thin icy shell), and tiigis assumption, then maintaining sulfur in reduced formss(H
ocean quite deep—consistent with interpretations o&hlleo  metallic sulfides, and native sulfur) should favor Na-carbonate
magnetometer data. Nevertheless, it is difficult to have bothaad chlorides as the major “evaporite” products. Thus, the re
frozen ice-bearing shell and a liquid brine ocean that is quite ative amounts and oxidation state/molecular form of C and
deep as the magnetometer team would like; at least 30 km is eamnpounds are fundamental questions to explore.
ily possible so long as the icy shell is very thin. Of course, this is Production of copious quantities of €its into the sulfate salt
just one chemical model of the ocean/crust. A thin ice crust ardenario just described. The chondrite-evolution models abo
deep bring ocean up to 100 km thick (favored my magnetometynit CaSQ as a major constituent because of its low solubility
results) would require lower initial solute contents than modeléad water. The bulk of any CaSChat would be leached from
here. Europa’s interior would promptly saturate and precipitate upo
reaching the ocean. Some of Europa’s Ca®80uld have set-
" tled into a thick layer on the seafloor, but most would neve
3.3. Addition of S@or SGy even have been Ieéched from the mantle. We note that Lew
Stevenson (1982) and Crawford and Stevenson (1988) fi{982), in evaluating the geochemistry of lo’s sulfur under high
considered possible roles of dissolved gases, including, C@mperature, anhydrous conditions, considered Ga8®e a
SO, and CH, in explosive water volcanism on small icy satelmajor repository of sulfur and a possible source ob S@hen
lites. An important further advance of our understanding of egubjected to temperatures approaching silicate mantle solid
plosive cryovolcanism has been made by Fageh#s. (2000), temperatures, CaSQnay break down and yield free S@r
who have examined in detail the explosive venting of europa®; fluid by reactions such as these:
aqueous liquids due to exsolution of g0, and other dis-
solved gases. On Earth sulfuric acid—an important dissolved CaSQ <« CaO+ SO D)
species in volcanic crater lakes and acid rain—normally is for-
med by the introduction of Sas into aqueous systems (Kargel CaSQ + 3Fe0« Ca0+ F&0s + SC; )
etal.1999). The fact that S£s so abundant on lo suggests that it CaSQ + FeS<« CaO+ FeO+ SO, + (1/X)Sk.  (3)
may also be vented into Europa’s crust, a process that would yield
H,SO, (Kargel 1998, 1999a). S(also occurs on Callisto and FeO and CaO produced by the forward reactions (2) and (
appears to be endogenic or partly endogenic in origin (Hibbitteould further react with silicates and thus represent compc
et al.2000). This endogenic mechanism is interesting in light afents of silicate minerals; the FeS in reaction (3) represents a
(1) spectroscopic evidence of traces of,J0aneet al. 1981, sulfides still retained in the mantle. A similar process occurs i
Noll et al. 1995) on Europa, (2) correlation of Europa’s UV abEarth’s subduction zones and regions of basal crustal anate»
sorbers (now thought to be a combination of S—O compounésplaining SQ-rich silicate magmas erupted from volcanoes
elemental sulfur, sulfates, peroxides, and ozone) with geologiach as Mount Pinatubo, Lascar, and El CbithThese volca-
features in addition to a longitudinal pattern related to exogemoes’ S-rich magmas (0.1 to 1 wt.% S in the forms of sulfat
processes (Hendrix 1998, Hendekal. 1998), and (3) new in- and SQ) is explained by anhydrite saturation at several kilobar
terpretations by Carlsagt al.(1999) that Europa’s predominant(Luhr et al. 1984, Luhr 1990, Bernaret al. 1991, Mathewst al.
nonice hydrated material isj30,, which was thought by them 1994, Fournellet al. 1996, Rutherford and Devine 1996).
to have a mainly radiolytic origin but clearly has some type of The sulfurous volatiles produced by reaction (3) coinciden
partial control by endogenic processes. tally can explain the S@and S gases venting from lo’s volcanic
Sulfur flux from the volatile subcrust and mantle should gengolume, Pele (John Spencer, personal communication to Karg
ate acidity, which may tend to be neutralized by reactions wittlovember 1999). Zolotov and Fegley (1998a,b, 1999), not y
silicate rocks. With appreciable sulfur input, a portion of thaware of Spencer’s findings, modeled the sulfurous volatile a
cations in solution would be charge-balanced by sulfur specg=smblage expected from Pele and concluded that volatile i
rather than by carbonate. In Earth’s continental evaporite settinggctions with silicate magmas would tend to produce SC
(strongly oxidizing), this scenario naturally leads to neutral Neand $ gases under some likely conditions. On Europa, thic
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sedimentary accumulations of magnesium and sodium sulfagesculate approximately.8 x 10?° kg. If lo’s rate of SQ loss

in the volatile subcrust also could be subjected to tidal heaé-scaled to Europa’s smaller mass (with@Hsubtracted), and
ing; they could dehydrate, and with further heating they migittthis rate of SQ venting from Europa’s interior has been con-
yield SG; by reactions analogous to (1), where the metal oxtant through time, then in 4.5 Byr:2 10%° kg of SO, would
ides would form a highly refractory, unsilicated substance: S@ave been vented into the ocean. This is what we refer to here
or SO; would tend to migrate upward and eventually would bghe lo model of Europa’s SQproduction. It is simply one esti-
vented into the ocean or icy shell. $@ould immediately re- mate of the possible magnitude of S@nting, not an estimate
act with water or ice to form sulfuric acid, and $@ight also of the precise amount, nor a statement regarding this sulfuro
form sulfuric acid under oxidizing conditions; relevant reactiongiaterial’s present chemical form.

might be An independent calculation based on reaction (2) and tt
amount of CaS@contained in typical carbonaceous chondrite

SG; 4+ H20 < HaSO, (4)  material yields a similar magnitude of $64.8 x 102°kg. We
3SO, + 2H,0 <> 2H,S0y + (1/X)Sy. (5) call this calculation the chondritic calcium sulfate model o

Europa’s SQ@ production. Considering the crudity of the mod-

Reaction (5) is important in many terrestrial volcanic cratéfS: the results are in surprisingly good agreement. To put b
lakes, as reviewed by Karget al. (1999). The point is that, by €Stimates into perspective, the lo model of Europa's po-
one means or another, copious quantities of @S0; can be re- duction yields an amount of S@quivalent to 0.4% of Europa’s

leased into Europa’s ocean and icy shell from its deeper interifi2Ss Of 2.5% of its total water mass (according to the CM cho
Radiolytic formation of HSQ, at the surface also is inevitable,dT1t€ model); the chondritic c,aIC|um sulfate model produces SC
and the process apparently works either starting with sulfur §fitivalent to 6% of Europa’s total water mass. These are su
virtually any form, e.g., indigenous Europan sulfate salts Gfantial amounts, although as several aqueous reactions ab
logenic sulfur implanted by plasma bombardment (Carls&r‘r’ggeSt' much of the vented 5w would be in other chemical

etal.1999). Hence, there is no shortage of mechanisms by whighMs: such as sulfuric acid and elemental sulfur.
sulfuric acid can be made. We calculate the amount of sulfuric acid potentially produce

Unreacted S@in the ocean would dissolve up to a pressuré’—y taking the amount of Srom the chondritic calcium sulfate

dependent saturation limit imposed by S@athrate formation model and assume that it reacts virtually to completion accor
which occurs by the reaction " ing to reaction (5). The resulting calculation i94 10?° kg

of sulfuric acid plus 8« 10%° kg of elemental sulfur. Elemental
4SQ, + 23H,0 <> 4(SOQ; - 53/4H,0). (6) sulfur would be deposited on the seafloor; if it formed a singl
layer of solid rhombic sulfur, it would be approximately 1300 m

Sulfuric acid also could accumulate until it reaches saturatidfick. The calculated quantity of sulfuric acid might react fur-

and forms a hydrate phase: ther to form as much as@8 x 10°! kg of a solid hydrate phase,
H,SQO, - 6.5H,0, according to reaction (7). This quantity of sul-
H,SO; + 6.5H,0 < H,SO, - 6.5H,0. (7) furic acid would be structurally and chemically significant for

the evolution of Europa’s ocean and crust, but to date we ha

Dissolved SQand HSO, would be available to drive explosive not explicitly included itin our models. Of course the amount o
aqueous volcanism, which might also occur by interaction stilfuric acid might be nowhere near as substantial as calculate
liquid water with frozen S@hydrate (Stevenson 1982, Crawfordsome vented SOmay have been lost from Europa into space
and Stevenson 1988, Kadatlal. 1998, Fagentst al. 2000). and some may not have reacted to forSy; some of the

Whatever the precise chemistry behind production of, %0 mantle’s CaS@ may not have decomposed, and some 80
we look to lo’s plumes as a model of what may be happenisglfate may have reacted to form metal sulfides instead. On t
inside Europa, then the amount of S@nted and reacted overother hand, some amount of other sulfate salts, e.g., Mg88éy
time could be substantial. lo is losing mass, apparently mairitgve decomposed, thus adding to the, $ntributions made
SO, to the lo torus at a rate of about 1600-3200 k§ Grom by CaSQ; hence, the amount of S@nd HSO;, could be even
plasma mass loading calculated from plasma corotation lag; Hjleater than calculated. The point is that endogenic contributio
1979, Pontius and Hill 1982, Brown 1994), a quantity roughlgf SO, and HSO, could be enormous.
consistent with optical and UV observations of escaping S and Off this model of SQ degassing is correct in concept even if
ions (Cheng 1984, Browet al. 1983, Shemansky 1987, Bagenahot in magnitude, then the amount of endogenig 8@l HSO,
1994, Wilson and Schneider 1994). There is evidence for intém-all likelihood would vastly exceed radiolytic and photolytic
annual variability of this mass loss rate over two decades mfoduction of these materials. However, we do not dispute t
observations; there is no way presently to know how this ralikelihood that radiolytic/photolytic equilibrium would maintain
may have varied over geologic time. We assume that the recarftigh surface abundance of sulfuric acid regardless of the ir
rate of lo's SQ loss is characteristic, which we sum over timeial form of sulfurous molecules on Europa’s surface (Carlso
to yield the amount of S@that lo has lost and a minimum es-etal.1999). Thereis good evidence for aglobal patternin hydra
timate of the S@ with which lo was originally endowed. We distribution consistent with exogenic modulation of sulfuric acic
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abundance, but pronounced geologic controls are also evideatclearly evident in near-infared reflectance spectra (Crowle
and require an endogenic process (McGatrdl. 1998a, 1999a). 1993, Crowley and Hook 1996, McCodl al. 1998a). Alumi-
The oceanic site of sulfuric acid production as modeled above abus hydroxyl minerals, including alunite, have been detecte
fers aready explanation for this geologic control. We believe thagcently in AVIRRIS images (a NIMS-like remote sensing dat:
the evidence supports a prevalent geologic control on the dist@t) of Mount Shasta despite 50% subpixel coverage by snc
bution of nonice materials on Europa, but that exogenic compmatches (Crowlegt al. 1999). The fact that there is no evidence
sitional patterns are superposed over this endogenic distributiofithese minerals in NIMS Europa spectra may be an importa
The proposed existence on Europa of hydrated salts or stllse to ocean or crustal chemistry. Unlike some minerals thi
furic acid makes sense cosmochemically, and each hypothesis readily destroyed by solar ultraviolet, hydroxyl phases al
alone is capable of explaining the chief spectroscopic featutdghly stable (Yeret al. 1999). The apparent absence of thes
of Europa’s nonice terrains as seen in NIMS data. However, tirénerals on Europa might be due to any of three possibilitie:
salt and acid hypotheses are not mutually exclusive from eith@) Acidic brine is not in contact with aluminum and iron-bearing
a cosmochemical or a spectroscopic perspective. As a mattesititate rocks; perhaps a thick accumulation of salts covers tt
detail, one would not expect sulfuric acid to coexist with basseafloor completely, as modeled above, so that any circulati
salts, such as sodium carbonate, but the more general idedyafrothermal brines lack opportunities to react with silicates
coexistence of dissolved sulfuric acid or sulfuric acid hydrat€b) Efficient neutralizing reactions of oceanic brine with sili-
with some salts, such as magnesium sulfate, is fully acceptabétes may effectively prevent buildup of high acidity and caus
and perhaps inevitable if S@ents into Europa’s ocean. Henceany alunite and jarosite to remain in solid form in the silicate
it would not be surprising, and it would be entirely consistersubcrust. (¢) The ocean is intrinsically neutral or alkaline, whicl
with all available observations, if the nonice hydrate material gmrobably would imply that sulfur gases are not vented in suffi
Europa consists of hydrated sulfuric acid, magnesium sulfatéggnt amounts to overwhelm sources of alkalinity. In any even
and other salts, with variable admixtures of ice. it appears on the basis of nondetection of hydroxyl anion eithe
A highly acidic ocean would likely drive much other chemthat Europa does not possess a highly acidic ocean or that
istry. A low-pH regime suggests that a variety of metals, anthknown mechanism prevents hydroxyl phases from formin
especially iron and aluminum, would be leached from silicata from being exposed at the surface.
rocks, especially under hydrothermal conditions, and transpor-
ted in solution to the ocean and crust. One place on Earth wharé. Addition of CQ

acid evaporative conditions exist is Lake Tyrrell, Australia. The CO, is among the materials detected on Europa, Ganymec
acidity there has consequences for the stability relations of evap- 9 pa, y

oritic salts; e.g., alunite (an aluminous sulfate containing hgi:]d Callisto, albeit in trace amounts (McCoed al. 1998b,

droxyl groups) and jarosite (an hydroxylated iron sulfate) occ bbittset al. 2000), and sodium carbonate is on the I|§t of can
in addition to the more usual halite and gypsum (Laigl. Idates for Europa (McCoret al. 1998a). Although radiolysis

1992a,b). This creates a rather different situation from thoggc
most common on Earth, where hydrothermal reactions invol N
ing neutral-to-basic solutions and ferroan silicates normally le
to sulfate reduction. By analogy, an acidic europan ocean m
precipitate extensive deposits of alunite and jarosite. These mj
erals could occur along hydrothermal circulation paths withi ) X ) .
the silicate subcrust. They might also form on Europa’s Su99n3|der how endogenic processes on Europa might contribl

. . . 10 CO, surface frosts and also yield sodium carbonate. In th
face by freezing and evaporative concentration of erupted br%%_hary system HO—CO, the relevant equilibria are described

High acidity might be maintained in the ocean despite neutr th " h of which dominat ii
izing tendencies of reactions with silicates if the potentially r y three reactions, €ach ot which dominates over a Speciiic g

active silicate rocks are sealed off by alteration materials or ge (g![ven here for eqwkljlbnatat 2981.};’ .repéesenlt(atl\;elcgn;g)v.v
accumulation of thick salt deposits on the seafloor. Fracture s Mperature aqueous carbonate equilibna, Krauskop ):

tems within such layers might permit sulfur gases to continue to

be transmitted into the ocean from mantle degassing and thef2 + H20 < H>CO; at low pH (<6 or so) (8)

mal devolatilization of evaporites beneath the ocean. The resgly, 4 H,0 « H* + HCO; at medium pH (7—10 or so)  (9)

could be runaway acidification. Further consequences could be

rather bizarre, e.g., partial digestion of incoming asteroids 1§02 + H20 < 2H" + CO5~ athigh pH ¢-11 orso)  (10)

Europa’s acid ocean! The indigestible residue—including re-

silient interstellar/supernova condensates such as diamond and initial aqueous differentiation yields a Mg—Na-sulfate-

silicon nitride—-might settle onto a sulfur-encrusted seafloordominated crust as considered above, then Ca—Mg-carbona
Alunite and jarosite and some other expected acid alterati@aiso contained in carbonaceous chondrites) would have be

minerals contain spectroscopically active hydroxyl and wouldft behind in the mantle due to relatively low solubility. This

arbon-bearing ices might produce a variety of carbonaceo
cies on Europa, including G@Delitsky and Lane 1998),
re is evidence that G@s at least partly endogenic on Callisto
g’bbitts et al. 2000). CQ is widespread and abundant in the
0lar System from Venus outto Triton, so itis reasonable to thin
at Europa may also possess abundant endogenid@&xshall
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is similar to the case for calcium sulfate described above. Then or venting of metamorphic fluids could result in a concen
carbonates may have formed in the first place by oxidation wéted solution of carbonic acid and formation of &£€athrate-
organics. At some point, intense heating of the mantle woufydrate.

have decomposed the carbonates, and caused degassing of C@arbon dioxide might also be consumed by other abiotic ar
This no doubt occurred in Earth, too, but in Europa, the icy shddiogenic processes, such as the methanogenesis reaction utili
and possibly an ocean may tend to trap the Ghich would be by some microorganisms:

available to drive formation of carbonates, bicarbonates, gr CO

clathrate. How much COmight this be? There is enough Ca— CO, + 4Hy; <» CH4 + 2H,0. (12)
Mg-carbonates in chondritic material to suppl9 ¥ 10?* kg of

CO, to Europa’s crust, if the carbonates entirely decomposesh important reaction on Earth leading to the formation of alkal
This compares to a total water mass df 8 10?* kg in the Cl  lakes (Drever 1997) is

chondrite model of Europa. But there would be some form of

chemical sequestration of GOOnce the amount of dissolved 8SO§[(aq)+ 2Fe03(c) + 15C+ 7H,0

CO, exceeds about 3 wt.% (the exact amount depending on _

pressure, temperature, and salinity), then, €Clathrate hydrate © 4FeS(c) + 14HCGy + CO% ' (12)

would sequester additional GOHowever, sodium carbonatesW

and bicarbonates may start to form at much lower amounts oth en dissolved carbonate is abundant, this type of sulfate-ir

dissolved C@. Furthermore, the icy shell over the ocean migrﬁﬂmdatlon—reductlon reaction removes S as sulfide and Ca a

be leaky (e.g., fractures through which dissolved gases can e as carbonates, leaving a predominantly Na—K carbonate s

cape during eruptions; Fagermisal. 2000), in which case most tem. Carbo_n in the above reaction is _elther_ graphlte_ ororgar
. . carbon, which on Europa could be primordial organic materi

of the CQ that goes into the crust ends up being vented to space,. . . .
Initially present in carbonaceous chondrite rock, acquired kb

In any case, the amount of GQotentially available to form . .
. : . impacts of comets or P- or C-class asteroids, or produced |

clathrates, carbonates, and/or bicarbonates is quite substan @a : - . -

. biological activity. Graphite could have originated from therma
and perhaps coequal with $CHowever, only traces of CO : ot

metamorphism of original carbonaceous matter.
have been detected on Europa (McCetrdl.1998b). The chem- . -
. . . ” Other reactions could occur among oxidized crustal ar
ical nature of aqueous solutions formed by alteration of silicates ~_ . . .
. . o OcCeanic materials when reduced gases from below percolate i
in the presence of high activities of G@epends very much on the ocean for instance
the type of rocks. If the rocks contain abundant alkalis and alka- ' '
line earth metals (especially K, Na, Mg, and Ca), such as silica- _
undersaturated mafic volcanic rocks, hydrolysis and carbonation 880‘2‘ (aq)+ 2F&0s(C) + 15C0:(g) + 30Hx(9)
reactions generate weak alkaline solutions (Krauskopf 1979). < 4Fe$(c) + 14HCG; + CO%‘ + 23H,0. (13)
This type of situation is frequently encountered on Earth in areas
of rift volcanism and intraplate hotspot volcanism. Evaporativehe equilibrium constant for this reaction is extremely large an
concentration of dilute alkaline river input in closed basins ipositive, which would drive bicarbonate formation. The miner
such regions characteristically results in concentrated alkaliaks that precipitate from alkaline systems are very much depe
brines enriched in sodium carbonate or bicarbonate and possessit on the assumelo, and brine composition. APco, =
ing very high pH. A somewhat similar type of brine could b@.1 atm for an alkaline carbonate brine (Na—4=8Q,—CI-H,0)
obtained on Europa, particularly if undersea volcanic rocks hé@. M. Marion, in preparation), NaHC{(nahcolite) precipi-
a highly silica undersaturated and alkaline character, such astdtes across all temperatures from 298 to 273 K (and probat
mafic feldspathoidal rocks common along the East African rifipwer also). The pH of this system is 8.15 at 298 K and 7.87 «
the southwestern United States, and many late-stage volca2ii@ K. At Pco, = 3.5 x 10~# atm (current Earth value), trona
rocks capping oceanic island hotspot volcanoes. A controvergidlaHCGO; - Na,COs - 2H,0) precipitates at 298 K, which gives
but highly regarded hypothesis for the origin of Earth’s oceamgy to natron (NaCOs - 10H,0) below 290 K. The calculated
involves this type of chemistry and an original sodic carbomH of this system at 298 K is 10.15 (cf. measured value is 10.1
ate composition, which only gradually evolved into a sodiuni minerals such as natron precipitate on Europa, this woul
chloride composition (Kempe and Degens 1985). imply a low Pcg,, high pH, and a high alkalinity system; nahco-
Under other conditions, with hydrolysis and carbonation rdite would imply more concentrated G®ich systems at lower

actions acting on acidic rocks, e.g., silica-rich granite, solutiop$i. Since CQ is potentially so plentiful on Europa—enough
tend to have neutral to acidic compositions (Krauskopf 1973h generatePco, exceeding tens of bars if it were not for re-
Extensive hydrothermal reactions involving such silicic, acidiactions such as these and for clathrate formation—bicarbona
rocks, and chemical sedimentation on the seafloor under highkhg likely. In the event that hydrothermal circulation of brine oc
anoxic conditions could produce rocks similar to banded iramurs in a basaltic crust, then reduced iron should also react w
formations (composed of iron oxides, Fe—Mg—Ca-carbonatesailable carbonate ions to yield siderite, except under conc
and silica phases). Input of excess £fdm undersea volcan- tions of moderate to high acidity, in which case iron compounc
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would likely be dissolved in the brine (and in which case wand bitumen, without added oxygen, produced similar results-
ought to see them at the surface). large yields of methane and higher alkanes, carbon monoxic
Eruption of carbonate-saturated brines could result in explloydrogen, and carbon dioxide between 473 and 573 K, wit
sive activity due to exsolution of carbon dioxide. Alternativelyabout an order of magnitude more gas released at 573 K than
interaction of liquid water with C@hydrate (Stevenson 1982,473 K (Tannenbaum and Kaplan 1985). Much but not all organi
Crawford and Stevenson 1988, Fagegttal. 2000) or hydrate carbon would be volatilized during pyrolysis; some would be
diapirism could also lead to decomposition of the clathrate strugraphitized. Heating under oxidizing conditions also produce
ture and explosive cryovolcanism. carbonates.
On the basis of data just summarized, we estimate that c
ganic compounds amounting to about 100 ppm of Europa’s ma
Hydrocarbon gases may have been introduced to Europa owewuld have been dissolved in the initial low-temperature brine
time by comet and asteroid impacts or may have been derivégting primordial differentiation. This low-temperature release
from Europa’s primordial carbonaceous chondrite materiaf organics from Europa’s interior would produce an average c
(Anderset al. 1973) by thermal metamorphism and hydrothemabout 1200 ppm of organic compounds in the primordial crus
mal processes. The ClI chondrite Orgueil contains 3.5 wt.% caepresented by model A5 in Fig. 3. This highly soluble organi
bon, and CM Murchison contains 2.5 wt.%. The mass ratio ofatter corresponds to abou84< 10'8kg, and if condensed over
organic carbon compounds to bound water (including hydroxyhe whole surface of Europa it could form an organic layer abot
exceeds 1:10 and may approach 1:5. Carbon in chondrited@® m thick. Far greater quantities of carbonaceous fluids-
mainly organic, but also forms carbonates, a graphitic phasasily two orders of magnitude more—would be produced an
and other substances. The perspective of Anderd. (1973) released into the crust later as Europa’s interior warmed. By tt
that chondritic carbonaceous materials, including organics, dirae of core formation, most of Europa’s juvenile carbon shoul
the abiogenic products of solar nebula and possible presdtave vented into the crust, where it generally would be trappe
processes and subsequent aqueous chemistry is still the pravéhe ice, dissolved in the ocean, or precipitated on the seaflo
lent view. Anderset al. (1973) reviewed studies of Cl and CM A comparatively small fraction of Europa’s organics would be
chondrites and gave some new analyses that revealed alkadissolved in any ocean that exists; most would be sequesterec
aromatic hydrocarbons, fatty acids, porphyrins, and at least daious solid orimmiscible liquid phases. Methane and other hy
amino acids. The more recent review by Croeinal. (1988) drocarbon gases (up to isopentane) form solid ice-like clathra
tabulates 411 soluble organic compounds, including 74 amihgdrates under a wide range of high pressures and low temp
acids, in carbonaceous chondrites. Shock and Schulte (198@)res (Sloan 1998).
showed that many amino acids and other water soluble organic . .
in carbonaceous chondrites can be produced by Iow-temperaé{r% Hydrothermal Processes in the Seafloor Environment
(373 K) hydrothermal chemistry involving the reaction of simple If hydrothermal circulation through a basaltic subcrust is sig
gas mixtures (@ CO,, and NH;) with pyrene and other organicsnificant on Europa, then terrestrial oceanic field data and s
believed to occur in interstellar clouds. Reaction of CB,0, experiments offer a good basis for prediction of the chemic:
and N> with basalt at 473 K achieves the partial reduction ef Nchanges in the brine. Lab experiments with artificial hydrothet
and CQ and abiotic formation of a complex mixture of aqueoumal systems and studies of altered basaltic rocks and seaflc
organic compounds (Shock 1990). hydrothermal vent fluids are in good agreement as to the b
Carbon in chondrites is classified as a highly labile elemesit processes. For hydrothermal interaction at low water : roc
comparable to argon, the alkali metals, and copper; most C is matios near unity, tens to a couple hundred megapascals, and te
bilized and lost by heating between 973 and 1273 K (Lipschuperatures between 473 and 773 K—i.e., conditions approprig
and Woolum 1988), but some is far more readily mobilizedo europan seafloor hydrothermal processes driven by basal
Cronin et al. (1988) indicates that about 30% of the organigolcanism—some expected trends (Bischoff and Dickson 197
carbon is in relatively labile forms ranging from @ C,o com- Mottl and Holland 1978, Seyfried and Janecky 1985, Von Damr
pounds and 70% is in highly resilient macromolecular formE995, Resing and Sansone 1999) are (1) rapid and almost co
sometimes likened to kerogen. The most labile forms of orgarpete loss of dissolved sulfate due to (a) precipitation of anhy
carbon are mobilized by water leaching, and these include amidrite or gypsum and (b) reduction of sulfate (with sequestre
acids (60 ppm), dicarboxylic acids-B0 ppm), hydroxycar- tion of sulfur as metal sulfides), and concomitant leaching c
boxylic acids (15 ppm), alcohols, aldehydes, and nitrogen hetaicium (and reprecipitation as anhydrite or gypsum); (2) ex
rocycles. The remaining labile organic compounds are releagezmely rapid loss of Mg from solution due to a combination o
by crushing or freeze—thaw disaggregation (trapped methane anlfate reduction and sequestration of Mg by talc, serpentin
heavier alkanes), or by leaching with acids, bases, benzenetremolite, and other hydrated or hydroxylated alteration phase
methanol (Croniret al. 1988). A small amount of organics is(3) much slower loss from solution of dissolved sodium, whict
released by heating at 423 K and much more at 573 K whegacts to form sodium feldspars and feldspathoids; (4) leachir
pyrolysis occurs. Pyrolysis of terrestrial sedimentary kerogamd gradual enrichmentin the solution of Si, K, £@nd various

3.5. Addition of Hydrocarbon Gases
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trace constituents such as B and Ba; and (5) marked decreb885, Zolensky and McSween 1988). Carbonaceous chondr
of pH (greater acidity). At low levels of reaction, magnesiurmeteorites contain some of the same hydrous silicate pha:
is removed from solution and balanced by calcium uptake; tkeown in shales and other sedimentary clay-rich and metamc
potential exists to produce a Na—Ca—SOl brine, where the phic rocks on Earth—tremolite, talc, chlorite, serpentine, mon
major cation by far is Na. Calcium increases in heavily reactedlorillonite, etc.—although in detail there are peculiar aspects
brines, butits abundance is sharply limited by anhydrite/gypswsome phyllosilicate phases in chondrites. In addition, they col
solubility; however, if sulfate is eliminated from the system anthin large amounts of heavily hydrated salts, such as epsomi
calcium continues to be leached, then the possibility existshexahydrite, bloedite, and gypsum (Fredriksson and Kerridc
develop Na—Ca—Cl brines. Many transition metals—most imi988). The total amount of H in the CI chondrite Orgueil is
portantly iron—also are mobilized, then redeposited as sulfidested by Anders and Grevesse (1989) as 2.02% by mass, eqL
under conditions characteristic of Earth’s seafloor hydrothernaént to just over 18% by mass @ if all H was in the form of
systems; as dissolved species the transition metals are never water. Some H is in the form of organics, but as the organic
abundant unless there is extraordinary acidity. The abundam@ee heated, they, too, produce some water. This large amount
of silica is also sharply limited by solubility unless acidity canmvater can be understood considering the water content of ma
reach extraordinary levels. Hence, iron, calcium, and silica grhases that make up Orgueil (e.g., septechlorite, 9.7% wat
expected to be minor dissolved constituents—but possibly vesgrpentine, 13%; montmorillonite, 22%; epsomite, 51%). Boat
important in the volatile subcrust—unless brine evolution pr¢1954) gave a somewhat drier estimate of 12% water in Cl cho
gresses in ways hot encountered on Earth. drites. CM chondrites are less heavily altered than CI chondrit:
Except at very high degrees of reaction and high salinitgnd are drier—typically about 6% water by mass. CV and C
sodium, potassium, and chlorine are nearly conserved in fghondrites—even less altered—contain much less water still,
drothermally reacted brines. Thus, Europa’s ocean could resafraqueous reactions are run fully, they would also have wats
ble Earth’s if magnesium and sulfate are eliminated or reducedntents similar to Orgueil’s (Zolenslet al. 1989).
from levels in typical chondrite brines. There is no evidence for As Europa’s interior is heated to metamorphic conditions, w
a sodium chloride ocean on Europa, but rather there is good é@xpect that a stepped sequence of dehydration will occur wi
direct evidence for abundant sulfate on Europa’s surface (aflodmation and expulsion of high-temperature fluid phases, whic
presumably the interior), suggesting that terrestrial style hyktimately should be discharged into the ocean or frozen cru:
drothermal processes do not occur or at least do not exerfléthough details of the metamorphism of chondritic rocks nc
dominating chemical influence. There are several possible reaubt would be differentthan metamorphism of terrestrial rock
sons for this. (a) Europa might lack the degree of heat flogualitatively the problem is exactly similar. Metamorphism of
needed to drive hydrothermal circulation; considering evidenterrestrial carbonate-bearing ultramafic rocks (Winkler 197¢
for recent geologic activity on Europa and perhaps a very thigma fair analogy to metamorphism of chondrites. At pressure
icy shell, and also considering tidal heat generation, this expia-the vicinity of 100-500 MPa, i.e., in the range of most of
nation seems unlikely. (b) The seafloor is not assuredly madetafropa’s rocky mantle volume, significant dehydration of sili-
rocks containing ferroan silicates; a thick accumulation of bedate phases in ultramafic systems begins around 573 K anc
ded salts or sulfur on the seafloor, as modeled below, would mirtually complete by 1073 K. For example, in terrestrial ultra:
allow the sulfate reduction process and uptake of magnesiummtafic metamorphic systems, the first major step in dehydratic
operate as it does on Earth even if hydrothermal convectionissepresented by the breakdown of serpentine between 573 ¢
very strong. (¢) Perhaps hydrothermally driven sulfate reducti@@3 K, whereupon very $O-rich and CQ-poor fluids are gen-
does occur on Europa, but the large quantity of sulfate and otleeated. Another major step is that represented by the breakdo
alteration reactants effectively filled cracks and pore spaces withtalc anywhere between 820 and 1000 K for pressures b
alteration products, thus sealing the rock from further alteratitoween 100 and 500 MPa and @®earing fluids. The final major
without consuming all the sulfate. (d) Europa might possesstage of dehydration of these rocks is represented by the bre
sulfur cycle—inorganic or biologically mediated—that returndown of tremolite, typically between about 1000 and 1073 K
precipitated sulfide to sulfate form. In general, metamorphism on Earth results in large water yiel
at low metamorphic temperatures and fluids that are progre
sively more enriched in C&at higher temperatures. The same ic
likely to be true in the metamorphism of chondrites and Europa
We considered above thermal dehydration and incongrueatky mantle.
melting of sulfates, production of sulfur and carbon gases byThe total amount of water liberated by metamorphic reactior
thermal metamorphism and decomposition of sulfates, carbai-Europa’s interior is likely to be prodigious, if the carbona-
ates and organic substances, and hydrothermal processes icdéloeis chondrite petrologic model is any guide. Cl chondrite
seafloor environment. Another important high-temperature proentain more water (including hydroxyl, whichis released as we
cess is dehydration of hydrated and hydroxylated silicate miter during metamorphism) bound to silicate phases thanis bou
erals in Europa’s rocky interior (Bunch and Chang 1980, Barbtr salts; CM chondrites do not contain so much silicate-bour

3.7. Silicate Dehydration
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water, butitis still considerable. Hence, the late addition of larg Temperature (K)
amounts of metamorphic water to the salty—icy crustand oce; ~ ©7__ 00 400 333 286 250 222
can be chemically and geophysically very significant. Ventini 7 [ @) : 44 : i
of carbon and sulfur gases, discussed above, occurs over sim I "~ e ]
metamorphic temperature intervals. Hence, these late-stage fl 6 I :‘n‘
additions are apt to be multicomponent aqueous fluids, Whic§ T BN ]
are probably enriched also in silica, iron, aluminum, and othe .; | s
constituents. 3 5| s 1
o .

3.8. Alteration in the Surface Environment % 4 I

Materials exposed on Europa’s surface must be affected by % !

environment. Although the resulting chemical alteration is onh= 3 |
superficial, it has importance for the interpretation of reflectanc 2

log ice v.p.

spectra. Surface pressure and temperature conditions may ca— 5 5 — log liq water v.p.

: H : H ’ | —=— log hexahyd. v.p. —
dehydration of salts anq amorp.hlz_at_mn of ice. Europa_s tenuot = log epsomite Vb, KM&RSS, CaJ23
atmosphere does not impede ionizing ultraviolet radiation ar [ | == o0 mirabilite vp. KM&REG: Wuile13

energetic charged magnetospheric particles, thus allowingfc 1L i ... . ... .1 ... ... ..1..% ]
mation of free radicals and appearance of new chemical spec 0.0015 0.002 0.0025 0.003 0.0035 0.004 0.0045
that otherwise would not exist. Alteration products might no I/Temperature

be only superficial; Carlsoat al. (1999) have suggested pos-

sible burial and endogenic recycling of exogenically produce Temperature (K)

: 500 333 250 200 167 143 125
alteration products. L
As mentioned before, NIMS data indicate a high hydratio (b) ]
state of Europa’s nonice minerals (McCetcl.1998a, 1999a,b; 51 .

Carlsonet al. 1999), which suggests that evaporation has nc__
been very effective except perhaps in removing or reducing I
amount of ice. When hydrated salts were first suggested, Dalt & -
and Clark (1998) countered that the low atmospheric press@ 0
of the surface may induce dehydration of those minerals. g
response, several researchers (McGetrdl. 1999a,b; Kargel
1999a; Prieteet al. 1999; Zolotov and Shock 2000c) have pro- 5
duced theoretical arguments and lab data indicating a stabil>
of hydrated salts greater than that first considered by Dalton a§° -
Clark (1998). Nevertheless, hydrate stability and dehydration r | | ——Iline fit to ice data
mains an important issue. Salts appear on Earth with several | -10 [f=>> ©épsomite, KM&R86, C&J23
. ) | - mirabilite, KM&R86, Wuite13
dration states, depending on temperature and water vapor pt i
sure, and cycling of hydration state as relative humidity chang: ¢ g55 0005 0004 0005 0006 0007 0008
is sometimes observed (Kelleral. 1986). There are some pub-
lished data on vapor pressure of both water ice and hydratea
salts (Wilson 1921, Clifforcet al. 1923, Carpenter and Jette FIG. 5. Water—vapor pressures of Mg$rH,0O, MgSQ - 6H,0,
1923, Baxter and Cooper 1924, Matstial. 1927, Kelleret al.  NaSQs- 10H;0, water ice, and liquid water. (a) Data of Carpenter and Jett
1986). These data and estimates of surface conditions on Eurgga>) and Kelleet al. (1986). (b) Extrapolations to low temperatures; error
show that the low temperature oughtto inhibit the dehydration§ xgrc;ﬂ?: egftfﬁ:med by selectively eliminating outlier points from the leas
the hydrated salts. Accurate vapor pressure data are not available
for salts at europan temperatures, and so consideration of this
issue requires extrapolation of high-temperature data (Fig. 5)ce is not present everywhere on Europa, according to McCol
At ordinary temperatures the water in hydrated salts is bouatal.(1998b, 1999a); the nonice terrains have a low albedo, ar
more tightly than water molecules in ice and liquid water, rdhus are warmer than bright ice terrains. Dehydration or pa
sulting in vapor pressures lower than that of ice and liquid watdial dehydration of salts in those regions is possible. New la
This situation probably persists to low temperatures, althoudhta presented by McCoset al. (1999b) indicate that even un-
it is not assuredly the actual case for all salts (Fig. 5). The eser ultrahard vacuum conditions—where the slightest water v:
pected situation, wherever ice is present on Europa, is that thpog is continuously pumped away—magnesium sulfate hydrat
should exist a local water vapor pressure that would tend weuld remain metastable for millions of years at temperature
cause salts to exist in their maximum hydration states. Howeuviess than 160 K, i.e., over the entire surface of Europa, exce
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where heated by very shallow brine intrusions (Fagental. changes in salts of doubly valent magnesium and caldioich).
2000); natron remains hydrated for millions of years at tempéeFhe relative vulnerability of sodium and potassium salts to rad
atures less than 130 K, i.e., over much but not all of Europaiytic destruction is cited as the explanation for Europa’s sodiul
surface; and mirabilite remains hydrated for millions of yeamnd potassium atmosphere (Brown 1999).
only at temperatures less than 100 K. Thus, magnesium sulfatePlasma and UV radiation also may cause amorphization
generally should remain hydrated across nearly all of Europasterice, and doubtless radiation affects hydrated salts also. S
surface, but mirabilite generally would dehydrate rapidly excefutric acid hydrate, according to one interpretation, owes their e
in Europa’s polar regions. istence to a radiolytic sulfur cycle (Carlsehal.1999). The acid
Amorphous water ice may be produced by low-temperatuitself is also affected by radiation, but the yields favor a high equ
(<110K) quenching from the liquid state, by rapid condensatiditbrium abundance of k50O, and minor amounts of many other
fromwater vapor, or by severe radiation damage to crystalline ispecies, including O, £ O,, H,O,, OH, HO,, SO, S(OHj,
(Hobbs 1974, Letet al. 1996, Delitsky and Lane 1998, Hansers0,, SO;, and § (Carlson 2000). Besides producing disloca:
and McCord 2000). Water ice normally exists in its hexagontbns and color centers in ice, radiation acting on sulfates-
Ih crystalline phase above about 150 K and as cubic Ice Ic belavether sulfuric acid or sulfate salts—may produce free radics
150 K. Europa’s surface temperature is mainly between arouawad result in formation of elemental sulfur, polysulfur oxides
80 and 130 K (depending on latitude, time of day, and albed@nd other colored substances (Carlsbal. 1999). Short-chain
so amorphous and cubic ice phases are possible when watemental sulfur and polysulfur oxides produced by irradiatio
is frozen on the surface. Interior temperatures and local equé-sulfur-bearing ice is the cause of the reddish/brown colc
torial surface temperatures in low-albedo terrains are warmef,nonice hydrated terrains on Europa, according to Carlsc
and freezing may occur slowly in the interior, so hexagonal i al.(1999). The high concentration of colored compounds ar
is also possible on Europa. Rapid cooling of brines also proydrated material along fractures, rifts, craters, shallow diapir
duces metastable supercooled and glassy states (Kargel 18&lctures, cryomagmatic intrusions, and cryovolcanic depos
Hogenboonet al. 1995). The reflectance spectra of amorphous best explained by endogenic mechanisms that control the d
briny solid materials are not known but may be different frortribution of salts and other sulfurous compounds that can the
those of well-crystallized salt hydrates—e.g., absorption bangield the colored photolytic and radiolytic products.
due to HO may be even broader than in the crystalline sulfate

hydrates, and fine structural details of the absorption bands MAY  |nfluences of Elevated Pressure on Phase Equilibria

be obscured. . .
, . . .__and Brine Evolution
Plasma effects on Europa’s surface, especially implantation

of energetic magnetospheric sulfur ions derived originally from The pressure at the base of a frozen Europan crust made
lo, were thought to be the cause of longitude-correlated ultiadre ice or a pure water ocean some 70-170 km thick, consist
violet albedo variations iVoyagerand IUE data (Laneet al. with the Galileo gravity data (Andersoet al. 1998), would be
1981, Johnsoret al. 1988). Latitude-dependent variations irbetween 84 and 205 MPa. The higher pressure (correspond
spectral reflectance may be associated with ultraviolet photolyticthe thickest possible ice crust) is comparable to the ice I/ice
alterations. Plasma bombardment and ultraviolet irradiation canice I/ice Il transition pressure, which is around 207 MP:
induce important changes in salt chemistry and stability. Ti{Bridgman 1912). The pressure at the base of Europa’s ic
chemical changes caused by radiolysis and photolysis are veayurated layer (the ice crust or frozen eutectic/peritectic crus
similar, except that the depths of penetration of these ioniziagcording to the models in Fig. 3, varies with the particula
radiations differ greatly (Gerakines$ al.2000). Analysis ofim- model, butitis around 140 MPa if this layer is frozen completely
proved spectra fromthe Hubble Space Telescope added a wrinkiedo not presume that our chemical models o3aéleograv-
to the radiolysis/photolysis explanation of Europa’s reflectandey models are so well constrained that a higher pressure and 1
according to Nollet al. (1995), who favored an internal con-possible existence of a stable high-pressure ice polymorph
trol of SO, venting and deposition. Hendrix (1998) and Hendrixuled out, but this seems unlikely unless it is a small amour
etal.(1998), using Galileo UVS spectra, confirm a combinatioat the very bottom of the ice layer. The systenCHMgSQ,
of exogenic and geologic controls on the distribution of UV aldoes not exhibit high-pressure phase transitions until far high
sorbers but interpret Europa’s UV absorptions as due to a m@ressures are attained (Bridgman 1948a,b; Livshitd. 1963;
complex set of volatiles that include S—O compounds. The S+H®genboonet al.1995; Sotiret al.1999). Thus, it seems doubt-
compounds may include the sulfates inferred by McGairdl. ful that Europa’s icy shell would contain stable high-pressur
(1998a) and do not necessarily include;SO polymorphs of ice or magnesium sulfate hydrates. Howeve
Electron bombardment at europan doses effectively destrgyessures in the deep interior of Europa would have greatly e
salts of singly valent alkali metals, e.g., sodium and potassiweeded the minimum pressures required for high-pressure ph
sulfates; hydroxides, free metals, and sulfur dioxide are primansitions in solid salt hydrates. Hence, high-pressure pol
duced in place of sulfates (Orlandbal.1999). Electron excita- morphs may have been important during Europa’s primordi
tionis orders of magnitude less capable of generating equivaldifferentiation. As yet there are not enough high-pressure pha



248 KARGEL ET AL.

equilibrium data to make useful constraints on the effects thatlnitial results fromGalileo(Greeleyet al.1998a,b; Headt al.
this may have had on the course of differentiation. 1999a) reveal the following features and stratigraphic relatior
High-pressure polymorphs of ice and salt hydrates might exgtips:
metastably in impact crater ejecta due to shock effects, much as
high-pressure shocked silica phases occur in terrestrial impacfl) Lenticulae (elliptical pits, dark spots, and domes 7-15 kr
craters. In general, the lower pressures required for solid-stateliameter and spaced about 5-20 km apart) are common a
phase transitions in ice and salt hydrates compared to silicateske up much of the texture that characterized mottled terrain
means that impact-shocked high-pressure phases might beViayagerresolution. Diapirism (Pappalarci al. 1998), as well
more abundant on Europa than on Earth. as melt-through of a very thin ice layer (Greenbetgl. 1998),
Although high-pressure crustal phases of ice and salts &i@e been proposed to explain these features. Lenticulae
not likely to exist stably on Europa today, the pressures existhserved to cross-cut most other geologic features and structu
ing within Europa’s crust are sufficient to induce considerable.g., Spauret al. 1999, Prockteet al. 1999a) and are some of
changes in solid—liquid phase equilibria. Even in Earth’s oceahg youngest features on Europa.
where maximum pressures barely exceed 100 MPa and moré?) Chaos occurs as irregularly shaped regions tens to ov
typical seafloor pressures are half that, pressure has a controlirntgundred kilometers in diameter (e.g., Cetral. 1998, Spaun
influence on carbonate equilibria. Calcium carbonate is stronglyyal. 1998, Greenbergt al. 1999, Kortzet al. 2000), formed
supersaturated in surface water of Earth’s oceans but stronigfythe destruction of preexisting lineated plains, and consists
undersaturated in deep ocean water (Anderson and Malatefistinctive fine-textured matrix and polygonal blocks of back
1977), a fact that has profound consequences for the degihsund lineated plains that have been rotated, tilted, and trar
dependent mineralogy of marine sediments (Ackeal. 1987). lated. Two end-member models for the formation of chaos ir
Hogenboomet al. (1995, 1999) found large pressure-inducedolve crustal melt-through from an underlying ocean (Greenbel
shifts in the eutectic liquid compositions for the binary syset al.1999) or disaggregation of a thin, brittle lithosphere by as
tems HO-MgSQ, and HO-NaSQy; they predicted that the cending solid-state warm-ice diapirs (Pappalaetial. 1998).
ternary system HD—-MgSQ—Na SO, would exhibit a eutectic According to Collinget al.(2000), a liquid or partly molten sub-
with a Na : Mg ratio increasing rapidly with pressure at least wgirate is probably required to form the chaos features. The crus
to 200 MPa. If so, this would have consequences for the intermaglt-through model appears to lack sufficient energy to achie
chemical structure of Europa’s crust and ocean and for its somelt-through according to the conventional melt-through mode
face composition. For instance, ternary eutectic brines producath that partially molten diapirs may be required (Colénal.
near the base of Europa’s crust would possess Na: Mg ratio2@D0). Most chaos regions modify virtually all other feature:
to 3 times greater than those of low-pressure eutectic brinesly a few post-chaos grooves have been observed), and tt
(Hogenboonet al. 1999). Such effects are not considered in this one of the youngest feature types on Europa, apparently sil

models presented here. ilar in age to lenticulae. Greenbeggal. (2000a) interpret some
degraded chaos regions as much older than others, raising
4. GEOLOGIC IMPLICATIONS possibility of a more complex or recurrent geological cycle.

(3) Bands and wedges are regions in which separation al

The high-resolution image data obtained®glileofor many total replacement of background plains have occurred by later
different areas on the surface of Europa reveal a host of geevement in a manner similar to seafloor spreading (Sulliva
logical features and structures. High-spatial-resolution and loet al. 1998, Prockteet al. 1999b, Tuftset al. 2000); strike-slip
spectral-resolution imaging data is complemented by higmovment is common (Hoppet al. 1999, Tufts 1996, Prockter
spectral-resolution and low-spatial-resolution NIMS dat&t al. 2000), and internal structure is often related to distribu
Together, this information can be used to constrain the processes of stress due to accomodation to irregular and nonorthog
operating in the crust of Europa and to distinguish among thal separation. Recent evidence indicates that long-wavelenc
several plausible paths for the evolution of the outer ice layeompressional folds affect some bands (Prockter and Pappalai
This information is twofold. First, such features provide insigfi2000). Bands and wedges often occur in the intermediate p:s
into the nature of processes in the recent geological past (eaf.exposed europan history, cutting and separating backgrou
does tectonism indicate expansion, does volcanism involveplains but being crossed by ridges and disrupted by chaos a
buoyant and/or volatile phase, do circular features representldnticulae (e.g., Procktet al. 1999a).
apirism, does chaos involve a very thin brittle layer overlying an (4) Ridges consist of several different types of feature
ocean, are impurities in the upper crust associated with spec{féreeleyet al. 1998b, Greenbergt al. 1998, Pappalardet al.
processes?). Secondly, the sequence of these features and st888, Headkt al. 1999b) that extend along-strike for hundreds
tures can provide information on the evolution of these process#kilometers, show different orientations as a function of time
(e.g., isthe crust thickening with time, has there been a changé@iimndividual areas, and may indicate an evolutionary sequenc
style of convection and resurfacing with time, is there evidentieeories of origin for the positive topography (see review ir
of compositional evolution?). One purpose of this paper is to deéappalardet al. 1999) include constructional volcanism, linear
the stage for further detailed discussions of these issues.  diapirism, flexure, and intrusion-related deformation. Associate
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reddish deposits have been explained by rift-controlled cryovgleriod appears to consist of three phases, during which the fi
canism, by brine mobilization, or by metamorphic dehydratidowing types of activity dominated: (1) background ridged plain
related to heating due to shallow brine intrusions. A review arfidrmation, (2) band, wedge, and ridge formation, and (3) cha
new evaluation of eruptive mechanisms was recently providadd lenticulae formation, with some associated cryovolcanisr
by Fagentt al. (2000). Interpretation of a large plains area by Greenledrgl. (2000a)
(5) The morphology of cryovolcanic flows varies widelyas an ancient region of heavily modified chaos, if correct, adt
Smooth plains (Greelegt al. 1998b) consist of relatively low- a further wrinkle to this three-phase history, perhaps suggesti
albedo regions appearing to be either emplaced in a fluid fashat remnants of a prior cycle of resurfacing may exist.
ion (Thomas and Wilson 2000) or partly mantling preexisting Surface geologic features, their interpreted origins and rhe
terrain (e.g., Heaeét al. 1998). In part these appear to be crylogical implications, strongly suggest a thin ice lithosphere an
ovolcanic in origin and are observed to postdate plains, bandssteep near-surface thermal gradient, but at present we can
wedges, and ridges; at least in one area smooth plains are ndidtinguish between the presence of (a) a near-surface ligt
ified by (hence, predate) chaos and lenticulae. One peculi@yer and (b) warm, ductile ice and only local partial melting ir
mitten-shaped lenticula- or chaos-like feature appears to havthicker layer. In addition, the apparent change in the chara
a cryovolcanic/upwelling origin involving flow of a very vis- teristics of surface features with time suggests that there may
cous liquid or partly molten slurry that formed a towering exevidence for thickening of the icy shell with time (e.g., band:
truded mass comparable to venusian pancake domes and teard-wedges during times of earlier, thinner lithosphere, followe
trial dacite lava domes (Figueredbal.2000). The very fact that by isolated fractures, and by diapirism as the layer thickenec
most of Europa’s surface is criss-crossed by tectonic lineamehtsaddition, or alternatively, heat loss and layer thickness cou
traceable for hundreds to thousands of kilometers shows thatyajy regionally. Present geological analyses are thus focused
cryovolcanic flooding has not been a dominant process since ffaweral questions: (1) Are these three stages indeed distincti
time of formation of Europa’s icy shell (2) or most original cryo{2) If so, how much overlap occurs? (3) Is this sequence se
volcanic surfaces have been thoroughly overprinted by tectogjiobally? (4) Do such stages represent a linear geologic pr
features. The relative rarity of cryovolcanism probably attestsgpession, or could there be repetitive cycles? (5) Did the late
the buoyancy of the icy shell. progression of events, and perhaps each cycle, begin with cat
(6) Background ridged plains consist of terrain highly distophic global resurfacing, and if so, what is the nature of thi
rupted by younger ridges, wedges, lenticulae, and chaos. Tipegcess? (6) What occurred during the first 50—-98% of Europe
occur virtually everywhere and form a background of terraicrustal history? (7) Does the apparent thinness of the outer brit
composed of bands, wedges, ridges, and other features in Vayer imply a present ocean, and what is its depth and compo
ious states of degradation. These plains are the oldest unition today?
the stratigraphic sequence in each area mapped. Unknown islow do our models link to these observations and what futu
whether background ridged plains define a specific and valid geserk might be productive in further establishing these links an
ologic unit or whether they simply represent our inability to dedistinguishing among evolutionary models? Evidence of cryc
convolve the complex record in the early history of each regiowolcanic activity is not common on the surface; this can largel
(7) Impactcraters, which are relatively uncommon on Euroe accounted for by the buoyancy of solid water ice and tr
(Mooreet al. 1998), can serve as stratigraphic markers (Pwydifficulty of erupting eutectic brines through eutectic solid crus
and its extensive rays) and as probes to the interior (Tyre andhout involving exsolved gases (Wilsat al. 1997, Fagents
Mannanan). Pwyll rays are superposed on Conamara Chaosetndl. 2000). But some models may favor production of posi
no examples of highly dissected impact craters have yet ba&ely buoyant magma. For example, in model A5 (Fig. 3), par
reported, although Mannanan deposits are cut by several ridges.remelting of the bottom of the pile of hydrated salts coulc
(8) Geologic units: Mottled terrain appears to owe its distinébrm a eutectic brine that is buoyant all the way to the surfac
color and texture to disruption and discoloration accompanyifidgne absence of common and widespread cryovolcanism may
the formation of chaos and lenticulae at the expense of baekt argumenagainstthis specific model or may simply indicate
round ridged plains (Greelet al.1998b, Greenbergt al. 1999, that the solidus temperature is rarely achieved.
Headet al. 1999a, Pappalardet al. 1999). Regional variation in Europa’s geologic styles of surface moc
(9) Surface age: Impact crater size—frequency distributiofication might suggestlateral variations in heatflow and/or thicl
have been interpreted in two very different ways such that thess of the frozen layer. Stevenson (2000) argued that such thi
surface of Europa is typically 0.7-2.8 Gyr (Neuketal. 1998) ness variations could not be very significant due to the propersi
or <0.1 Gyr (Zahnleet al. 1998). On the basis of the reviewof ice to flow glacier-style. However, he did not consider rhe
in Pappalardet al. (1998) the latter interpretation seems mosilogical effects of an impure crust or of an impure ocean th:
likely. would cause colder temperatures and a stiffer ice rheology, so
consider lateral thickness variations to be an open issue.
In summary, these features, their stratigrapic realtionships,Our models support the possible formation of abundar
and their ages, indicate that the crust of Europa has been catathrate hydrates and gas-charged brines due to subcrus
pletely resurfaced in the recent geological history, and that tlisboceanic venting of CQSQO,, and hydrocarbons. Stevenson
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(1982), Crawford and Stevenson (1988), and Fagairtis(2000) predicted by models and interpreted from measurements w
have considered ways in which clathrates mightinteract with ligdso have a major influence on distinguishing among the origi
uid water on Europa and other icy satellites to produce explosivEfeatures and different paths of evolution. For example, trace
cryovolcanic eruptions. Might clathrates be a common crusial sulfuric acid occurring as a solid solution within ice single
material on both Mars and Europa (and also certain areascojstals (even less than 11.5 ppm) can induce a drastic lo
Earth), and thereby play similar geologic roles in the formaring of the power-law stress exponent, the effective viscosit
tion of a wide variety of features, including chaos (Milton 1974and other rheologic properties (e.g., Bakéal. 1999, Trickett
Kargelet al. 2000)? What similarities and differences would bet al. 1999). Many other naturally occurring trace impurities
exhibited by clathrate-related processes on Europa, Mars, drade similar softening effects on ice. In Earth’s polar ice shee
Earth? sulfuric acid and salts accumulate at grain boundaries and trig
Another aspect of our modeling that merits further investiggunctions (Fukazawat al. 1998), where the impurities stabi-
tionis the degree of homogeneity of Europa’s surface salt assdize low-temperature liquid films. These films permit enhance
blages. Early interpretations (McCoetlal. 1998a, Fanaletal. migration of water molecules and theoretically should allow
1999) emphasized the apparent homogeneity as deduced finaneased rates of strain recrystallization, thus increasing reg
lack of much variation in the shape and depth of hydrate barlds§on and flow rates. Thus, soluble impurities (consistent witl
in NIMS spectra of nonice regions. More recent analysis h#fsose predicted by our models) can soften ice by at least tv
pointed out possible subtle variations in the fine structure thdistinct mechanisms. This is expected to cause enhanced “sol
could relate to compositional differences. Is the salty surfacesthte” deformation rates, making diapirism and solid-state ic
Europa representative of a homogeneous peritectic or euteetitrusions more likely and more rapid than without softenin
interior layer, or do compositional gradations exist that migldue to soluble impurities.
relate to compositional brine evolution produced by progressiveMany gases expected to percolate from the mantle to the crt
freezing of an ocean or of briny diapirs? The possible formatiare clathrate-hydrate-forming substances. On Earth, the buc
of metastable salt phases of low hydration state (Kargel 19%hcy of hydrocarbon gases results in their accumulation in an
Prietoet al. 2000) allows for possible subsequent hydration relinal traps created by salt diapirs, an aspect that has great e
actions and attendant volume changes that may drive crustaimic importance. In seafloor sediments methane-rich clathre
tectonics (Hogenboomat al. 1997). How might such volume hydrates commonly form by the combination of high hydrostati
changes be reflected in the geology of Europa? pressures, lowtemperatures, high concentrations of hydrocarb
There are likely to be several mechanisms for the segregmses, and existence of abundant water (Sloan 1998). Diapi
tion of ice and salt phases and the production of interestisgfuctures, mud volcanoes, and chaotic terrains with comple
features and structures. For example, fractional crystallizatitaulting, slump, and slide structures are typical of some clathrat
of an ocean or of smaller intrusive brine bodies could involuéch seafloor terrains on Earth, such as those in the northern Gi
“squeeze-out” of interstitial brines during crystallization. Atof Mexico (Roberts and Aharon 1994; Roberts and Carney 199
tendant process might be metamorphic recrystallization (anafassemt al. 1998, 1999a). A spectacular glacier-like mass flow
gous to formation of mineral bands in gneiss and formation ebme 1500 krfy on the Mediterranean seafloor, might be relate
coarse crystalline glacier ice from snow) or boiling of brine erugither to deformation of clathrate hydrate or to sediment flu
tions with recondensation of water vapor. Heating could causkzation related to breakdown of the hydrate phase (Woodsic
brine mobilization, collapse of near-surface ice (e.g., Head aatal. 1998). Extrusion of clathrate hydrates or development ¢
Pappalardo 1999), and dehydration of surface and interior adathrate mounds around sites of fluid venting are not uncommec
posits (Fagentst al.2000). Vapor-solid fractionation could alsooccurrences in some areas of the seafloor where hydrocarb
occur, with long-term, low-temperature evaporation producingent to the deep, cold sea floor. Clathrate hydrates and/or hydi
evaporitic salt accumulations in some areas and frost recondearbon venting also appear to be associated with developmen
sation elsewhere. pingo-like broad-based mounds in terrestrial permafrost (Karg
Solid-state diapirism might accompany the evolution of thend Lunine 1998). Similar processes and features may occur
crust. This might involve the ascent of segregated ice and tharopa’s seafloor and perhaps on the surface of the icy shell.
descent of salts. Further development of our models can yieldOn Europa the buoyancy of free hydrocarbon gases or of tt
predictions on the sizes of ice masses or salt layer thickneshgdrate phases could result in their concentration in traps at tl
and predictions about the development of Rayleigh—Taylor ilower surfaces of the icy shell, in anticlinal traps created by ic
stabilities in these layers on geologic time scales. Predictionsgafitons, salt hydrate domes, or fold structures within the froze
variations in temperature and composition will provide impoerust, or in subcrust beneath the ocean. Alternatively, ascensi
tant information in which to assess observational data and helpgases through fractures may result in formation of dikes c
distinguish among the several models (e.g., Pappalatdd. veins of gas hydrates cutting through the icy shell, possibly cor
1998, Rathbumet al. 1998, Spauet al. 1999, McKinnon 1999). tributing to the formation of structures such as triple bands. |
In addition, crustal thermal and compositional layering will celgases are trapped at the base of the icy shell, then gas hydre
tainly influence the style of convection and whether it might bemay develop a lower chemical layer of a stable icy shell, witl
layered or inhibited, for example. Compositional informatioordinary ice | dominating the upper layer. However, if the icy
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shell is enriched in salts, then gas hydrate diapirism is postfmination of heating at the bottom of the ocean and parti
ble. Methane hydrate has a low density, 910 kgPrat 273 K crystallization of bottom water. Geologic activity could ensue
(Davidson 1983), so that hydrate diapirism could occur readibpssibly including solid-state convective diapirism, cryoclasti
in the icy shell. If the hydrate phase contains a significant fraeruptions, crustal melt-through, or even global resurfacing. A
tion of high molecular weight gases such as,@@d SQ, then though the conventional cold-ocean crustal melt-through mo
the hydrate has a much higher density (exgl100 kg nT2 for  els of Europa’s chaos lack the thermal energy transfer efficien
pure CQ hydrate; Davidson 1983), so that diapirism involvingheeded to achieve melt-through (Colliesal. 2000), a high-
these hydrates should be inhibited or may occur only in are@snperature density-stratified ocean might supply the need
of the icy shell that are composed of extremely salty ice, e.g.eaergy.
eutectic ice—salt mixture. Decomposition of clathrates becausdn summary, the concepts and models offered here provide
of crustal heating or depressurization in ascending diapirs cofildmework in which to consider chemical and physical process
result in enormous volume changes, attendant formation of cilvolved in the formation of surface features. The continue
lapse structures, and possible explosive cryovolcanic activignalysis of data from th&alileo mission will help to choose
Escape and evaporation of hydrocarbon gases near clatheat®ng the several evolutionary pathways for Europa’s out
domes may produce residues of heavy hydrocarbons, whlakiers outlined here or to develop new concepts and pathwa
could yield detectable organic tholins by solar UV radiolysighat may better match the observations.
It is possible that such processes contribute to the formation of
lenticulae (pits, spots, domes, and microchaos). 5. ASTROBIOLOGICAL IMPLICATIONS

In this and all prior work it has been assumed that any eu-
ropan ocean is homogeneous and in thermodynamic equilibriunBpeculation that Europa’s putative ocean might harbor lif
throughout—not an implausible situation, but also not necessar-prebiotic conditions has increased since first suggested
ily correct. Experience with terrestrial surface brines in warnGonsolmagno (1975) and developed in fictional form by Arthu
and cold-climate desert playas (Last and Schweyen 1983),0n Clarke (Reynoldset al. 1983, Lunine and Lorenz 1997,
ice-covered Antarctic lakes (Toet al. 1975), in coastal marine Jakosky and Shock 1998, Chyéial. 1999, Gaido®t al. 1999,
sabkhas (Brantlegt al. 1984), and in stratified brine pools onMcCollom 1999, Chyba 2000). Life on Earth requires liquid wa:
the seafloor (Wallmanet al. 1997) indicates that inhomoge-ter, chemical disequilibria, and elemental building blocks; thes
neous brines are very common. Strong vertical gradients mstjpulations may indeed be met on Europa and may have exist
develop in salinity, anion and cation ratios, temperature, andntinuously or sporadically since Europa’s origin. Europa als
density. Stratified brine pools can be amazingly stable agaipstvides insights regarding the geological and biochemical ev
mixing, because normal thermally driven convection is inhiution of early Earth during a hypothetical ice-covered phas
ited by density stratification. Heat transfer and composition@Bada 1996, Gaidogt al. 1999).
homogenization in such situations may occur by diffusion or Although hydrocarbons are generally considered to be a di
by forced convection due to tidal or wind-driven water curpersed biologic resource in ice-covered oceans on Ear
rents or crystal flotation/settling. Since heat input to the ba@Baidoset al. 1999), in some cases it appears that microbial an
of the brine pool may initially exceed the rate at which heat canacrofaunal chemosynthetic assemblages are associated \
be transferred upward, a strong vertical temperature gradienidsalized hydrocarbon vents and concomitant clathrate hydrat
commonly achieved. In situations where the bottom of the briii€arney 1994). Molecular and isotopic studies of structure
pool is covered by salts, any rise in the temperature of the bagak hydrates in lightless chemosynthetic communities of tt
layer generally causes further dissolution, thus accentuating telf of Mexico provide evidence that bacteria can directly ox
density stratification. In some ice-covered and ice-free Antarctitize hydrate-bound methane (Sass¢ml. 1999b). Moreover,
lakes of the Dry Valleys, heating is by solar radiation and theydrocarbons from decomposing gas hydrates appear to dr
geothermal heat flux; temperature characteristically rises witbmplex biogeochemical processes in sediments that surrou
depth—the dense bottom water of Lake Vanda reaches 29&tucture 1l gas hydrate extrusion features, helping to suppc
(Torii et al1975). Density-stratified brine lakes in Africa, suclttomplex chemosynthetic microorganisms (Fig. 6). The disco
as Lake Nyos, accumulate volcanogenicG@extreme levels. ery of high concentrations of a new polychaete speciesonthe s
Destabilization and degassing of these stratified lakes canfaee of exposed gas hydrate in the Gulf of Mexice-&40 m wa-
catastrophic, with exceedingly violent and deadly limnic eruper depth (Sassest al. 1999b, Fisheet al. 2000) has additional
tions (Ladbury 1996). implications with respect to direct association of relatively com

On Europa, the possibility exists for far more extreme degrepkex life (annelids), gas hydrate, and saturated brines (Fig. 6¢
of density and thermal stratification. Any process that can destafossible metabolic processes, such as methanogenesis, st
bilize Europa’s oceanic brine column—especially if it producegduction, and iron oxide reduction, have been suggested f
a strong convective plume or catastrophic turnover—could le&diropa (Gaido®t al. 1999, Chyba 2000) and Mars (Fisk and
to a heat pulse at Europa’s surface or at the base of the frof&invannoni 1999). Excreted byproducts and decaying mater
crust. Destabilizing processes could include lithospheric fratem chemoautotrophic organisms could serve as the basis
turing and sudden local degassing, comet impacts, or abrapturopan ecosystem by supplying carbon and energy sour
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to heterotrophic life forms at higher trophic levels. Photosymrow. Diffusion rates will be slow at cold temperatures, and ac
thesis is unnecessary in this scenario. The potential amountofdingly life processes may proceed sluggishly relative to thos
biomass on Europa has been calculated to be low (Jakosky andEarth. Seaice, hydrothermal systems, and evaporitic salt pe
Shock 1998), and Gaides al. (1999) have reinforced this view on Earth may provide direct or partial analogues to Europa, <
on the basis of a perceived deficiency of oxidants. Our analysie consider briefly some aspects of life in these environment
above suggests otherwise. The availability of chemical energyA leading hypothesis for the origin of Earth’s life, based or
needed to drive development of a biomass may be far greagenetic classifications of microbial forms pointing to a hyper
than that considered by Jakosky and Shock (1998) accordihgrmophilic ancestor to all life, is that it occurred in an en.
to some geologic interpretations of Europa. The calculatiomBonment such as a deep-sea hydrothermal vent (Baross &
above also allow for the possibility that organic carbon may bé¢offman 1985, Baross and Holden 1996, Baross 1998). Su
much more abundant than that on Earth, such that a dense, watlivironments not only provide the conditions needed by Earth
developed ecosystem might exist. Even in the unlikely absenoest primitive existing life forms to thrive, but they also appeal
of endogenic sources of organic carbon, impacts can deliver trprovide a range of gases and catalysts, such,&s €O, and
ganics, including amino acids, a fraction of which will survivéNi,Fe)S particles, that are effective in the activation of aminc
impact and be retained by Europa (Pierazzo and Chyba 20G@)ids and formation of peptides, which may be a critical ste
A europan ocean may or may not support a lush ecosystaeeded for life’s origin according to one hypothesis (Huber an
(or any ecosystem), but it is illustrative to examine the physiWachterschauser 1998). Since similar conditions are possit
ological stresses that past or present europan organisms caudeuropa, the same hypothesized origin of life may apply.
experience.

The geology of Europa indicates that liquid is probably preg
sent and widely distributed; i.e., an ocean probably does exist. |
an ocean exists one thing is certain and another extremely likelyHalotolerant microorganisms thrive in all briny environments
first, the top of any ocean must be in equilibriumwith ice; secondn Earth, including hypersaline lakes, soils, playas, marine c
solute abundances in the ocean are almost certainly extrenadyal lagoons, and marine sabkhas (Javor 1989). Halophilic n
high and saturated, suggesting that the seafloor should be acowbes even require high concentrations of salt for growt
ered with precipitated salts. Thermodynamic disequilibria arffentosaet al. 1998). These ecosystems, frequently compose
gradients comparable to those in Earth’s ocean and seafloor mayelatively few species (Benllockt al. 1995), are productive
exist on Europa and may be exploited as energy sources aedpite being saturated in various salts. The Dead Sea, for ¢
provide varied niches for the origin and evolution of life. Thample, is a hypersaline lake saturated with halite, and it suppol
ocean’s temperature at the base of the frozen layer is constraitiet/ing populations of heterotrophic archa¢$a{ococcusand
by these features to lie between about 216 and 266 K. The élalobacteriun), cyanobacteria, and sulfate-reducing microbe:
act temperature depends on the pressure and solutes; locally(Mfemtosaet al. 1999, Evans and Kirkland 1988). One cubic cen:
temperature could be much warmer near a hydrothermal veitheter of Dead Sea brine contains about 1€d halophilic
The pressure—up to about 200 MPa—depends on the thigkehaea and 4 10* red algae (Sonnenfeld 1984).
ness of the icy shell. Other conditions in Europa’s ocean areComparable bacterial and cyanobacterial densities have be
poorly known: the ocean’s pH may be extremely acidic, neutrdgund in hypersaline marine bodies along the coasts of the Gt
or extremely alkaline; concentrations of organic carbon may bé Elat and Gulf of Suez. One hypersaline body, the Gavis
extremely low or high; the seafloor could be made of materials8abkha, has a lateral salt gradient ranging from about 5
diverse as basalt, elemental sulfur, or salts; the types of solutes-B5% (w/v); yet microorganisms thrive over this entire range ir
Europa’s ocean are uncertain. There is some basis to favor hégduccession of salinity-dependent sedimentary zones (Friedrr
sulfate concentrations, but the chief cations are debated. Haatl Krumbein 1995, Gerdes al. 1985a, Ehrlich and Dor 1985,
flow on Europa due to tidal dissipation may be a small fractidkessekt al. 1985). The biological community of Gavish Sabkha
of or somewhat greater than Earth’s total heat flow. High tidaicludes 30 species of halotolerant cyanobacteria in addition
amplitudes indicated by Europa’s pattern of fractures (Geisskher microbes and a wide variety of halotolerant (up to 14% sal
etal.1998a, Hoppa and Tufts 1999) and suggested theoreticattgtazoans: crustaceans, nematodes, and many others (Gel
(Greenbergpt al. 1998) would drive tidal currents and circulateet al. 1985b).
nutrients (Greenberet al. 2000b). Extremes in pH pose adaptational challenges but are not prc

Where europan and terrestrial environments overlap in thématic in terrestrial ecosystems. Prolific communities of sulfu
physicochemical nature, examples from Earth reveal that lifie acid-producing bacteria are found in acid mine drainage el
can cope and grow under conditions as extreme as most of #irenments with a pH of 0.3-0.7 (Schreakal. 1998), and one
range of conditions modeled for Europa’s ocean. Possible ewehaeon in pure culture can even grow at-pBl06 (Schleper
ropan conditions which are not represented on Earth includeal. 1995), equivalent to 1.2 M HCI solution. This hyper-
far colder temperatures (according to some models) and highaerdophile specie®icrophilus oshimags also moderately ther-
pressures, but neither of these extremes is inherently prohibitimephilic and occurs naturally in solfatara fields. Remarkably
to life as long as liquid water is present to allow organisms fbgrows optimally at pH 0.7 and 333 KR. oshimaeappears

1;L. Salt, pH, and Metal Tolerances of Terrestrial Organisms
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to be phylogenetically related ithermoplasma acidophiland The characteristic high abundance of nutrients in evaporit
other prokaryotes known from burning coal heaps and Yellowettings often comes at the price of having to cope with normal
stone acidic thermal vents (Darlaptlal. 1970). Microbes un- toxic levels of heavy metals (Lyons and Gaudette 1985). Europ:
doubtedly reside in a peculiar acid chloride hypersaline brifgines are likely to be comparably enriched in toxic heavy me
(pH 3—4) in Lake Tyrrell and some other southeastern Australiats. Millimolar levels of cadmium and cobalt are easily tolerate:
salt lakes and playas (Loreg al. 1992a,b). It is not known how by some prokaryotes, and frequently these organisms are a
the most extremely acidophilic organisms cope; Schlepat. halotolerant (Ventosat al. 1998).Pseudomonas aerugingsa
(1995) speculate that either they possess a strong proton pumgesp-sea vent microorganism, can precipitate and remove ¢
a low proton permeability. Alkaline waters also contain thrivingraordinary levels of soluble cadmium in a short period of tim¢
microbial communities; one of the most basic extremes knovwWanget al. 1997). Adaptations to heavy-metal-rich brines in
to allow growth is pH 12.5 (Duckwortht al. 1996). evaporative lakes are thought to underlie the biogenic form
Microbial activity is also robust inside Palaeozoic hydrothetion of certain types of metal sulfide ore deposits (Sonnenfe
mal metallic ores of the Tinto River basin, southwestern Spaih984, Eugster 1985, Krumbein 1985). Lake Tyrrell, Australia
This activity has driven the formation of a complex geomiis viewed as a modern analogue for ancient depositional en
crobiological system that lowers the pH of solutions betweannments of stratiform metal sulfide ore deposits (Fegfaal.
1.7 and 3.5 along the river up to its mouth. The major enerd®92, Giblin and Dickson 1992). Some species associated w
and mass transfers in the system involve sulfide oxidation aftdmation of organometallic complexes and sedimentary hea
mobilization of Fé* in acidic solution (Fernandez-Remolametal sulfide ore deposits, e.g., the sulfate-reducing anaerc
et al. 2000). Desulfovibrig occur in hypersaline marine brines such as the
Viable microbial life at the limit of salt saturation—even in-of Gavish Sabkha (Schidlowskt al. 1985), in the sulfur—sulfide
side halite and mirabilite crystals (Wei-Dongyetral. 1998)—is caprocks of saltdomes, and in oil-field brines (Sonnenfeld 198¢
a geologically ancient adaptation. Microbial stromatolite- Hypersaline, acidic, alkaline, and metal-rich environment
building communities were often formed in association witharbor tenacious microbial communities, and it thus appea
halite and imply high levels of ancient biological production ahat organisms are able to exist and thrive under an extraort
salinities exceeding halite saturation (Friedman 1980). Evapoary range of conditions wherever fresh liquid water or brine
itic rocks, including halite and potash salts, some over 500 Mgre present. Similarly, brine-filled cracks in sea ice or in th
old, normally contain fossilized microbes (Knoll 1985). Sulfatelithosphere provide a suitable habitat for microorganisms, ar
reducing microbial activity is belived to have been an importathiese types of environments may offer close parallels with tf
part of Earth’s sulfur cycle at least back to the Early Proterozaioe and rocky interior of Europa.
(2.1-2.5 Ga), when such activity appears either to have evolved
or to have finally overwhelmed abiogenic means of sulfer is
tope fractionation (Farquheat al. 2000). More recent microbial
activity is implicated in the formation of elemental sulfur in
the sulfate caprocks of salt domes along the U.S. Gulf CoastConditions in Europa’s ocean might include temperature
Biocatalyzed reduction of evaporitic sulfates bgsulfovibrio colder than anywhere on Earth, although it is more likely thi
probably occurs first by reduction tg,H and then by oxidation ocean may be comparable to Antarctic and Arctic saline lake
of H,S to native sulfur caused by remaining sulfate (Feely aBecause life survives (and likely grows) in all of the coldest en
Kulp 1957, Sasseet al. 1989). vironments on Earth where liquid is present, even colder conc
Additional brine environments on Earth include those in sé@ns may permit biological growth, aslong as liquid water is stz
ice (Bowman et al. 1997), oceanic crust (Bischoff andbilized by solutes. Microorganisms isolated from high-latitude
Rosenbauer 1989), and continental crust (Vreeland and Hugaliironments have been found to grow at temperatures whi
1991). In sea ice, temperatures usually vary between 258 atiplto 268 K (Franzmanat al. 1987, Franzmann 1991), and ad-
272 K, and salt concentrations span 0.1-15% (w/v) total digitional bacterial species grow at temperatures as low as 263
solved salt; these habitats harbor diverse assemblages of halatltdeit slowly (Neidhardiet al. 1990); these temperatures are
erant bacteria (Bowmaat al. 1997). Halotolerant and halophilic comparable to those of the sulfate-saturated europan ocean m
microorganisms have also been cultured from coastal oil-welled above. Microbial activity has been hypothesized to occur
and terrestrial subsurface brines (Heual. 1999, Orpharet polar seaice brine pockets at 243 K (Deming and Huston 200(
al. 1998, Adkinset al. 1993, Vreeland and Huval 1991). BrinesThe permanent ice cover of briny lakes of the Antarctic Dn
that existin the oceanic crust beneath the global mid-ocean-ridg@leys is considered an ecological microbial “oasis” (Pristu
system (Bischoff and Rosenbauer 1989) have likewise been pab-1998, Psenner and Sattler 1998). Low temperatures cor
posed as a suitable habitat for halotolerant microbes (Kaye atdhe cost of a large reduction in metabolic rates (Demin ar
Baross 1998, 2000). Extremely halotolerant microbes have aldost 2000). Low temperatures and the high solute abundanc
been found in low-temperature Antarctic hypersaline lakes andeded to stabilized brines at low temperatures should marke
subglacial environments (Franzmaahal. 1987, Franzmann increase the liquid’s viscosity and thus reduce solute transpc
1991, Jamest al. 1990). rates in the solution.

%72. Temperature and Pressure Tolerances
of Terrestrial Microorganisms
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FIG. 6. Photos of chemosynthetic faunal community on the seafloor of the Gulf of Mexico in association with structure 1l gas hydrate buildup and ass
hydrocarbon venting. (a, preceding page) A hydrate mound in Green Canyon at about 540 m depth partly covered by orareggiateat sulfide oxidizing
bacterium, is shown. Scale of hydrate features is abow®Int diameter. The leading edge of the hydrate mound reveals exposed gas hydrate. (b, preceding
Bacterial mats associated with small sediment pockmarks from which hydrocarbons and highly saline, saturated brines issue at about 650 madeptof Th
pockmarks are partly filled with turbid, saturated brine. (c, above) Hydrate mound with associated tube worms and trains of hydrocarbon gadiablidgs. F
Roger Sassen.

Temperatures below the freezing point of a brine act to prite abundances of certain proteins (Holden and Baross 199
serve microbes. Though not in a metabolically active stateledger and Baross 1991). Growth may occur at even high
microorganisms are routinely maintained at 193 K in freezetsmperatures in natural systems. As on Earth, thermotolerant
or at 78 K in liquid nitrogen in the laboratory and subsequentlyanisms on Europa could inhabit subocean environments hea
revived after storage for several years. In a natural setting, rir geothermal sources.
crobes recovered from an ice core taken above subglacial Lakés for pressure, the deepest point in Earth’s ocean is und
\Vostok, Antarctica, remain viable despite being trapped in frozdi 0 MPa of hydrostatic pressure (over 10,600 m depth) and cc
lake water for over 100,000 years (Abyzetal. 1998). Brines tains viable microorganisms (Yayanos 1995). Pure cultures
may freeze on Europa over long time scales as the frozen cresttain bacteria grow at 100 MPa and 275 K as well (Yayanc
thickens, as brines intrude into cold near-surface ice, or as paft§95). Hydrostatic pressure coupled with lithostatic pressure ir
molten briny ice diapirs ascend into the lithosphere (80—-120 K)ies that subseafloor and subterranean microbial communiti
(Pappalardet al. 1998, Rathburet al. 1998), or freezing may likely experience even higher pressures (Yayanos 1995). Sol
occur rapidly due to cryovolcanism (Kargel 1991). The abilithydrothermal vent archaea and bacteria, known as barophil
of microorganisms to withstand extended periods of extrersghibit affinities for elevated pressure. They can even show :
cold may be integral to europan life and may provide for futuiiecrease in their optimum temperature for growth and an acce
sampling and culturing of surface ices. eration in growth rates at supraoptimum temperatures (Erau

At the high-temperature end, the current upper temperatuieal. 1993, Pledgeet al. 1994).
limit for a microorganism in pure culture in the laboratory is Among the most interesting biological explorations taking
386 K (Stetter 1999). A sulfur-reducing hyperthermophiliplace on Earth with pertinence to Europa is the drilling activitie
archeon isolated from a deep-seavent is capable of adaptingthake Vostok, Antarctica. The liquid part of the lake is abou
various high temperatures (from 349 to 383 K) by adjusting00 m deep in places and is covered by up to 200 m of froze



256 KARGEL ET AL.

lake water and about 3500 m of glacial ice above that (Jouzeight develop if such conditions were stable. Itis yet an entirel
et al. 1999). Pressure at the lake floor is 39 MPa. The iceadifferent matter whether life could originate in the extreme en
water interface exhibits net melting in the northern and westevitonments possible in Europa’s ocean. The independent orig
parts of the lake and net freezing in the south (Siegeml. of life may involve different problems than the sustenance an
2000). Drill cores taken from the frozen lake water above the lakgolution of life; unfortunately, we know little about the origin
has produced evidence of a microbial community (Pristcal.  of life even here on Earth. Despite uncertainties, we would nc
1999), part of which remains viable and has been cultured afthscount possibilities for life in Europa’s ocean even under th
being trapped in the lake ice for thousands of years (Keal. most extreme environments that the ocean might have to offe
1999). These results show that the lake maintains a functioningAn important aspect of the chemical scenarios for Europa
ecosystem despite being physically isolated from the rest of ttiat a wide variety of carbon and sulfur gases and solids, not :
planet’s biosphere for about a million years. necessarily chemically equilibrated with one another, are pre
duced and mixed or layered in the crust. Chemical and therm
gradients are likely to exist on a range of spatial scales, and t
resulting disequilibria is apt to be exploited by any europan life

A review of the adaptive strategies of microorganisms frotdydrocarbon clathrate hydrates and chemical gradients invol
Earth reveals that most every physiological stress can be ovag sulfur compounds are of special significance, because the
come so long as the environment contains liquid water. Frathemical situations are similar to some on Earth that life ex
this physiological perspective, model organisms for a europploits very well. The process of bacterial methane oxidation i
ecosystem include members of the versatile bacterial geryss-hydrate-related environments on Earth appears to occur
Halomonas A halotolerant groupiHalomonasspp. grow over the absence of molecular oxygen, along with concomitant ba
a wide range of salt concentration (0.01% w/v salt to saturateatial reduction of sulfate (Hinrichst al. 1999). On this basis,
brine) (Ventosat al. 1998), tolerate high pH (Duckwortt al.  if hyrocarbon-bearing gas hydrates are present beneath the
1996), grow at temperatures at least between 268 and 31&KEuropa, the probability of life capable of methane oxidatior
(Ventosaet al. 1998, Franzmanet al. 1987), and tolerate mil- and sulfate reduction is increased.
limolar levels of heavy metals (Ventostal. 1998).Halomonas  The carbon and sulfur cycles relevantto Earth’s marine ecosy
spp. have been isolated from deep-sea, high-pressure envitems, and the physiology and adaptive strategies of organisi
ments at mid-oceanridges (22 MPa) (Kaye and Baross 1998) &odnd near cold hydrocarbon seeps (Sasseal. 1993) and
deep-seasediments (34 MPa) (Takatail. 1999), and they have seafloor hydrothermal vents (Karl 1995) may offer insights intt
been found in sea ice brines (Bowmetral. 1997) and in brines possible europan ecosystems. Considering that biogenic s
contained within the continental crust (Hatial. 1999, Orphan fur formation is so ubiquitous on Earth, we speculate that bic
etal.1998, Adkinsetal.1993, Vreeland and Huval 1991). More-genic sulfur might be produced on Europa, too, and that eru
over,Halomonasspp. and other oligotrophic bacteria can growions of brine-containing organisms or sulfur deposited by ther
on low concentrations of organic carbon (0.002% wi/v) (Kayeould contribute to the yellowish/reddish color of nonice de
and Baross 1998, 2000; Sctleital. 1997). posits there.

Some deep-sea vent archaea prefer elevated pressurdsis conceivable, if lo once had an aqueous past (Faatade
(Erauscet al. 1993, Pledgeet al. 1994). Accordingly, pressures 1974, Nash and Fanale 1977, Kargel 1996, 1999b), that its ubi
up to 200 MPa underneath a thick icy shell are not likely toitous sulfur compounds might bear some relation to biochen
inhibit life processes on Europa. Even though Europa’s oce@al processes in the very distant past. Although sulfurous m
is in equilibrium with ice, and is therefore predominantly colderials seen irGalileoimaging and reflectance spectroscopy o
hydrothermal activity in the suboceanic crust may sustain Il and Europa might represent chemical biomarkers, it is irr
cal temperatures that are very high, and so hyperthermophgiobable thatGalileo data or other remote sensing could dis-
traits known from Earth’s most phylogenetically primitive mitinguish biogenic and abiogenic sulfur, especially considerin
croorganisms (Baross and Hoffman 1985, Baross 1998) maythat any biogenic sulfur probably has been recycled many time
relevant to life on Europa, also. and affected by intense abiogenic processingsitu studies,

The physicochemical conditions most likely in Europa’'écluding stable isotope analysis, offer some hope that we wi
ocean are all surmountable by life based on analogy with thkimately elucidate the origin of this material, especially or
physiological adaptations of microorganisms on Earth. Hoturopa, where complications due to repeated high-temperatt
ever, one can imagine possible europan chemical evolution seelcanic recycling and fractionations due to global volatile los:
narios that would result in conditions that might be too extrenf@ve not occurred.
for even the most well-adapted life—an ocean of eutectic sulfuricPlanned drilling and sampling of the waters and sedimen
acid solution, for instance, would exceed the low-temperatuoé subglacial Lake Vostok should prove very interesting fron
and low-pH limits known for terrestrial life. On the other handa geochemical and exobiological perspective (Bell and Kal
Earth does not have such natural environments (though stret699). Lake Vostok is probably the closest physical analogt
spheric clouds come close), and there is no predicting how life Europa’s ocean that Earth has to offer, though its salinity i

5.3. Implications for Europa
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probably much lower than Europa’s ocean. The flow of enerdiygh-spatial- and low-spectral-resolution information that ca
and organic matter and the particular adaptive strategies usedbyompared to the high-spectral- and low-spatial-resolution i
life in the Lake Vostok microbial community may be analogoufrmation from NIMS. These data are being used to formulat

to those of Europa’s ocean. and test models for Europa’s structural and geological evol
tion. Further acquisition of global high-resolution imaging an

6. IMPLICATIONS FOR FUTURE EUROPA MISSIONS altimetry from a Europa Orbiter will be very useful in testing the
AND OTHER OBSERVATIONS global significance of geologic processes and sequences that

emerging at the local and regional levels. Taken together, the

There are several areas where further observations and adata may permit one to distinguish among several models f
ysis would help constrain the chemical composition, structurhe evolution of Europa’s outer layers.
and evolution of Europa and prospects for life there. First, ex-The composition and origin of Europa’s atmosphere, no\
isting NIMS data should be scrutinized for minor spectral fe&nown to contain oxygen, sodium, and potassium (tealal.
tures within the asymmetric water bands to glean any inform&995, Brown and Hill 1996, Brown 1999), should be examine
tion on specific identity and hydration state of nonice hydrateer any possible controls by sublimation or sputtering of sur
Additional lab data on the spectral reflectivity of hydrated salface materials or direct venting from Europa’s interior. Is the
and sulfuric acid at cryogenic temperatures are needed to beliek of magnesium in the atmosphere (Brown 1999) due to
evaluate the existing spacecraft data. Evidence in NIMS data fack of magnesium salts on the surface, or is it an indication
minor nonsalt constituents, especially tholins, and their geolodite greater stability of magnesium salts against sputtering a
distribution also should be sought. A future orbit-based imagimgdiolysis? Additional lab data are needed to understand lin
spectrometer should yield improved spatial resolution, whichlietween surface and atmosphere compositions. New telesco
needed to understand the geological controls in the emplaobservations of Europa are needed to search for chlorine a
ment and modification of surface materials, but it should also bther minor atmospheric constituents. Consideration should |
designed with improved spectral resolution to help distinguigfiven to flight of an orbiting mass spectrometer.
minor components and the physical state of major constituentsAdditional observations of the europan magnetic field, partic
Major gaps in high-pressure physical chemistry data on saliarly from orbit, would be especially valuable in reaching a con
water systems relevant to Europa exist (Hogenbebah. 1995, sensus onthe origin of the europan magnetic field and in discel
Commission on Equilibrium Data 1999) and should be filledng more specific constraints on a possible origin in an ocea
Especially needed are precise phase volume data at elev&adilarly, higher-resolution gravity data—particularly obtainec
pressures relevant to the present state of Europa’s ocean (ufsam the Europa Orbiter—are needed to provide improved col
200 MPa) and the primordial differentiation of Europa’s masstraints on three-layer models and to look for regional hetert
(up to 2500 MPa). geneities in Europa’s mass distribution. Surface-based geoph

The Europa Orbiter mission, with its subsurface soundingal surveys, including electrical and seismic observations, wi
radar will be invaluable in assessing prospects for an extant ocedso be very helpful in probing the crustal distribution of salts an
(Chybaet al. 1998; see also http://www.jpl.nasa.gov/ifiee// electrolyte solutions. Perhaps more than anything else, more s|
europao.htm). However, the likelihood of multiple reflectionsific compositional information, especially obtained by surfac
and the electrolytic character and freezing-point depressisample analyses by a landed spacecraft or by a flyby/impac
caused by the salty crust will make direct sounding of the oceasjsacecraft pair, is needed to narrow the range of viable mod
interface with the icy shell difficult (Winebrenner and Sylvestesf Europa’s geochemical evolution.
1996). Dispersed brine inclusions will occur well above the ma- Undoubtedly the most informative and exciting of all pos:
jor ice/brine interface and make the ice radar lossy. The possibible robotic missions to Europa would be one where the ic
roles of impurities, including salts, in the interpretation of radahell is penetrated and any ocean that exists would be explor
sounding data have been considered by Maetral. (1992, directly. The likelihood that salts are major constituents of th
1994), Corret al. (1992), and Chybat al. (1998). (See also crust poses formidable challenges to any plans to melt throu
http://outerplanets.larc.nasa.gov/outerplanets/.) In any eventha shell, as some advance planning envisions. Although t
future Europa orbiting radar should produce data on the depits are soluble in water, the tendency might be for a meltir
to a partial melting isotherm. Renewed radar lab work to exevice to induce partial (incongruent) melting, whereby a les
amine the roles of the specific types of impurities now believdd/drated solid salt is generated along with liquid brine. Th
likely, e.g., sulfuric acid, should be conducted. Winebrenner afebss-hydrated salt could tend to encrust the melting device. A
Sylvester (1996) suggested use of Jupiter's natural dekamettittonal heating would only continue the process of dehydratio
radio emissions as a source of long-wave radio energy for lesxd partial melting but would not likely remove the encrusting
lossy subsurface sounding. salt residue, which may eventually accumulate into an impen

The variety of morphologic features seenGalileo imag- trable mass. Extremely high temperatures might be required
ing provide information on the distribution and nature of teaczompletely melt this encrustation. The complex thermochem
tonic and volcanic processes on Europa. Color data providal dynamics of a melting device operating in a very salt-rict
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heterogeneous crust have not been studied to our knowledgedtuictural models and would help determine Europa’s aqueo
must be evaluated rigorously; testing of such a device in purkemical history and prospects for life.
ice, polarice, or even somewhat impure sea ice is not a sufficientn summary, further analysis of present data and future e:
engineering test. It may be that a mechanical digger or a copleration will bring new and clearer insights into the evolution
bined melter/digger would be a better approach than melting bfyEuropa and its partly liquid outer layer. Europa stands ol
itself. among the planets and satellites as a distinctive laboratory f
The optimism we have for existence of europan life, despite study of the evolution of agueous systems over geolog
extreme conditions possible in the ocean, also raises a concéme and the study of environments potentially conducive to th
As pointed out by a reviewer, there is a small but possibly nfiirmation and evolution of life. Europa’s present state migh
insignificant risk of biological contamination of Europa’s oceanffer a good analogue for Earth’s earliest ocean. lo potentiall
if appropriate risk assessments and any needed countermeastoekl represent an end state after extreme devolatilization
are not taken for future exploration. It could be that the joviam Europa-like object (Kargedt al. 1999b). Comparative geo-
environment reduces this risk to nil, but this is not assurediggical, geochemical, and exobiological studies of these objec
so. TheGalileoteam should consider disposi@glileo, at end and others that once may have had oceans, e.g., Mars, may h
of mission, on lo or Jupiter, rather than take the very smaillanetologists develop a deeper understanding of the frequer
risk that a crash on Europa could result in eventual biologicaf and conditions needed by life in the Universe.
contamination, which potentially could be more harmful to any
endemic europan life and our ability to study it in the future than ACKNOWLEDGMENTS
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